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Abstract: An efficient and chemoselective palladi-
um-catalyzed direct B-alkyl Suzuki-Miyaura cross-
coupling of trialkylboranes with diversely functional-
ized aryl bromides is described. A wide variety of un-
masked acidic or basic functions are tolerated. The
mild non-aqueous conditions are compatible with al-
dehydes, ketones, nitriles, chloro substitution as well
as base-labile phenolic Piv and TBS protecting

groups. The anhydrous conditions were found to be
advantageous for aryl bromide substrates. A potent
CEPT inhibitor was efficiently synthesised using this
protocol.

Keywords: alkylation; boranes; cross-coupling; palla-
dium; Suzuki-Miyaura reaction

Introduction

Alkylarenes are ubiquitous in all fields of organic
chemistry. In medicinal chemistry, the seemingly
simple alkyl side-chains are not merely bystanders
and the biological activities of drug-like molecules are
often profoundly influenced by them (Figure 1).!Y) Tra-
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Figure 1. Drugs and bioactive natural products with alkyl
side-chains.
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ditionally, the preparation of alkylarenes employs the
Friedel-Crafts alkylation” or an acylation®-reduc-
tion sequence. In recent decades, the Suzuki-
Miyaura,® Negishil® and Stille-Migita—Kosugil”! cross-
couplings of alkyl-metal species with aryl halides or
sulfonates have emerged as excellent alternatives, due
to their site-specificity, selectivity and the mildness of
palladium catalysis. Among them, the Suzuki coupling
is particularly popular, thanks to its environmental
friendliness as well as the ease of preparation and
work-up of organoboron compounds.

The alkyl-metal reagents in Suzuki couplings were
normally B-alkyl-9-BBNs, which must be prepared
and used in situ, necessitating protection for many
sensitive functions and precluding some others. In
particular, from a practical point of view, the prepara-
tion of 9-BBN derivatives bearing lower alkyls is in-
convenient as it involves hydroboration of volatile al-
kenes or other tedious operations.®! Alkyltrifluorobo-
rates”’ and alkylboronic acids!"”! have been introduced
as stable coupling partners to widen the scope of the
Suzuki reaction. On the other hand, coupling using
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readily available tri-n- alkylboranes has only been
documented sporadically, in which the electrophiles
were limited to the most reactive aryl iodides or acti-
vated heterocyclic triflates,®™'***! or the use of highly
toxic TL,CO, as the base was mandatory.'*¢! Thus,
the utility of trialkylboranes for the practical intro-
duction of lower alkyls has not been fully explored
and this approach could have its own merit.

Synthesis without invoking protective groups has
been an attractive yet difficult goal in organic chemis-
try.l®l A systematic study on the direct B-alkyl Suzuki
coupling in the presence of acidic functions proper
(e.g., carboxylic acids and phenols) is lacking.'¥ Be-
sides, basic functions such as amines might interfere
with transition metal catalysis.”” In view of the fact
that these functions are the cornerstones of combina-
torial chemistry, sparing the two-step detour of pro-
tection and deprotection would be highly beneficial to
both academia and industry. Indeed, considering the
protolysis of trialkylboranes by carboxylic acids!"® or
phenols'”! and the strong coordination of amines
with boranes or boronic acids,"® this type of direct
coupling is non-trivial. For example, reaction of 4-bro-
mobenzoic acid with methylboronic acid was unsatis-
factory."”! 4-Bromophenol failed to couple with potas-
sium alkyltrifluoroborates.” Unprotected indole NH
was often detrimental to Suzuki coupling.” As a par-
tial solution to these issues, Blum and co-workers ach-
ieved cross-methylation using aluminum and indium
reagents.”!! Bumagin reported that excess Grignard
reagents coupled with some halobenzoic acids, but ap-
parently aldehydes and ketones cannot survive this
condition.”! Recently, Knochel’s group accomplished
Negishi coupling for substrates with relatively acidic
OH and NH groups."!

Herein we report our results for the direct Suzuki
cross-alkylation of aryl bromides bearing unmasked
acidic or basic functions as well as common polar
functional groups.

Results and Discussion

4-Bromobenzoic acid (1a) was used as the test sub-
strate to explore the reaction conditions (Table 1). It
was found that the palladium source played a signifi-
cant role. Commercial Pd(0) catalysts such as Pd-
(PPh;), or Pd,(dba); with added mono- and bidentate
phosphane ligands was inactive (entries 1-4). Pd(0)
prepared in situ showed promising results, albeit at a
high catalyst loading (10 mol%). Shifting the catalyst
to Pd(PPh;),Cl, improved the conversion marginally.
Gratifyingly, with 2 mol% Pd(dppf)Cl,, the reaction
was complete within 2-3 h in excellent yield (99%).
With 3.0 equiv. of Et;B the reaction went to comple-
tion within 3 h, while a prolonged reaction time was
required using reduced amounts of trialkylborane (en-
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Table 1. Optimization of reaction conditions.

