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Introduction

A terphenyl molecule consists of a central aromatic ring flanked by two other aryl groups,
which may be arranged in 1,2 (ortho)-, 1,3 (meta)- or 1,4 (para)-configurations. Due to
their conjugated 7-systems, terphenyl derivatives exhibit unique optical' and electronic?
properties that are widely exploited in the fabrication of advanced materials, notably as
single- or double-stranded helical polymers,? liquid crystals for organic light-emitting
diodes (OLEDS),* polymer-based photovoltaic cells’ and organic field effect transistors.®
They also show promise (as dyes) for laser applications® and molecular electronic devices.'”
Many terphenyl derivatives are also found in nature, primarily as hydroxylated m- and
p-terphenyls;'! many of these have potent biological activities, particularly as anti-cancer
agents.'>!3 Perhaps unsurprisingly, these structures have been widely examined in medici-
nal chemistry programs.'4-18

This review will highlight different synthetic approaches to preparing this interesting
and important class of molecules. Generally, synthesis of terphenyls can be classified as
one of two methods: (i) aryl-aryl coupling reactions, typically by the reaction of dihaloben-
zene derivatives with aryl-metal nucleophiles, with or without catalysts; or (ii) using open
chain precursor(s) to construct the aromatic rings via concerted or stepwise benzannulation
reactions. Overall, there are fewer methods for the synthesis of unsymmetrical terphenyls
(containing three different aromatic groups), and ortho- isomers are much rarer than corre-
sponding meta- and para-congeners.

I. Transition Metal-catalyzed Cross-coupling Reactions

Undoubtedly, the development of transition metal-catalyzed cross-coupling reactions has
had a major impact on the synthesis of poly-aryls by providing routes for direct C-C
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bond formation between two sp? carbons. Discoveries of these reactions began in 1972,
when independent reports by the groups of Corriu'® and Kumada® described coupling
reactions between alkenyl or aryl halides and Grignard reagents in the presence of nickel
catalysts. There ensued a decade of intensive research, during which palladium catalysts
gained greater popularity over nickel for these reactions and, more importantly, other
organometallic reagents could be used in place of the Grignard reagent. Further stimulus
in this area of research was provided in the late 90s; with the discovery of ligands that
can induce extremely high catalytic turnover numbers and frequencies under mild reaction
conditions (vide infra).>'~3

The general catalytic cycle of cross-coupling reactions can be described by three steps
(Scheme 1): (i) oxidative addition of an aryl halide (Ar'-X) to a Pd(0) precursor; (ii) ligand
exchange with an organometallic (transmetallating) reagent Ar>-M (M = Mg, Zn, Sn or B)
to generate a diarylpalladium(II) intermediate; and (iii) reductive elimination to furnish the
requisite C-C bond. For any given Ar'-Ar? coupling, the relative rates of the first two steps
are important. Generally, oxidative addition is dependent on the nature of the nucleofuge
(X), found to be I > Br >> Cl for the addition to Pd(0),>* whereas the transmetallation
step is dependent on the nature/reactivity of the electropositive metal.

Ar'—Ar? L,Pd Arl—X
(iii) (i)
_Ar! AT
L,Pd a2 L,Pd “
(i)
M-X M-Ar?
Scheme 1

General Catalytic Cycle for Pd-catalyzed Cross-coupling Reactions

In earlier reports, tetrakis(triphenylphosphine)palladium(0) was often employed as a
catalyst. More recent reports tend to employ ligands, such as tri-tert-butylphosphine,?® X-
Phos and S-Phos (from a family of dialkylbiarylphosphines known as ‘Buchwald’ ligands)?
and N-heterocyclic carbenes (NHCs)?""> (Figure 1), to generate more effective catalysts
for ‘difficult’ reactions, particularly those involving electron-rich aryl bromides and chlo-
rides. For the synthesis of symmetrical terphenyls, sequential bond formations can be
simply achieved in ‘one-pot’ by the reaction of aryl dihalides with two equivalents of
the organometallic reagent, or vice versa. For unsymmetrical terphenyls, chemoselectivity
of the bond forming steps may be achieved using bifunctional aryl precursors containing
two sites of different or orthogonal reactivity—this will be presented in the following
discussion.
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X \K g PCy. g PCy, AN A
P(t-Bu), NHC ligands
X-Phos S-Phos

Figure 1
‘Modern’ More Effective Ligands for Cross-coupling Reactions

In the following sections, cross-coupling reactions are organized according to the type
of transmetallating reagent used, in order of their popularity (determined by the number of
publications). To keep the discussion succinct, reports containing only a single terphenyl
example (particularly if it is symmetrical) will be excluded.

1. Suzuki-Miyaura Cross-coupling

Suzuki-Miyaura (SM) cross-coupling reactions use arylboronic acids as transmetallating
reagents. As boron is not much more electropositive than carbon, a nucleophilic base such
as OH™ or F~ is needed to promote the aryl transfer, via formation of a tetra-coordinated
borate species. The SM reaction is often preferred over other cross-coupling methodologies,
as arylboronic acids are air- and moisture-stable, as well as being compatible with many
functional groups. Thus they have great practicality in organic synthesis.

Key features of a ‘classical’ SM reaction are demonstrated by the synthesis of poly-
chlorinated m- and p-terphenyls 1a-d, which were used as standards for environmental
analysis.”® Using Pd(PPhs)4 as catalyst, aryl dibromides were coupled with two equiva-
lents of dichlorophenylboronic acid to furnish the requisite terphenyls with yields between
75-85% (Scheme 2). Certain important limitations were noted in this study: (i) the re-
action is susceptible to steric effects, i.e. poor yields were reported for the preparation
of o-terphenyls from 1,2-dibromoarenes, with the predominant product being the mono-
substituted biaryl; and (ii) Ar-Cl bonds are stable under these conditions, i. e. dichloroarenes
cannot be used as precursors in these reactions.

