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Abstract: Highly substituted iodobenzenes were efficiently and regioselectively synthesized from readily
available 1,6-diynes via two-step process consisting of silver-catalyzed Csp-H iodination and subsequent
ruthenium-catalyzed [2 + 2 + 2] cycloaddition of resultant iododiynes. Some of the obtained iodobenzenes
were subjected to palladium-catalyzed C—C bond-forming reactions such as Mizoroki—Heck reaction,
Sonogashira reaction, and Suzuki—Miyaura coupling, giving highly conjugated molecules.

Introduction

lodobenzenes are highly valuable intermediates in organic
synthesis. They are readily transformed into fine chemicals via
catalytic cross-coupling reactiofsy tritium-labeled biologically
active compounds via catalytic hydrodehalogenatibtoreover,
p-diiodobenzenes were recently utilized as monomers for
functional polymerd.Although chloro- and bromobenzenes have
been conventionally prepared by means of electrophilic aromatic
halogenatiort, the direct iodination of aromatic precursors is
problematic due to the low electrophilicity of molecular iodine.
Thus, aromatic iodination requires a Lewis acid activator or
oxidative and/or acidic reaction conditions, which hamper the
synthesis of iodobenzenes bearing labile functionalftfemn
addition, when a substituted benzene is subjected to electrophilic
halogenation, the newly introduced halogen atom (X) is directed
to the ortho, para, or meta positions, depending on the nature
of the substituent (R) of the precursor (Figure 1A). Accordingly,
this substrate-directed regioselectivity makes the synthesis of
unsymmetrical halobenzenes difficult, often leading to a mixture
of some regioisomeric products.

To address these issues, we developed a novel, two-ste
strategy to assembfediiodobenzenes as outlined in Figure 1B.
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Figure 1. (A) Conventional electrophilic aromatic halogenatiok €
I:}wuogen atom) and (B) novel two-step access to fused iodobenémes
1,6-diynes2, involving (step 1) silver-catalyzed iodination 2fleading to
iododiynes3, and (step 2) ruthenium-catalyzed cycloaddition3aivith
acetylene, resulting in the formation of iodobenzefes

First, 1,6-diyneg are converted to diiododiyné&svia the silver-
catalyzed Gp-H halogenatiori.Second, the cycloaddition &f
with acetylene can be carried out in 1,2-dichloroethane (DCE)
at room temperature with our own protocol using a organoru-
thenium catalyst, Cp*RuCl(cod)l{ Cp* = #5°-pentamethyl-
cyclopentadienyl, cod= 1,5-cyclooctadiene). The ruthenium-
catalyzed partially intramolecular alkyne cyclotrimerization has
proved to be highly selective and tolerant to a broad range of
functional groups.Overall, this two-step procedure allows us
to achieve catalytic assembly of bicyclediiodobenzened
with the exact control of the substitution pattern. Thus,
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environmentally benign process with high atom- and step- Scheme 1

economy is realized as a result of the dramatic reduce of L 10 mol% .
chemical wastes such as stoichiometric amounts of an activator E — AgNO3 E =X
for molecular iodine and undesired regioisomeric side products. E — NSorNBS E — x
To the best of our knowledge, transition-metal-catalyzed-[2 23 "~ DMF.1t.3h 3a-1 X = |: 92%
2 + 2] cyclocotrimerization of iodoalkynes has not been 3a-Br X =Br: 91%
exploredi®1whereas thermal and stoichiometric-metal-medi- X
ated cyclotrln_weﬂzatlon of chloroalkynes were repqrted previ- 5 mol%% 1 E
ously1213dThjs is partly because low-valent transition metals
are capable of undergoing oxidative addition toward tisg-IC 1atm acetylene  E

N . . . . DCE, rt, 30 min
bond in iodoalkynes, resulting in the formation of a transition X
metal acetylidé? which might be an intermediate for recently 4a-1 X = |: 83%

E = COMe 4a-Br X = Br: 77%

reported catalytic homo-coupling of iodoalkynésAlthough
the mild and regioselective methods to synthesize iodoarenes ) . N . )
have recently been reporté@ldts the GspH iodination/ perature for 30 min to give diiodobenzeda—I| in 83% yield.

cyclotrimerization strategy would provide a powerful route to In a S'tr)?'l.ar rg::nr:;r, thzlc\:lok:respondlng .brpdeili\IaSE V.Vh'ﬁ.h h
the bicyclic p-diiodobenzene framework, which is otherwise was obtained frona andn-bromosuccinimi e )_|r_1 19n

. yield, underwent the ruthenium-catalyzed cycloaddition with
difficult to be accessed. . . -
acetylene to afforg-dibromobenzenda-Br in 77% vyield.