Br Et3B Pd cat., base Et
THF, reflux (1)
HOOC

HOOC
2a

Entry Catalyst Base Conv. 2a
(mol%) (equiv.) [%]  [%]™
Pd(PPh;), (5) Cs,CO; (2) trace nd
Pd,(dba);-4 PPh; (5)  Cs,CO; (2) trace nd
Pd,(dba);-2 dppf (5)  Cs,CO; (2) trace nd
Pd,(dba);-2 dppp (5) Cs,CO; (2) trace nd

Pd(OAc),-4 PPh, (10)
Pd(PPh;),Cl, (3)
Pd(dppf)Cl, (2)
8l Pd(dppf)Cl, (2)
9l Pd(dppf)CL, (2)
10 Pd(dppf)Cl, (2)
1161 Pd(dppf)Cl, (2)
12 Pd(dppf)Cl, (2)

Cs,CO, (2) 40 37
Cs,CO, (2) S8 54
Cs,CO, (2) 100 99
Cs,CO, (2) 56 52
Cs,CO, (2) 70 66
K,CO,(3) <5 nd
K,PO,(3) 90 75
Ag,CO,(2) 42 37

NN R W

13 Pd(dppf)CL, (2) NaHCO; trace nd
14 Pd(dppf)Cl, (2) NaOAc trace nd
15 Pd(dppf)ClL, (2) Et;N (3) <5 nd

16 Pd(dppf)Cl, (2) 3MKOH (3) 100 82

[l All reactions run on 1.0 mmol scale, with 3.0 equiv. of
Et;B in 5.0 mL THF under reflux for 2-3 h, unless other-
wise noted.

Isolated yields, based on reacted starting material.

[ With 1.2 equiv. of Et;B.

4 With 2.0 equiv. of Et;B.

€l In DMF-THF (1:1), no reaction in THF.,

b

tries 7-9). Next, a number of bases were screened,
among them K,CO;, NaHCO; NaOAc, and Et;N
were all ineffective. Cs,CO; (2 equiv.) was by far the
most effective, while K;PO, (in DMF-THF) or silver
salts such as Ag,CO; gave inferior results in terms of
conversion and yield. Notably, the protocol in Suzu-
ki’s seminal paper™ (3M aqueous KOH) resulted in
generally lower yields, revealing the intricate differ-
ence between bromoarenes and their iodo analogues.
In this connection, anhydrous conditions seemed to
be superior for aryl bromides, not only for the re-
duced risk of hydrolysis of base-sensitive groups, but
with some underlying mechanistic causes that are not
clear yet.'%!

This observation was contrary to the general notion
that water was beneficial or even indispensable for
Suzuki coupling in various catalytic systems.”! A sim-
ilar rare exception was also noted by Molander’s
group in the coupling of aryl triflates with potassium
alkynyltrifluoroborates.” In their protocol, however,
this exception was not universal, most aryl halides
still required 5 vol% water as the co-solvent, as did
the reactions of potassium alkyltrifluoroborates!**®l
which are more relevant to this work.

To shed some light on the role of the base as well
as the trace amount of water which could arise from
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Table 2. Effect of water on B-alkyl Suzuki coupling of 1a.[!

Entry Water (v/v%) Base (equiv.) Conv. [%] 2a[%]"
1 0 Cs,CO; (2) 85 81 (95)
2 5.0 Cs,CO; (2) 100 92

3 0.5 K,CO;s(3) 10 9 (94)

4 1.0 KCO,(3) 23 21 (94)
5 15 K,CO; (3) 35 32 (92)
6 5 K.CO,(3) 62 54 (87)
7 10 K,CO,(3) 95 79 (83)
I All reactions run on 1.0mmol scale, 0.02 mmol

Pd(dppf)Cl,, 3.0 mmol Et;B, in 5.0 mL THF under reflux

for 3 h (1.0 v/v% water amounts to ca. 2.8 equiv.).

Isolated yields, for easy comparison of trends, yields

based on reacted 1a are given in parenthesis.

[l 4.BrCH,COONa as substrate, conversion and yield both
>95% after 6 h.

[b]

the reaction of la with Cs,CO;, the effect of added
water on the reaction rate was investigated (Table 2).
First, sodium 4-bromobenzoate instead of the free
acid was coupled under strict anhydrous conditions to
preclude water or hydroxide from participating in the
reaction. Interestingly, this led to a reaction rate and
yield comparable to that obtained under optimized
conditions (entry 1). Furthermore, it was found that
added water (5% v/v) slightly eroded the yield when
Cs,CO; was used as the base.