Despite these limitations, the catalytic system had been widely used for the synthesis
of m- and p-terphenyls for a number of applications, such as m-terphenyl cyclophanes
as molecular recognition hosts (Scheme 3, equation 1),*’ liquid crystalline p-terphenyl?®
polymers that exhibit mesogenic behavior (Scheme 3, equation 2),” and p-terphenyl-based
light-emitting diodes (Scheme 3, equation 3).3°

With the advent of more effective catalytic systems for cross-coupling reactions,
some reactivity limitations can now be overcome. In a recent study, SM reactions be-
tween dihalobenzenes, including 1,2-dibromobenzene, could be performed at room tem-
perature using P(z-Bu); as a ligand. In most cases, these reactions afforded symmetri-
cal terphenyls as major products, even when the reactants were employed in equimolar
quantities.?!
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)

Br
X Cl Cl |
7 (-
X = H, cl 2 eg. C|206H4B(OH)2 Cl 1b |
3% Pd(PPhs),
or
Na,CO3 (aq) Cl
Br EtOH-toluene,
e Ve Weyws
80°C
Cl
Br 1e
e ® ¥
c W Cl
Scheme 2

‘One-pot’ Synthesis of Polychlorinated Terphenyls from Dibromoarenes (arene rings derived from
dibromo precursor are highlighted in bold)

In certain cases, unfavorable steric effects may be overcome by using umpoled reagents.
An example is provided in a study by Fritsch et al., where initial attempts to synthesize di-
amino p-terphenyls 4 by SM reactions between dibromoxylene 2 with dinitro- or diamino-
arylboronic acids were unsuccessful (Scheme 4, route 1). Eventually, the synthesis of five of
these compounds was achieved by coupling aryldiboronic acid 3 with bromonitrotoluene.
The products were then subjected to catalytic hydrogenation to furnish the required mate-
rials in high yields (Scheme 4, route 2).%

This strategy was also employed in the synthesis of fifteen photo-luminescent alkoxy-
lated p-terphenyls containing cyano groups, either on the central or peripheral aromatic
rings, with yields between 60-85% (Scheme 5, equation 1).*3 Additionally, p-terphenyls
containing aliphatic side chains were prepared in yields of about 75% (Scheme 5, equation
2).34 The latter were used to produce aromatic polyamides that are able to maintain high
dynamic and mechanical properties at temperatures of up to 250°C.

In all of the above cases, arylboronic acids were activated using inorganic bases in
aqueous solutions. When the diboronic acid bis-pinacol ester (5) was employed instead
of a diboronic acid, the use of Ag,CO3 was required to effect SM reactions with aryl
iodides (Scheme 6).% Quantitative conversions were often obtained, with the exception of
electron-rich (4-iodoanisole) or sterically bulky (2-fert-butyl iodobenzene) aryl iodides;
in the latter case, only 24% of the mono-substituted product could be isolated from the
reaction mixture.
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CHO
Br 0
12% Pd(PPhg)4, N
R NH, . " % Pd( 3)4, Na,CO3 R O NH,
dioxane-EtOH, reflux
’ &
4 \ CHO
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CHB Cn 2n+1O O CH3
Br oCnH2n+1
+ /©/ 4.5% Pd(PPhs),, NayCOs O
g (HO)LB (24eq) benzene-EtOH, reflux O
OCrHzn+1

n=1-12

CnHZn+1O

-, [2]

OCnH2n+1
®
N
Br
+
Br
O
O

Scheme 3
Synthesis of Advanced Materials by Double Suzuki Reactions of Aryl Dibromides

The use of microwave irradiation in cross-coupling processes has been extensively
developed in recent years, including the design of flow reactors that can be employed
on an industrial scale.’®” Instead of refluxing for extended periods, reactions can be
accomplished in just 10-15 minutes with microwave irradiation. For the synthesis of
terphenyls, ‘ligandless’ Pd(OAc), was employed to catalyze reactions of dibromobenzenes
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route 1:
HsC Br Hi;C Y Suzuki
JOURIND G A==
Br CHy  (HO)B
- HsC
2 Y = N02 or NH2
HoN
route 2:

Pd(PPha),

Ij /C aq. N32CO3
‘B \ THF, reflux

Ol Hs
Scheme 4
Umpoled Reactants in Double Suzuki Reactions
Y
OR 3% Pd(PPha), OR (# /|
B(OH), Y K2C03, DMSO A
+ Br@ T130°C, 72h [
(HO),B

OR (2.5eq))

R = linear/branched alkyls

B(OH)2 2% (dppf)PdC|2
__2a9.NaOH NaOH
(HO),B THF, reflux, 48h

[2]

(2.5€eq.) OoN
R = CgHy3, OCgH13, OC12Hzs5 ll
R
H
HOHAI o 8
C
R

polyamide n

Scheme 5
Synthesis of Advanced Materials by Double Suzuki Reactions of Aryldiboronic Acids

2.5% Pd(PPh3)4

0 o Ag,CO; (1 eq) O
Y / —_ ———— 5 A Al
,B@B\ + Al dry THF, reflux r r
O (1.8 eq)

5 24-100%

Scheme 6
Double Suzuki Reaction between 5 and Aryl Iodides
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with phenylboronic acids over supported KF-Al,O3 without using any solvents.® Although
very good yields of o-, m- and p-terphenyls were reported, no other arylboronic acids
were used in this study. In another report, SM reactions between dibromobenzene and
phenylboronic acids were conducted using a silica-supported palladium catalyst and K,CO;
in an o-xylene solution under microwave irradiation, with comparable yields to those using
Pd(OAc),.*° The penalty for employing a heterogeneous catalyst was longer reaction times
(10-20 hours). Nevertheless, the catalyst could be recycled without any loss of activity over
7 runs.