On the other hand, with the addition of 0.5% water
(2.8 equiv.), a low conversion (10%) was observed in
3 h using K,CO; as the base. A double or triple dose
of water produced roughly proportional increases in
conversion. Further increases of water content to 5%
and 10% raised the conversion at the expense of
yield. With the rising water content, the decreasing
yield approached the level obtained by using aqueous
KOH, suggesting that the actual base might be HO~
resulting from partial hydrolysis of CO,*". Thus, these
experiments showed that, albeit being ideal for io-
doarenes, water or hydroxide anion tend to cause no-
ticeable (up to 17%) side reactions for bromoarene
substrates. Moreover, adventitious moisture cannot
account for the high efficiency of Cs,CO; in the pres-
ent anhydrous protocol, which must emanate from
the base itself.

Although direct measurement of the reaction mix-
ture was difficult, "B NMR of a 1:1 mixture of Et;B
(0=480.3 ppm)®*! and Cs,CO; in THF-d showed the
emergence of a new peak at 4+2.4 ppm. This diagnos-
tic signal of boron quaternization was absent when
K,CO; was used as the base. Such a drastic difference
between the two bases could be attributed primarily
to the higher degree of dissociation of Cs salts.**) We
further observed a marked dependence of the reac-
tion rate on the halide of the substrate. The coupling
of 4-bromobenzoic acid is much faster than that of its
4-iodo analogue. Addition of an external I” source
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Figure 2. Schematic catalytic cycle (ligands omitted) and
plausible transition state for transmetalation.

(0.6 equiv. TBAI) also significantly retarded the reac-
tion of la. Hence the rate-limiting step occurs prior
to transmetalation, in line with the elegant study by
Soderquist.””! Tt is likely that the base first coordinat-
ed with the highly Lewis acidic borane as suggested
by "B NMR, then the resulting Cs salt displaced the
halide from L,ArPdX to form complex I (Figure 2).*
As the collapse of I is fast, we propose that it pro-
ceeded via a six-membered transition state (Figure 2).
Such an “unorthodox” TS for transmetalation is un-
available when using monodentate bases (hydroxides
and alkoxides), whereas it is reminiscent of borane
protolysis by carboxylic acids.I""! Taken together, these
observations demonstrate that, under anhydrous con-
ditions, Cs,CO; is a superior and mechanistically
unique base.

Next, the scope and limitation of the reaction was
examined with a series of bromo-substituted aromatic
acids (Table 3). For these compounds with diverse
substitution patterns, including salicylic acid deriva-
tives (entries 7 and 10), good to excellent yields were
obtained, except for the case of 2-bromobenzoic acid,
a reportedly “difficult” substrate under all conditions.
Its exclusive reductive de-bromination was probably
due to coordination of the ortho-carboxyl to the
metal center to form a palladacycle which is much
more prone to B-H elimination.'"”! Fortunately, this
was remedied by the successful coupling of the analo-
gous 2-iodobenzoic acid (59% yield), while using stan-
dard procedures in the literature resulted in complete
de-iodination. To the best of our knowledge, this is
the first example of a direct B-alkyl Suzuki-Miyaura
coupling of 2-halobenzoic acid. However, when 3-io-
doindole-2-carboxylic acid was subject to the same
conditions, only a trace amount of the desired cou-
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Table 3. Direct B-alkyl Suzuki coupling of bromo aromatic acids.?

3 equiv. R3B, 2 mol% Pd( olppf)CI2

(ﬁ/

“COOH 2 equiv. Cs,CO;, THF, reflux COOH
Entry Ar-Br1 Borane Product 2 (% )" Entry Ar-Br 1 Borane Product 2 (%)
COH ) CO,H " COH
a
1 1a /©/ Et;B (99) /©/ 8 1a n-Bu;B (80) /©/
Br Et Bu
COOH COOH HO COOH HO COOCH
2b . 2i
2 1b @\ BB (gg) @ 9 1 n-Bu,B 2 \Q/
Br Et Br Bu
COH CO-H OH . OH
39 e ' ELB %€ Et 10 1 n-Bu,B %
(59) 91)
Br CO,H Bu COH
COH COH co,
2d a PMP-_, , 9-BBN 2k
4 14 Meo/q j ELB 03 e O/Q/ 19 1a v (90) PMP
Br Et ?
COOH COOH COM
5 le Et,B 2 126 1a i-Bu;B 2
’ (90) ’ (57)
Br CHO Et CHO
COOH COOH
COH
2f B Br 2m
6 i OO EtB (92) OO 13 1a {H; L (83) Bf\(v)/©/
5
Br Et
Cl
COH
7 " LT

Cl
OH OH
WeuLE 3¢ ol
Br COOH Et COOH

B Ph
1 “rl 6

[l Reaction conditions: 1.0 mmol substrate, 0.02 mmol Pd(dppf)Cl,, 3.0 mmol borane, 2.0 mmol Cs,COs, 5.0 mL THF, reflux 3-6 h.
I Isolated yields.

[l CsOAc as the base.