Synthesis of unsymmetrical terphenyls is more challenging. Chemoselectivity is crucial
if sequential cross-coupling reactions are to be effective. This may be achieved by using
precursors with activating groups of differing reactivity, such as aryl hetero dihalides, or
arylboronic halides. In each case, the first bond-forming step has to proceed selectively;
the biaryl intermediate can then be subjected to a second coupling with an appropriate
counterpart to yield the unsymmetrical terphenyl.

The chemoselectivity of SM reactions between a number of dihalobenzenes and aryl-
boronic acids and esters was examined by Sherburn et al. under ‘classical’ coupling
conditions (6% Pd(PPh3)s, Na,CO3, DME, reflux), and best results were obtained with
bromoiodobenzenes.*’ In certain cases, sequential reactions can be achieved in ‘one-pot’
to produce unsymmetrical terphenyls. For example, using 1,3- or 1,4-bromoiodobenzene,
sequential addition of different arylboronic acids to the same reaction mixture afforded
corresponding m- and p-terphenyls, respectively, in moderate yields of 55-77%. However,
no examples of o-terphenyls were provided. *!

More often, this protocol suffers from poor selectivity in the first step, giving a mixture
of mono- and bis-coupled products, which necessitates purification of the intermediate.
An example is provided by the coupling between a highly substituted bromoiodoarene 6
with arylboronic acids (Scheme 7). The reaction furnished a mixture of mono:bis arylated
products in ratios of 2:1 to 4:1, which necessitated separation by HPLC before the second
coupling. The final acid-containing terphenyls are useful as insulin receptor modulators.*?
Despite this drawback, these reactions have been employed in many medicinal chemistry
programs, including the synthesis of o-, m- and p-terphenyl derivatives with anti-apoptotic

activity.!7-18
OR . OR OR ) OR
| ATBOH) A A gr  ArBOM; Ar' Ar2
1-3% PdCl,-dppf N 1-3% PdCl,-dppf
B —— T
dioxane-H,0, 60-80 °C dioxane-H,0, 60-80 °C
CO,Et CO,Et CO,Et CO,Et
6 60-70% (separated by HPLC) 70-90%
Scheme 7
Sequential Suzuki Cross-coupling Reactions for the Synthesis of Unsymmetrical Acid-containing
Terphenyls

Chemoselectivity of SM reactions can be improved by using nucleofuges other than
halides to activate the electrophilic aryl group. Aryldiazonium salts are one such class
of compounds, which can undergo cross-coupling with arylboronic acids in the absence
of bases.*> This was exploited by Felpin and Taylor to devise a ‘one-pot’ route to
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No B Z //T1
N, BF, - B(OH) Nt
/© " O Pd/C, i-PrOH TR RE-CgHaB(OH), S
Br R1/ = 50 °C Na,COs, 80 °C §
(1.2 eq) B o |
r //
Ry 65-80%

over two steps

Scheme 8
Bromo-Aryldiazonium Salts for the Synthesis of Unsymmetrical p-Terphenyls

unsymmetrical p-terphenyls (Scheme 8):* Starting with a bromophenyl diazonium salt,
reaction with a range of arylboronic acids proceeded in the presence of a supported Pd cat-
alyst, with high selectivity for coupling at the diazonium group. The reaction was complete
within minutes at 50°C to furnish biaryl bromides in excellent yields. In the subsequent cou-
pling, the reaction was initiated simply by the addition of a base and a second arylboronic
acid to the reaction mixture. This one-pot method allows the synthesis of p-terphenyls with-
out intermediate purifications, leading to good to excellent overall yields (65-80% over
two steps). However, no examples of o- or m- unsymmetrical terphenyls were provided in
this report.

By far, the most general and high-yielding method for the synthesis of unsymmetrical
o-, m- and p-terphenyls uses bromochloroarenes in sequential Suzuki-Miyaura cross-
coupling reactions (Scheme 9).* The methodology capitalizes on the fact that SM reactions
of aryl bromides can proceed under ‘ligandless’ conditions at room temperature, combined
with recently developed phosphine ligands that enable cross-coupling of aryl chlorides.*®
Thus, from 1,2-, 1,3- or 1,4-bromochlorobenzene, the reaction with arylboronic acids was
conducted at room temperature using just Pd(OAc), and base. Under these conditions, sub-
stitution occurs exclusively at the bromide position with >90% yield. The resultant biaryl
chlorides were then subjected to a second SM reaction by employing the S-Phos ligand at
60°C. This allowed the synthesis of o-, m- and p-terphenyls to be accomplished in good to
excellent yields (70-99%) over two steps.

1.5% Pd(OAc), ; Ar?-B(OH,) 1
B ; KsPOurt TN cat. Pd(OAC),/S-Phos AN
Ol Ao, oty NPT TKgPO,, solvent, heat A
N DMF-H,0 (1:1) 3P0, solvent, hea
70-99%
(over 2 steps)
Scheme 9

Synthesis of 0-, m- and p-Terphenyls from Bromochlorobenzenes

Unsymmetrical terphenyls were also prepared employing precursors with orthogonal reac-
tivities, such as haloarylboronic acids, 7 and 8 (Scheme 10). With Pd(PPh3),4 as catalyst,
the synthesis of o-, m- and p- substituted terphenyls could be achieved by subjecting these
precursors to a reaction with an aryl halide, before subsequent reaction with an arylboronic
acid.

Since Ar-I is easier to activate than Ar-Br, aryl iodides were employed with the
bromoarylboronic acid 7 to avoid homocoupling of the bifunctional precursor (Scheme 10,
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OMe
OBn
B(OH), OMe 5% Pdy(dba)s, 15% P('Bu);
N OBn Pd(PPhj)s, Na,CO; Cs,CO3, dioxane, reflux.
| + >
> toluene-EtOH MeO
B 2h, reflux [
7 ! 577 MeO B(OH)2
MeO
OMe
MeO,C CO.Me
B(OH) MeO,C COMe ? 2 MeO,C COzMe
t
[ . 5% Pd(PPhs)s, KB, K5PO, 5% Pdy(dba)s, 15% P(Bu)s
CI// ot dppe (0.55 eq), DME, reflux SN 052003 dioxane, reflux
8 | =
CI/ / / B(OH)
R \
Scheme 10

Synthesis of Terphenyls from Haloarylboronic acid Precursors

equation 1). Good chemoselectivity was reported, but purification of the biaryl bromide
intermediate was necessary. The overall yields for two steps were 34/69/47% for the o-, m-
and p-isomers, respectively.'®

To improve the chemoselectivity, other ‘pseudohalides’, such as triflates and tosylates,
have been explored as electrophilic precursors. These can offer complementary reactivities,
as they are generally less reactive towards oxidative addition than their corresponding
aryl iodides and bromides, but more reactive than aryl chlorides. This was demonstrated
by Clardy et al. in the preparation of a class of unsymmetrical terphenyl derivatives as
dehydrogenase inhibitors (Scheme 10, equation 2). The difference in reactivity between
an aryl triflate and an aryl chloride gave rise to very high selectivity in the reaction of the
chloroaryl boronic acid 8 and an aryl triflate, using a catalyst generated from Pd(PPh3)4
and Ph,PCH,CH,PPh, (dppe). A different phosphine ligand, P(z-Bu);, was used in the
second coupling of the less activated chloride. The overall yields using this combination of
catalysts ranged between 67-91%.4

Using BF;-OEt; as a Lewis acid, 1-aryltriazenes can be activated towards Suzuki reac-
tions with arylboronic acids.*® Accordingly, triazene-substituted arylboronic acids (9) were
prepared and employed as a new class of donor—acceptor substituted coupling reagents.*’
The bifunctional reagent was first subjected to Pd-catalyzed cross-coupling reactions with
an aryl halide, followed by a Lewis acid-mediated C-C bond formation with an arylboronic
acid (Scheme 11). The yields for these two steps were moderate to good.

Catellani and co-workers have developed novel methods for aryl-aryl coupling via
palladacycle intermediates that are mediated by norbornene.’® In one report, the synthe-
sis of unsymmetrical o-terphenyls was achieved by the reaction of two molecules of an
o-substituted aryl iodide with an arylboronic acid (Scheme 12).°! The reaction follows a
precise sequence of steps. After the oxidative addition of the aryl iodide to Pd(0), the
insertion of the strained alkene across the Pd-Ar bond occurs with concomitant forma-
tion of a palladacycle. Oxidative addition and insertion of a second aryl iodide followed,
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Synthesis of Terphenyls from 1-Aryltriazene Boronic Acids
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R —\ R?
O R@ @ R YaY
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1% Pd(OAc),

(2eq) (1.2eq) K,CO3, 105°C,90h  R! Q

49-93%

Mechanism:

R1
Oy erai—

Scheme 12

341

Terphenyl Synthesis by Coupling Two Aryl Iodides with an Arylboronic acid

terminating with a Suzuki coupling with the arylboronic acid. The reported yields were

good to excellent in most cases.

2. Grignard (Corriu-Kumada) Cross-coupling

The synthesis of terphenyls was included in the pioneering report on metal-catalyzed cross-

coupling chemistry by Corriu and Masse,'® where the reaction of 1,4-dibromobenzene
and aryl Grignard reagents was effected in the presence of 1 mol% nickel(I) acetyl-

acetonate (Scheme 13, equation 1). A later study of the reaction with 1,2-,

1,3- and
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Q- e OO "
Br Et20 reflux

> 80%
BrMg
BrMg 5% N|CI2 5% NiCly(dppe) 2]
\©\ 5% O 70%
(HO)B
0.f T o 2] 00 o f
ANF (1eq) Z Ro’s N A MgBr N
RO _— | _ . [3]
NNg, 3% Pd(PPh), Z | iY 5% (dppf)NiCl, /m:j_ v
R = CH,CMe; aq. Na,CO3, Z THF, reflux, F
toluene, reflux, 3h 16-80 h overall average yields (%):
ortho: 47; meta: 50; para: 55
Scheme 13

Synthesis of Terphenyls Using the Corriu-Kumada Cross-coupling Reaction

1,4-bromochlorobenzenes found that coupling occurs preferentially at the bromide with
NiCl, as the catalyst, with moderate to good selectivity. Tandem reactions were subse-
quently performed to prepare an unsymmetrical p-terphenyl in a moderate yield (Scheme
13, equation 2), but the generality of the method was not demonstrated.>

Using different transmetallating reagents, the Corriu-Kumada reaction was combined
with the SM reaction to furnish unsymmetrical o-, m- and p- terphenyls from neopentyl
bromobenzenesulfonates (Scheme 13, equation 3).>* The procedure first utilized a Suzuki
protocol for the biaryl formation, which occurred selectively at the bromide. This was
followed by anickel-catalyzed coupling with the Grignard reagent. The yields obtained were
generally good, but intermediate purifications were necessary. Furthermore, excessively
long reaction times and large amounts of Grignard reagents were required for the second
step, making the protocol impractical on a large scale.