4 PMP =4-MeOCH,.

1 10 mol% Catalyst, reflux 48 h.

pling product was observed, the major reaction path-
way being probably the dimerization via a palladacy-
cle.” On the other hand, chloro substitution was not
affected under the present conditions (entry 7). Varia-
tion of the borane coupling partner was also carried
out. Use of tri-n-butylborane gave the anticipated
products in comparable yields (entries 8-10). In addi-
tion, B-alkyl-9-BBN also proved to be a suitable cou-
pling partner under the anhydrous conditions, demon-
strating that our protocol can provide access to prod-
ucts with a more elaborate alkyl appendage
(entry 11). Furthermore, an w-functionalized borane
was prepared and coupled with 1a smoothly, without
affecting the primary alkyl bromide function
(entry 13). B-Branched primary alkyls can also be in-
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troduced using this protocol (entry 12), although a
higher catalyst loading and prolonged reaction time
are required (48 h). Remarkably, this has not been
achieved with borane-type nucleophiles under non-
aqueous conditions.”*) However, attempts to extend
our protocol to the a-branched tris-(2-propyl)borane
were unsuccessful, due to increased steric hindrance
around boron that prevented coordination with the
steric-demanding carbonate moiety required for sub-
sequent transmetalation. Tribenzyl- and triallylbor-
anes were also tested without success, in these cases,
apart from steric factors, the unsaturated moiety
might retard transmetalation.

Results for substrates bearing other acidic OH or
NH functions and basic amine functions are summar-

Adv. Synth. Catal. 2009, 351, 415-422
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Table 4. Direct B-alkyl Suzuki coupling of bromoarenes.?
Br

7N 2 equiv. R3B, 2 mol% Pd( dppf)CI2 (ﬁ/
Y
/\XH 2 equiv. Cs,CO3, THF, reflux \/
3 4
Entry Product 4 Yield [%]™ Entry Product 4 Yield [%]®
\ OH OH
1 /@;OH 4a (73) 8 /@: / 4h (70)
Et Ac Et
OH \ SO,NH,
2 /@ / 4b (72) 9 /©/ 4i (88)
MeQO Et Et
OH \ NHMs
3 /@[ / 4c (55) 10 /©/ 4j (84)
OHC Et Et
OH \ NH,
4 J@i 4d (95) 11 /©/ 4k (82)
Bu CN Et
OH
NHB
5 \ /@ 4e (93) 12 \ /@A " 41 (92)
Bu CHO Et
Et A X Bu
6 / y 4f (85) 13 | \ 4m (88)
H N
N Et
7 OH 4g (92) 14 _ \ 4n (90)
N
Bu

81 Reaction conditions: 1.0 mmol substrate, 0.02 mmol Pd(dppf)Cl,, 1.5-2.0 mmol R;B, 2.0 mmol Cs,CO;, 5.0 mL THEF, reflux
3-6 h. Arrows indicate alkyls introduced by the coupling reaction.

] Isolated yields.

ized in Table 4. We focused on unactivated bromoar-
enes, as the coupling of these substrates is more chal-
lenging than those activated by electron-withdrawing
groups in the para-position, although compounds of
the latter class are also suitable substrates. In these
cases, the amount of boranes can be reduced to 1.5-
2.0 equiv. without sacrificing conversion. Free phenol-
ic and benzylic hydroxy groups did not interfere with
the reaction. Moreover, aldehydes and enolizable
methyl ketones were both intact (entries 3, 5 and 8).
Various ring substitutions with diverse electronic ef-
fects did not exhibit a very pronounced influence,
except that the electron-donating free hydroxy ortho-
to bromo tends to cause diminished yields and the
formation of minor amounts of reductive de-bromina-
tion by-products (entries2, 3 and 8). An excellent
yield was obtained for nitrile 4d, which also possesses
a phenolic proton. Acidic NH groups in indole, sulfo-
namide and sulfanilide posed no difficulty for the re-
action either (entries 6, 9 and 10). As expected, the
use of tri-(n-butyl)borane gave butylation products in
excellent yields (entries 4, 5, 7 and 13). Unfortunately,

Adv. Synth. Catal. 2009, 351, 415-422
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the nitro group cannot survive and resulted in a com-
plex mixture, similar to results obtained by B-alkyl-9-
BBN.PY The smooth coupling of 4-bromoaniline, a
problematic substrate, was illustrative of the scope of
this protocol (entry 11). Furthermore, our protocol
also worked well with substrates bearing highly elec-
tron-donating amine functions and nitrogen heterocy-
cle (entries 12-14).

Since a base was indispensible for most Suzuki re-
actions except those of diazonium salts, base-induced
hydrolysis, decomposition and racemization were seri-
ous side reactions frequently encountered. This has
compromised the utility of Suzuki coupling in many
aspects and forced chemists to seek alternatives to
standard conditions. Although some modifications in
reaction parameters proved successful in a number of
cases,™ a general mild protocol is still highly desira-
ble. Thus, the compatibility of selected common base-
labile protective groups with our anhydrous protocol
was investigated (Table 5). TBS and Piv are popular
protective groups for phenols.”” It turned out that
substrates bearing these protections were coupled in

asc.wiley-vch.de 419
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Table 5. Comparative studies on protective group compati-
bility.

Ar-Br 3 equiv. Et;B, 2 mol% Pd(dppf)Cl, Ar-Et
5 base, solvent, 60 °C, 3 h " 6
Entry Ar-Br Method™ 6, Yield [% ]™
1 TBSO Br this work  6a, 91
> s C( A (100)
3 B (100)
4 PivO Br this work  6b, 83
5 5b \©/ A (40)
6 B (28)
7 MeOOC Br this work  6¢, 90
8 Sc \©E C (45)
OMe

=

Method A: K;PO/DMF. Method B: K,CO;DMEF.
Method C: 3M aqueous NaOH/THF. For simplification,
methods A—C were run without borane and catalyst.

] Isolated yields. Data in parenthesis refer to percentage of
decomposition of the starting materials in 3 h.

high yields in the present protocol without trouble
(entries 1 and 4). In contrast, aryl TBS ether was in-
compatible with K;PO, or K,CO;, which are highly
basic in DMF or other polar aprotic solvents. In both
cases, complete desilylation was observed within 3 h.
Similarly, Piv protection for phenol was also vulnera-
ble towards these bases, resulting in considerable de-
composition (entries 5 and 6). The methyl ester was
also preserved in the present protocol (entry 7), while
using aqueous NaOH or KOH as the base caused ex-
tensive saponification (entry 8), and presumably this
condition would also remove phenolic Piv and TBS
protections. Thus, the advantage of the combination
of Cs,CO;, a relatively weak base, with non-aqueous
conditions is significant and valuable.

With this mild and efficient protocol in hand, we
set out to synthesize a potent cholesterol ester trans-
fer protein (CETP) inhibitor 9 (ICsy=15nM).*
Being an analogue of penicillide,* it features a di-
benzo-dioxocinone skeleton highly substituted at both
rings A and C. This compound has been prepared

using the Negishi or Stille cross-coupling to introduce
the required C-10 ethyl substitution,® which is re-
sponsible for the optimum in vivo stability of 9 ac-
cording to SAR studies. However, in both cases the
yields for this key step were rather unsatisfactory.
Moreover, lower alkylstannanes such as Et,Sn are
highly toxic and need to be avoided in the pharma-
ceutical industry. As shown in Scheme 1, the Suzuki
coupling of the fully substituted, electron-rich bro-
moarene 7 smoothly delivered the desired ethylation
product 8 in 60-65% yield. The efficiency of the
cross-coupling is remarkable: for comparison, in our
hands, the Negishi coupling using Et,Zn gave 8 in
only 40% vyield (lit. yield 42%).P* It is also notewor-
thy that thanks to the non-aqueous conditions, the
base-labile eight-membered lactone ring remained
intact. Acylation of the C-11 phenol following the lit-
erature method furnished the target compound 9 in
excellent yield. Its structure was further confirmed by
X-ray crystallography (Figure 3).”!

Figure 3. ORTEP drawing of 9 at 50% thermal ellipsoid
probability. Large thermal displacements were observed for
the tert-butyl group and the bicyclic moiety.

oH™ © o o
7 Et,B, cat. Pd(dppf)Cl, :
0 Cs,CO;, THF, reflux O
o cl 60 — 65% 0 cl
HO RO
Br 8R=H
7 Lit. 99% ( o
9R = L

Scheme 1. Synthesis of the CETP inhibitor (9) via B-alkyl Suzuki coupling.
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Conclusions

In summary, an efficient and chemoselective direct
Suzuki-Miyaura cross-coupling of trialkylboranes
with bromoarenes in the presence of unmasked acidic
or basic functions has been achieved using the weak
base Cs,CO; under mild non-aqueous conditions. Al-
dehydes, ketones, nitriles, chloro substitution as well
as base-labile phenolic TBS and Piv protections were
all tolerated. Thus, it is useful for the incorporation of
primary alkyls, particularly lower n-alkyls, to complex
aromatics as demonstrated in the key step of ethyla-
tion in our synthesis of a dibenzodioxocinone deriva-
tive 5. The reasonable catalyst loading, the non-aque-
ous environment and the short reaction time required
(2-6 h) are additional advantages. Mechanistically, we
have shown that the non-aqueous condition was bene-
ficial for the cross-coupling of bromoarenes, and the
role of the base was proposed.

Experimental Section

General Procedure

To a mixture of bromoarene (1.0 mmol), Cs,CO; (977 mg,
3.0 mmol) and Pd(dppf)Cl, (15 mg, 2 mol%) in a Schlenk
tube under an argon atmosphere was added freshly distilled
THF (2.0 mL). To the stirred suspension was added trialkyl-
borane (3.0 mL, 1M solution in THF, 3.0 mmol) in one por-
tion, and the mixture was refluxed for 2-6 h. The reaction
was cooled to 0°C and quenched by 10% aqueous NaOH
and 30% aqueous H,0,. After stirring for 30 min at 25°C,
the mixture was acidified by dilute aqueous HCI, and ex-
tracted with ether (3x10 mL). The combined organic layer
was washed successively with aqueous FeSO, and brine,
dried (Na,SO,), filtered and concentrated under reduced
pressure. The residue was purified by silica gel flash column
chromatography.