3. Stille Reaction

Palladium-catalyzed coupling reactions using arylstannanes are known as Stille reactions.>*

Despite their good compatibility with air, moisture and other functional groups, applica-
tion of these reactions is ultimately limited by the toxicity of the organotin reagents and
by-products. Given the availability of other effective methodologies, few syntheses of ter-
phenyls are reported using the Stille reaction. Saa and Martorell reported a modified protocol
for the synthesis of terphenyls, whereby the successive coupling between 4-bromophenyl
triflate and arylstannanes could be achieved using palladium and copper as catalysts under
different conditions (Scheme 14).5° The reaction may be conducted in one-pot for sym-
metrical terphenyls (reaction of phenyl ditriflate was much lower yielding). Overall, the
scope of the method was rather limited and the yields reported for some compounds were
low, even after extensive reaction optimization, including choice of the palladium catalyst,
ligand and the solvent.
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Me

Me
Br 3% PACIy(PPh3), O 10-20% PdCly(PPha), O
R1

10% PPhj, 20% CuBr 40% PPh; or AsPhs, O
dioxane, reflux, 2h O 40% CuBr, LiCl

DMF, reflux, 8-24h

(1.2 eq) 89%

OTf BusSn
L ¥
Me oTf R3Sn 21-93%
1 R? R=Bu, R"=H, R? = Me;
R=Me, R'=F, R2=H;

23
(2-3eq) R = Me, R' = OMe, R? = Me.

Scheme 14
Synthesis of Terphenyls by Successive Stille Reactions

Aryl chlorides and diethylphosphonates (DEP) undergo Sgn 1 reactions with trimethyl-
stannyl ions under photochemical conditions to give arylstannanes in high yields.’® Using
consecutive activation of the DEP group, synthesis of unsymmetrically substituted para-
terphenyls from commercially available phenols can be achieved in a convergent manner
(Scheme 15).

OTHP OTHP OTHP
HPO(OEt), Me;SnNa OTHP OTHP
NEt,, CCl, NH; (lig.), hv
OH DEP SnMe; l O O
2% Pd(PPh3), ArX, Stille
Br Br or PdCly(PPhs),
HPO(OEt), O O
NEt,, CCI
o X Ar
OH DEP _
X =DEP Me;SnNa, NH; (lig), hv
X =SnMej
Scheme 15

Use of the DEP Protecting Group in Cross-coupling Chemistry

In a report by Tour et al., the Stille reaction (Method B) was used in combination
with a Sonogashira reaction (Method A) to produce a family of p-terphenyls as molecular
electronic devices (Scheme 16).10

4. Negishi Cross-coupling

Zn is considerably more electropositive than B or Sn, and thus, organozinc reagents may
be expected to be more reactive than organoboron and organostannane compounds.’-8 Ni-
or Pd-catalyzed cross-coupling reactions utilizing arylzinc reagents are known as Negishi
reactions.

Phenylenedizinc compounds can be prepared from the reaction of activated zinc with
1,4-dihalobenzene,>® 1,2-diiodobenzene,®® 1-iodo-2-triﬂuorornethylsulfonyloxybenzene,61

or dibromobenzene, the last instance, in the presence of a cobalt catalyst.®? These dizinc
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TMS—=
I
/©/ 5% PdCly(PPhy), /©/ n-BuLi, BuSSnCI /@/
10% Cul, i-Pr,NEt
Br 2 BusSn
THF, rt, 12 h
Ph—= Method A
Method A
r
/ Ph N02 O
Z n-Buli, Bu3SnCI OaN
1.5% Pd(dba),, g,
Br BusSn 10% AsPh3 0,
THF, 36 h
Method B

2. H,0, Fy, -30°C Method B

Scheme 16
Synthesis of Molecular Electronic Devices using Consecutive Sonogashira-Stille Coupling
Reactions (Aromatic Rings Derived from Bromoiodobenzene Highlighted in Bold)

reagents can be subjected to coupling reactions with aryl halides to furnish symmetrical 0-®
and p-terphenyls.® In the latter case, unsymmetrical p-terphenyls were prepared in mod-
erate to good yields (55-78%) by successive addition of different aryl halides (Scheme 17,
equation 1). Arylzinc reagents were found to undergo coupling reaction with aryl iodides
at room temperature and with aryl triflates at elevated temperature (65°C). Hence, unsym-
metrical terphenyls may be obtained by selective coupling of iodoaryl triflates with arylzinc

reagents at different temperatures (Scheme 17, equation 2).%
1
N X 7 N ZnX [Pd] N Ar ]
X —  XZn o A (1
%% = 1. Ar'X =
2. Ar?X
1 1
[Pd] AT [P A g
TfO - — > XZn ——————— A’y
2 Ar'ZnX RT = Ar?ZnX, 65 °C Pz
Scheme 17

Synthesis of Terphenyls from Successive Negishi Cross-coupling Reactions

Due to the difficulty in accessing appropriately functionalized arylboronic acids,
Shimizu and Manabe transformed bromophenol derivatives into zinciophenoxides 10 (or
zinciopyridinoxides from bromohydroxypyridines), which undergo highly efficient cross-
coupling reactions with aryl triflates under palladium catalysis in the presence of X-Phos
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as a ligand (Scheme 18).% The protocol allowed the synthesis of unsymmetrical substi-
tuted o- and m-terphenyls under mild reaction conditions with excellent yields. The main
disadvantage is the need for purification of intermediates.

= _BuLi = = Ar'OTf =
Ji)—:OH 5 eq. t-BuLi J:/\—;OLi ZnCl, \_: - \—]OH
B Li Xzn 1% Pd(OAc),  prt
10 1.2% X-Phos
X =CI, Br, OR Tf,0, pyridine
M= Li, Zn 0 °C, CH,Cl,
10 _
2N /7 1% Pd(OAc), /@oﬁ
AN N7 Touxephos AN
OH
Scheme 18

Synthesis of Terphenyls Using Successive Negishi Coupling with Zinciophenoxides

Both arylzincs and nickel catalysts continue to be studied and optimized for Negishi
reactions. Particularly, much effort has been directed toward the use of less expensive
substrates (aryl chlorides instead of aryl bromides or iodides) and also the use of more
functionalized aryl derivatives. In this respect, Chen et al.% reported use of a nickel-NHC
complex 11 that catalyzed the Negishi cross-coupling reaction of a number of aryl chlorides,
leading to biaryls and m- and p-terphenyls in good to excellent yields; no o-terphenyls were
reported using this route (Scheme 19).

Ar

Cl N 11 (0.01-2 mol%) X
| e + 2Ar—znCl | oA
_ =

meta-, para-, 76-86%
_ 04
Ny

Scheme 19
Nickel-catalyzed Negishi Coupling for the Synthesis of Terphenyls

5. Hiyama Cross-coupling

Organosilicon reagents provide a practical alternative to many organometallic reagents
in cross-coupling chemistry.%” Pioneered by Hiyama and co-workers, organosilanes can
be activated towards transmetallation by the formation of hypervalent silicon species,
typically by reaction with fluoride.®® The methodology has been applied to the synthesis
of unsymmetrical m- and p-terphenyls by subjecting 1,3- and 1,4-bromochlorobenzenes to
sequential reactions with triallyl(aryl)silanes.®® Selective coupling at the bromide site was
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achieved using the PCyj; as the ligand, whereas X-Phos was used to activate the more inert
C-Cl bond (Scheme 20). The reactions are high yielding, and the scope of the methodology
proved to be fairly wide, and tolerant of many functional groups. The main drawback is the
lack of o-terphenyl examples.

Ar'=Si(allyl) Ar2=Si(allyl)
1 1
B\, 1. TBAF'3H,0, DMSO-H,0, it A" 3. TBAF+3H,0, THF-H,0, rt AT | X a2
—_ T Ar
|__rC1 5 5% Pcl,, 10% PCys, 80 °C 2 4.2.5% [(n*CaHs)PCI,, P
98% X-Phos (10 mol %), 80 °C

1,3-and 1,4-

Scheme 20
Consecutive Hiyama Cross-coupling

6. Aryl-aryl Coupling by C-H Activation

Significant advances have been made in direct activation of C-H bonds, particularly to-
wards cross-coupling reactions, where one or both of the reactants can be replaced by
unactivated arenes.’®’3 By eliminating the need for halide and/or organometallic reagents,
the atom-economy of the process can be improved greatly. Double o-arylation reactions
will therefore deliver 2-functionalized m-terphenyls (Scheme 21). As the area has been ex-
tensively reviewed elsewhere,”"73-83 only a brief summary of the key features is provided

here.
Ar—X
DG M] DG
H | -1 + A—BOH, —> A | XA
AF - A
7 Ar—H G
Scheme 21

Synthesis of m-Terphenyls by Direct o-Arylation

(i) The presence of certain directing groups (DG) is necessary for arylation to occur
at the ortho- position. The DG may be a functional group (e.g. carboxylic acids, anilides,
benzylamino, nitro, etc.) or a heterocycle (e.g. 2-pyridine, azole, benzoxazole, oxazoline,
etc);

(ii) The source of the arylating reagent is most commonly an aryl halide or arylmetals
(e.g. arylboronic acid). In certain cases, an unactivated arene can also be used, but a
stoichiometric amount of oxidant (e.g. 1,4-benzoquinone) is required;

(i1) Several catalytic systems have been developed in recent years, the most common
being Rh-, Ru- and Pd- based. Fe was also recently discovered as an active catalyst.3*

Currently, only o-diarylation has been demonstrated in these reactions. However, they
are potentially useful for the synthesis of m-terphenyls containing a functional group
between the two aryl moieties, which may be difficult to achieve using more traditional
cross-coupling reactions due to steric hindrance.
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II. Non Metal-catalyzed Aryl-aryl Coupling:
Nucleophilic Aromatic Substitution

In certain cases, the formation of aryl-aryl bonds by the reaction of aryl halides and
organometallic reagents can proceed, without the need for a catalyst, through Sy Ar reactions
of activated halobenzenes.

With an oxazole acting as the directing group, the synthesis of 1,3-diarylbenzoic acid
derivatives was achieved by sequential SyAr displacement of o, o'-difluorides (e.g. 12)
with lithiated aryl reagents (Scheme 22).%5 The oxazole can later be ‘unmasked’ to generate
various acid derivatives.

HiC_  CHs HsC CHs

— OCH;

O__N Li ¢ HaC P N
‘2 O o
F F HsC
oc:H3 OCHj, \
12
Scheme 22

SnAr reactions of 2,5-difluorophenyloxazoles

Aryl Grignard reagents undergo metal-halide exchange with aryl iodide/bromide in
the absence of catalyst. In a body of work by Hart and co-workers, it was found that if
an iodide is present at the ortho position, 1,2-elimination can occur to give a benzyne
intermediate, which can be trapped by another Grignard reagent to achieve C-C bond
formation (Scheme 23, equation I). Using 1,4-dibromo-2,5-diiodobenzene as a precursor,
p-terphenyls can thus be obtained (Scheme 23, equation 2).3° Similarly, the synthesis of
m-terphenyls can be obtained from 2,6-dibromoiodobenzene (Scheme 23, equation 3).8” In
both cases, symmetrical m- and p-terphenyls were obtained in moderate to good yields. The
method has been used for the synthesis of a series of cappedophanes 13%8-°° and terphenyl
building blocks such as 14* for crystal engineering.