Alternative acidic work-up: To the cooled reaction mix-
ture was added 50% aqueous HOAc (2 mL) and the whole
was refluxed for 30 min. The cooled solution was extracted
with ether (3x10mL). The combined organic layer was
washed successively with water and brine, dried (Na,SO,),
filtered and concentrated under reduced pressure. The resi-
due was purified by silica gel flash column chromatography.

4-(3-(4-Methoxyphenyl)propyl)benzoic acid (2k): mp 148
150°C; '"HNMR (CDCly): 6=8.03 (d, 2H, J=8.4 Hz), 7.27
(d, 2H, J=8.1Hz), 7.09 (d, 2H, J=8.7 Hz), 6.83 (d, 2H, J=
9.0 Hz), 3.79 (s, 3H), 2.70 (t, 2H, J=7.8 Hz), 2.60 (t, 2H,
J=75Hz), 1.95 (m, 2H); “"CNMR (CDCl): 6=172.1,
157.8, 149.0, 133.9, 130.3, 129.3, 128.6, 126.9, 113.8, 55.2,
35.4,34.4,32.8.

4-(2-Methylpropyl)benzoic acid (21): mp 141-143°C;
'"H NMR (CDCly): 6=8.02 (d, 2H, J=7.8 Hz), 7.25 (d, 2H,
J=17.8Hz), 2.55 (d, 2H, J=6.9 Hz), 1.91 (m, 1H), 0.92 (d,
2x3H, J=63Hz); "CNMR (CDCL): 6=171.7, 1483,
130.1, 129.2, 126.7, 45.4, 30.1, 22.3.
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Supporting Information

Characterization data, 'H and C NMR spectra for all new
compounds are provided in the Supporting Information.

Acknowledgements

Financial support from the National Natural Science Founda-
tion of China (20602008, 20832005) and Fudan University is
gratefully acknowledged. We thank Dr. Xiao-Di Yang for as-
sistance with the X-ray crystallography.

References

[1] For a novel synthesis and SAR study of derrubone,
see: J. M. Hastings, M. K. Hadden, S.J. B. Blagg, J.
Org. Chem. 2008, 73, 369.

[2] For reviews, see: a) C. C. Price, Org. React. 1946, 3, 1;
b) G. A. Olah, R. Krishnamurthi, G. K. Surya, in: Com-
prehensive Organic Synthesis, 1st edn., Vol. 3, (Eds.:
B. M. Trost, I. Fleming, G. Pattenden), Pergamon Press,
Oxford, 1991, pp 293; c) R. M. Roberts, A. A. Khalaf,
Friedel-Crafts Alkylation Chemistry, 1st edn., Marcel
Dekker, New York, 1984.

[3] For reviews, see: a) P. H. Gore, Chem. Rev. 1955, 55,
229; b) P. Metivier, in: Friedel-Crafts Acylation, 1st
edn., (Eds.: R. A. Sheldon, H. Bekkum), Wiley-VCH,
‘Weinheim, 2001.

[4] Clemmensen reduction: a) E. Vedejs, Org. React. 1975,
22, 401; hydrogenation-hydrogenolysis: b) W. H. Hartung,
R. Simonoff, Org. React. 1953, 7, 263; c) R. L. Augustine,
Catalytic Hydrogenation, 1st edn., Marcel Dekker, New
York, 1965; Wolff-Kishner reduction: d) D. Todd, Org.
React. 1948, 4, 378; silane reduction: e¢) D. N. Kursanov,
Z.N. Parnes, N. M. Loim, Synthesis 1974, 633.

[5] a) N. Miyaura, T. Ishiyama, M. Ishikawa, A. Suzuki,
Tetrahedron Lett. 1986, 27, 6369; b) N. Miyaura, T. Ish-
iyama, H. Sasaki, M. Ishikawa, M. Satoh, A. Suzuki, J.
Am. Chem. Soc. 1989, 111, 314. For reviews, see: c¢) N.
Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457; d) S. R.
Chemler, D. Trauner, S.J. Danishefsky, Angew. Chem.
2001, 113, 4676; Angew. Chem. Int. Ed. 2001, 40, 4544,
e) N. Miyaura, in: Metal-Catalyzed Cross-Coupling Re-
actions, 2nd edn., (Eds.: A. de Meijere, F. Diederich),
Wiley-VCH, Weinheim, 2004.

[6] For reviews, see: a) E. Negishi, Acc. Chem. Res. 1982,
15, 340; b) E. Erdik, Tetrahedron 1992, 48, 9577; c) P.
Knochel, R. D. Singer, Chem. Rev. 1993, 93, 2117; d) E.
Negishi, in: Handbook of Organopalladium Chemistry
for Organic Synthesis, 1st edn., (Ed.: E. Negishi), John
Wiley & Sons Inc., New York, 2002; ¢) E. Negishi, X.
Zeng, Z. Tan, M. Qian, Q. Hu, Z. Huang, in: Metal-
Catalyzed Cross-Coupling Reactions, 2nd edn., (Eds.:
A. de Meijere, F. Diederich), Wiley-VCH, Weinheim,
2004.

[7] For reviews, see: a) J. K. Stille, Angew. Chem. 1986, 98,
504; b) V. Farina, V. Krishnamurthy, W. J. Scott, Org.
React. 1997, 50, 1; ¢c) M. Kosugi, K. Fugami, in: Hand-
book of Organopalladium Chemistry for Organic Syn-

asc.wiley-vch.de 421


http://asc.wiley-vch.de

FULL PAPERS

Bing Wang et al.

thesis, 1st edn., (Ed.: E. Negishi), John Wiley & Sons
Inc., New York, 2002; d) P. Espinet, A. M. Echavarren,
Angew. Chem. 2004, 116, 4808; Angew. Chem. Int. Ed.
2004, 43, 4704.

[8] a) D. S. Matteson, Tetrahedron 1989, 45, 1859; b) J. A.
Marshall, B. A. Johns, J. Org. Chem. 1998, 63, 7885;
c)J. A. Soderquist, J. C. Justo de Pomar, Tetrahedron
Lett. 2000, 41, 3537.

[9] For leading references, see: a) G. A. Molander, T. Ito,
Org. Lett. 2001, 3, 393; b) G. A. Molander, C.-S. Yun,
M. Ribagorda, B. Biolatto, J. Org. Chem. 2003, 68,
5534. For excellent reviews of potassium organotrifluoro-
borates, see: c¢) G. A. Molander, N. Ellis, Acc. Chem.
Res. 2007, 40, 275; d) S. Darses, J.-P. Genet, Chem. Rev.
2008, 108, 288.

[10] a) G. Zou, Y. K. Reddy, J. R. Falck, Tetrahedron Lett.
2001, 42, 7213; b) G. A. Molander, C.-S. Yun, Tetrahe-
dron 2002, 58, 1465; c) N. Kataoka, Q. Shelby, J. P.
Stambuli, J. F. Hartwig, J. Org. Chem. 2002, 67, 5553.
For the first example of Suzuki coupling using alkylbor-
onic acid, see: d) Y. Q. Mu, R. A. Gibbs, Tetrahedron
Lett. 1995, 36, 5669. Suzuki coupling using alkylboro-
nates: e) M. Sato, N. Miyaura, A. Suzuki, Chem. Lett.
1989, 1405; f) M. B. Andrus, C. Song, Org. Lett. 2001, 3,
3761. Ate-complex of boronate: g) G. Zou, J. R. Falck,
Tetrahedron Lett. 2001, 42, 5817.

[11] Trialkylboranes were conveniently prepared from the
corresponding Grignard reagents with boron trifluoride
etherate: a) H. C. Brown, U. S. Racherla, J. Org. Chem.
1986, 51, 427. Selected applications of trialkylboranes:
b) D. A. Evans, J. V. Nelson, E. Vogel, T. R. Taber, J.
Am. Chem. Soc. 1981, 103, 3099; c) W. Oppolzer, 1. Ro-
driguez, C. Starkemann, E. Walther, Tetrahedron Lett.
1990, 31, 5019; d) T. Ukon, T. Harada, Eur. J. Org.
Chem. 2008, 4405.

[12] a) T. Harada, T. Yoshida, A. Inoue, M. Takeuchi, A.
Oku, Synlert 1995, 283; b) S. J. O’Connor, K. J. Barr, L.
Wang, B. K. Sorensen, A. S. Tasker, H. Sham, S.-C. Ng,
J. Cohen, E. Devine, S. Cherian, B. Saeed, H. Zhang,
J. Y. Lee, R. Warner, S. Tahir, P. Kovar, P. Ewing, J.
Alder, M. Mitten, J. Leal, K. Marsh, J. Bauch, D.J.
Hoffman, S. M. Sebti, S. H. Rosenberg, J. Med. Chem.
1999, 42, 3701; c¢) T. Giingor, Y. Chen, R. Golla, Z. Ma,
J.R. Corte, J. P. Northrop, B. Bin, J. K. Dickson, T.
Stouch, R. Zhou, S. E. Johnson, R. Seethala, J. H. M.
Feyen, J. Med. Chem. 2006, 49, 2440; d) L. R. Marrison,
J. M. Dickinson, I.J. S. Fairlamb, Bioorg. Med. Chem.
Lett. 2002, 12, 3509; e) 1. J. S. Fairlamb, L. R. Marrison,
J. M. Dickinson, E-J. Lu, J.-P. Schmidt, Bioorg. Med.
Chem. 2004, 12, 4285.