Recently, a synthesis of m-terphenyl-2’-carbaldehydes was achieved by using ethyl
formate as the electrophilic trapping agent in the reaction of arylmagnesium bromides
with 1,3-dichloroiodobenzene.”! Similarly, Saednya et al. described the synthesis of
m-terphenyls from 1,3-dichlorobenzene in two ways (Scheme 24), either by: (i) the re-
action with excess aryllithium at room temperature (59-94%); or (ii) lithiation of the

dichlorobenzene, followed by the reaction with aryl Grignard reagents (57-93%).%

III. Benzannulation Reactions from Acyclic Precursors

1. Concerted [4+2] and [2+2+2] Cycloaddition Reactions

Cycloaddition reactions are among the best strategies for the construction of 6-membered
rings. It may be envisaged that the central ring of a terphenyl molecule could be assembled
by means of [4+2] or [2+2+-2] cycloaddition reactions, followed by aromatization of the
resultant cyclohexadiene.
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94
-MgX;
| MgBr \ PhMgBr
@[ + PhMgBr —= + @
) o AH Mo
Br

: Br XN THF
+ R1.—/ —— N 2]
Br | MgBr R
=

MgBr
\©/ C THF MgBr (3]
dRt — | & R
(Beq)
R Y Y,
;& Q-0
? U? QO O
Y Y
13 14
Scheme 23
Synthesis of m- and p-Terphenyls from Reaction of Mixed Halobenzenes with Aryl Grignard
Reagents
\©/ excess ArLi  Ar Ar
l 1. n-BulLi
Li
Cl Cl 2.2AmMgBr Ar Ar
3. H;0*
Scheme 24

Synthesis of m-Terphenyls from 1,3-Dichlorobenzene

Diels-Alder reactions were employed by Torri for the synthesis of 2,5-diaryl substi-
tuted benzoic acids where 1,4-diaryl-substituted butadienes were subjected to cycloaddition
reactions with maleic anhydride. Cycloadducts 15 were then subjected to alkaline hydroly-
sis, followed by dehydrative decarboxylation to give p-terphenyl derivatives in good yields

(Scheme 25, equation 1).°> Conversely, terminal aromatic rings could be assembled by
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treating bis-silyoxybuta-1,3-diene 16 with electron-deficient alkynes, to give phenolic p-
terphenyls after DDQ oxidation (Scheme 25, equation 2).°*

= o~ Ar Ar KoH
A+ xylene, 180 C Ar Ar 1]
Ar/\/\,.r OJ\;)§O I - HZO-
07 Ng” 0
15

-CO, CO,H
R
A R 1. tol heat
. toluene, hea
OTMS + | | T OH [2]
TMSO N 2.DDQ, AcOH R
EWG
16
EWG = CO,R, CN
OH R=H, CH;
Scheme 25

Synthesis of m- and p-Terphenyl Derivatives by Diels-Alder Reactions

More recently, a cobalt-catalyzed Diels-Alder-oxidation sequence was reported by Hilt
et al. for the synthesis of m-terphenyls from 1,3-dienes and phenylacetylenes (Scheme 26).%
The regioselectivity reported for the meta isomer was very high (at least 98:2) for reactions
involving phenylacetylene (R = H). However, internal alkynes (R = Me) gave nearly 1:1
mixtures of o- and m-terphenyls.

AT R Ar Ar
2 | | 10% CoBr,(dppe) R DDQ R
X 10% Zn, 10% Znl,

Bh (R=Me, H) Ph Ph
Scheme 26

Synthesis of Terphenyls by Cobalt-catalyzed [4+4-2] Reactions

Mn-catalyzed [2+24-2] annulation reactions of 1,3-dicarbonyl compounds with
terminal acetylenes furnished p-terphenyl compounds with excellent regioselectivity
(Scheme 27). Reactions occurred under fairly mild conditions in the presence of NMO
and a dessicant.”® Similar reactions were also reported without using any solvents or the
N-oxide additive.”’

2. Stepwise Benzannulation Reactions

Condensation reactions are widely used in stepwise benzannulation strategies for terphenyl
synthesis. A typical example is a two-step synthesis of diaryl-substituted hydroxybenzoic
acids. Starting with a Stobbe condensation of an unsaturated aldehyde with dimethyl
succinate, the resultant monoester monoacid was treated with ethyl chloroformate and
triethylamine to afford an aromatic ring (Scheme 28).%® The reaction may also be applied
in an iterative way to generate a p-terphenyl derivative. This strategy was extended to
the synthesis of unsymmetrical o-terphenyls, where «,8-unsaturated carboxylic acids were
prepared via Perkin reaction between a benzaldehyde and phenylacetic acid, which was
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R'=Me, Ar% Y = OR, Me
\ o) / H,0
HO Y
>—>\; 0

Ar1
[Mn] H
Ar' Ar'!

Scheme 27
Synthesis of p-Terphenyls by Mn-catalyzed [2+24-2] Cycloadditions

HO CO,Me
ArT/\rCHO NaOMe, MeOH AHWCOZH CICO,E, EtsN 2
—————
+ Stobbe CO,Me Ar'
CO,M condensation
MeO,c~ >~ 72" }
HO CO,Me
HO x-CHO
HO -
O Ar'
Ar'
Ar'=CHO 1. Stobbe CO,R®
.\ Ets;N Ar’ . Ar’ _ condensation
Ac0 ]\ — ]\ 2 CICO,Et, EtsN  Ar'
2 3 Ar
HO,C™ AP HO,C™ Ar? OHC™ DAr
Scheme 28

Benzannulation Reactions by Cyclization of Stobbe Condensation Adducts

further transformed to the conjugated aldehyde. Subsequent cyclization to the 2,3-diaryl
substituted phenol, under previously described conditions, occurred with good to excellent
yields of 80-90%.%°

On the other hand, Katritzky et al. reported the synthesis of 3,5-diaryl-substituted
phenols by the reaction of 1-(benzotriazol-1-yl)propan-2-one and 1,3-diarylprop-2-enones
under basic conditions (Scheme 29). The reaction is thought to initiate with a conjugate
addition, where the resultant Michael adduct undergoes an intramolecular aldol reaction to
generate a cyclohexenone intermediate 17, which is aromatized by elimination of benzo-
triazole and dehydration to provide the terphenyl compound.'®