[13] a) P.S. Baran, T.J. Maimone, J. M. Richter, Nature
2007, 446, 404; b) R. W. Hoffmann, Synthesis 2000,
3531.

[14] Suzuki coupling of boronic acids in the presence of
acidic functions has been reported: a) Y. Gong, W. He,
Org. Lett. 2002, 4, 3803; b) K. W. Anderson, S. L. Buch-
wald, Angew. Chem. 2005, 117, 6329; Angew. Chem.
Int. Ed. 2005, 44, 6173.

[15] G. Manolikakes, M. A. Schade, C. M. Hernandez, H.
Mayr, P. Knochel, Org. Lett. 2008, 10, 2765.

[16] L. H. Toporcer, R.E. Dessy, S.I.E. Green, J. Am.
Chem. Soc. 1965, 87, 1236.

422 asc.wiley-vch.de

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[17] N. Morohashi, T. Kitahara, T. Arima, S. Tanaka, Y.
Ohba, T. Hattori, Org. Lett. 2008, 10, 2845.

[18] L. Zhu, S. H. Shabbir, M. Gray, V. M. Lynch, S. Sorey,
E. V. Anslyn, J. Am. Chem. Soc. 2006, 128, 1222.

[19] J. M. Herbert, Tetrahedron Lett. 2004, 45, 817.

[20] M. Prieto, E. Zurita, E. Rosa, L. Munoz, P. Lloyd-Wil-
liams, E. Giralt, J. Org. Chem. 2004, 69, 6812.

[21] a) N. Jaber, D. Gelman, H. Schumann, S. Dechert, J.
Blum, Eur. J. Org. Chem. 2002, 1628. Triethylaluminum
was also shown to couple with aryl bromides under the
assistance of a stoichiometric amount of lanthanide,
however, whether this system tolerated acidic functions
was not revealed: b) M. Shenglof, D. Gelman, G. A.
Molander, J. Blum, Tetrahedron Lett. 2003, 44, 8593.

[22] N. A. Bumagin, E. V. Luzikova, J. Organomet. Chem.
1997, 532, 271.

[23] See, for example: M. R. Netherton, C. Dai, K. Neu-
schiitz, G. C. Fu, J. Am. Chem. Soc. 2001, 123, 10099.

[24] G. A. Molander, B. W. Katona, F. Machrouhi, J. Org.
Chem. 2002, 67, 8416.

[25] L. H. Toporcer, R.E. Dessy, S.I1.E. Green, Inorg.
Chem. 1965, 4, 1649.

[26] a) T. Flessner, S. Doye, J. Prakt. Chem. 1999, 341, 186;
b) F. Lehmann, Synlett 2004, 2447.

[27] K. Matos, J. A. Soderquist, J. Org. Chem. 1998, 63, 461.

[28] Similarly, cesium alkyl carbonates underwent smooth
alkylation in the synthesis of mixed dialkyl carbonates
using Cs,CO; as the base, see: F. Chu, E. E. Dueno,
K. W. Jung, Tetrahedron Lett. 1999, 40, 1847.

[29] R. Ferracciolo, D. Carenzi, E. Motti, M. Catellani, J.
Am. Chem. Soc. 2006, 128, 722. In our case although
we were not able to separate cross-coupling product
from a side product, Ar-ethyl signals were observed in
the '"H NMR of the partially purified mixture, while the
other component has only aromatic protons. The latter
was assigned as dimerization side product as it showed
strong fluorescence and it was not reductive de-halo-
genation side product by comparison with an authentic
sample.

[30] a) B.J. Backes, J. A. Ellman, J. Am. Chem. Soc. 1994,
116, 11171; b) J. A. Soderquist, I. Kock, M. E. Estrella,
Org. Process Res. Dev. 2000, 10, 1076.

[31] T. Oh-e, N. Miyaura, A. Suzuki, J. Org. Chem. 1993, 58,
2201.

[32] W.-C. Shieh, J. A. Carlson, J. Org. Chem. 1992, 57, 379.

[33] a) P.G.M. Wuts, T. W. Greene, Greene’s Protective
Groups in Organic Synthesis, 4th edn., John Wiley &
Sons, Hoboken, NJ, 2007; b) P. J. Kocienski, Protecting
Groups, 3rd edn., Thieme, New York, 2005.

[34] a) D. Briickner, F.-T. Hafner, V. Li, C. Schmeck, J.
Telser, A. Vakalopoulos, G. Wirtz, Bioorg. Med. Chem.
Lett. 2005, 15, 3611; b) H. Bischoff, F.-T. Hafner, C.
Schmeck, J. Telser, A. Vakalopoulos, G. Wirtz, M.
Bauser, D. Briickner, M. Wuttke, WO Patent, 2004/
039453 A2.

[35] T. Sassa, G. Niwa, H. Unno, M. Ikeda, Y. Miura, Tetra-
hedron Lett. 1974, 3941.

[36] CCDC 704508 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Adv. Synth. Catal. 2009, 351, 415-422


http://asc.wiley-vch.de