Similarly, addition of a carbanion generated from 2-methoxyacetophenone to 2H-
pyra-2-ones was followed by an intramolecular cyclization to furnish a bridged cyclohexene
intermediate 18 (Scheme 30). Aromatization of the central ring occurs via aretro-Diels Alder
reaction, driven by elimination of CO,, to furnish m-terphenyls in moderate yields (Scheme
30).'°! Better yields were obtained by suppressing formation of side-products through the
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Scheme 29
Synthesis of 3,5-Diarylphenols
SMe
| COzMe (o) 0 SMe
CO,Me COOMe
CO. MeS_ O 2
A 70770 koHipme | MeS0 oM OH | -CO,
7| © 4 H H,0
* ' 20 Ar Ph
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| - O ®
o ’ (J 5.0
R R OMe
R =H, Me, Br, CI
67-80%
MeO. SMe
CN OMe KOH/DMF
Me” "O” "O ©

Scheme 30
Synthesis of m-Terphenyls from 2H-Pyra-2-ones and 2-Methoxyacetophenone

substitution of SMe with a secondary amine. The synthesis of a polysubstituted p-terphenyl
was also achieved from the reaction of methyl 2-cyano-3,3-di(methylsulfanyl)acrylate and
3,4-dimethoxyphenylacetone in 56% yield.

Another synthesis of m-terphenyls was achieved by the addition of a 2-phenylallyl
Grignard reagent to a silyl enol ether generated from 1,3-dicarbonyl compounds. The
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product was hydrolyzed immediately with aq. HF to give (E)- and (Z)-19, which cyclized
in the presence of Brgnsted/Lewis acids to the target compounds (Scheme 31).'9

OH

+ Ph Z ~OTMS
R1—:\ = OTMS R2
Z R?

R'=H, 4-OFEt, 4-Ph

JL/ R1 I >
o MgCl T
o)

R?=H, Me
R4~ D ~ 4R
HF = AorB PN X
—_ —_—
Ph N0 R2
R2
19 48-64%

A = TsOH, benzene, reflux
B= BF3.0Et2, 23°C

Scheme 31
Preparation of m-Terphenyls by the Reaction of an Allyl Grignard Reagent with the Silyl Enolether
Generated from a 1,3-Dicarbonyl compound

Based on a variation of the Gewald synthesis,'®> a method for the synthesis of m-
terphenyls from nitrobenzylidenemalonodinitriles 20 and ethylidenemalonodinitriles 21
was developed (Scheme 32, equation 1).'%* The reaction proceeds via Michael addition
of an anion generated from 21, to the benzylidenemalonodinitrile 20. This is followed
by the cyclization of the Michael product to furnish a cyclohexadiene system. Finally,
the elimination of hydrogen cyanide affords the central ring. The yield of the reaction is
dependent on the pattern of substitution on the Michael acceptor. The densely substituted
terphenyls products can be further modified, by reduction of the nitro groups or thermal
decyanation.

Recently, this strategy was utilized to produce a number of m-terphenyl amines as
a novel class of cyclooxygenase (COX) inhibitors.!% The construction of flanking aryl
groups may also be achieved by the reaction of arylidenemalonodinitriles 22 and ethyl
dicyanomethylenepropanoate 23 (generated from ethyl pyruvate and malononitrile), but in
much lower yields (Scheme 32, equation 2).'% A few modifications of this reaction were
reported, including the reaction between chalcones and malononitriles (Scheme 32, equation
3),197 or the reaction of vinyl malonodinitriles (obtained by Knoevenagel reactions) with
nitroolefins via one-pot tandem addition processes (Scheme 32, equation 4).'% Using these
reactions, substituted m-terphenyls could be obtained in good yields.

A recent report by Liu et al. of a further modification led to the synthesis
of substituted p-terphenyls from «-aryl-a-alkenoyl ketene-(S,S)-acetals and nitroethane
(Scheme 33).19°
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Gewald-type Annulation Reactions of Alkylidenemalodinitriles
EtN02
Ar
DMF, 120 °C
6-8h
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CH3CH,;NO, - HNO,
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Ar
_-EtSH
EtS EtS EtS Ar
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Scheme 33

[5+1] Annulation of «-aryl- «-Alkenoyl Ketene-(S,S)-acetals with Nitroethane
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III. Summary

To conclude, the synthesis of terphenyls has been achieved most efficiently using metal-
catalyzed cross-coupling reactions. Chemoselectivity issues have been largely resolved by
employing aryl precursors containing halides/pseudohalides with complementary activi-
ties, such that milder reaction conditions can be employed in the first step, with the (more
difficult) second step achieved under different conditions, typically by raising the temper-
ature or by employing certain metal ligands. Sequential Suzuki cross-coupling reactions
of bromochlorobenzenes with arylboronic acids proved to be most practical and versatile
method for producing numerous symmetrical and unsymmetrical o-, m- and p-terphenyls.
When reactivity is a problem, Negishi cross-coupling with arylzincs can offer a viable alter-
native, although the organometallic reagent has to be prepared and stored under rigorously
dry conditions. More recently, the discovery of C-H activation processes offers an atom-
economical route to cross-coupling reactions. This has specific utility for the synthesis of
symmetrically substituted 1,3-diaryl aromatic rings. However, further developments are
necessary before this route can be adopted for the synthesis of unsymmetrical molecules.

On the other hand, non-metal catalyzed methods have also been developed for the
synthesis of terphenyl molecules. Although these are rather limited in scope, they are
particularly useful specifically for the synthesis of poly-substituted terphenyls, which may
be difficult to assemble by cross-coupling due to steric hindrance, or when access to the
requisite aromatic precursors is problematic.

Terphenyl molecules are employed in a wide range of important applications, from the
discovery of novel scaffolds in medicinal chemistry to the fabrication of advanced materials
with novel electrical and optical properties. For these reasons, the quest for atom-efficient,
practical and scaleable routes to the synthesis of terphenyls will continue to flourish for the
foreseeable future.
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