Having confirmed the feasibility of our two-step protocol,
its generality was then explored as summarized in Table 1. Our

Scope and Limitations of Sequential Ag-Catalyzed €p-H method well tolerated malononitrile, an ether or a sulfonamide
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pargylmalonat®a was converted to diiododiynga—I in 92% pound, probably because conventional electrophilic aromatic
yield (Scheme 13° Subsequently3a—| was treated with the  iodination conditions is incompatible to the acid-labile isoben-
ruthenium catalyst under acetylene atmosphere at room tem-zofuran structure. Protecting groups such as an acid labile ketal

in 2eand a benzyl ether if were also compatible to the present
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Results and Discussion
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Table 1. Synthesis of Halodiynes 3 and Halobenzenes 4 from Scheme 3
Diynes 22 o,
5 mol% 1
lodobenzenes, 3h + "Bu
. . ) . . DCE, rt,2h
Entry Diynes lododiynes, Yield/% Yield/% 1.5 equiv
| Me Me
NC ><:: NC Cl NC "Bu
+
NC = NC = NC 0 0
i "Bu
1 2b 3b, 95 4b, 70 5d | 5d' |
I 80% (60:40)
= =1 \/:©
X X X Scheme 4
= = _ _
i am— 10 mol% Vam——n
2 2cX=0 3cX=0,85(80)° 4c X =0, 83 (95)° O _ AgNO; O
3 2d X =NTs 3d X =NTs, 90 4d X = NTs, 80 o NIS o
I =/ DMF |%/
XX O XX T
o) = o) = o)
| 0]
4 2e 3e, 95 4e, 87 15 mol% 1
DCE, 1,24 h
BnO = 8 60%

5 2f
6

/%R

o

=
7  2hR=Me 3h, 75 4h, 77
8 2iR=Ph 3i, 87 4i, 63
9  2jR=CO,Me 3j, 449 4j, 87

aDiynes2 (2 mmol) were treated with 10 mol % AgNGand NIS (3
equiv) in DMF (12 mL) at room temperature for 3 h. lododiyr8e¢0.3
mmol) were treated with 5 mol % (15 mol % for entry 8jn DCE (3.5
mL) under acetylene atmosphere at room temperature for 30 min (1 h for
entry 8).° Yields from 5 mmol of diyne<c. ¢ Yield from 4 mmol of3c.

d A small amount of2j was remained intact.

Scheme 2
3c + R'——R? |
1.5 equiv
cat. 1 R
DCE, rt R2
| 5a-c

5a R' = H, R2 = "Bu: cat. 5 mol%, 4 h, 83%
5b R' = H, R2 = Ph: cat. 5 mol%, 5 h, 80%
5¢ R' = R? = Ph: cat. 15 mol%, 5 h, 70%

The monoalkyne component is not limited to acetylene.
Diiododiyne3c was allowed to react with 1-hexyne or phenyl-
acetylene (1.5 equiv) in the presence of 5 molL%t ambient
temperature for 45 h to afford pentasubstituted benzerbes
and5b in 83% and 80% vyields, respectively (Scheme 2). Fully
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substituted diiodidé&c was also obtained in 70% yield froft

and diphenylacetylene albeit with an increased catalyst loading
of 15 mol %. To examine the regioselectivity of the cycload-
dition step, unsymmetrical iododiyrg&h was allowed to react
with 1-hexyne to give rise to an inseparable mixture of
regioisomerssd and5d’ in 80% combined yield with the 60:

40 ratio (Scheme 3).

We next turned our attention to completely intramolecular
cyclotrimerization of a triyne. Applying the silver-catalyzed
Csp-H iodination to symmetrical triyné gave7 in 81% vyield,
which was then treated with 15 mol % in DCE at room
temperature for 24 h to afford desired tricyaialiiodobenzene
8 in 60% yield (Scheme 4).

Application of p-Diiodobenzene to Dual Cross-Coupling
Reactions. To demonstrate the utility ofp-diiodobenzene
products obtained from this study, we further carried out some
cross-coupling reactions of representative prodigas sum-
marized in Scheme 5. Diiodobenzede was subjected to
Mizoroki—Heck reaction with styrene using the Jdbay/S-
Phos (S-Phos: 2-dicyclohexylphosphirigg2dimethoxybiphen-
yl)16 catalyst system in DMF/B at 85°C for 24 h to afford
9in 67% yield. Sonogashira reaction4éwith ethynylbenzene
was conducted under standard conditions to obtednin
excellent yield. Moreove#ealso underwent SuzukiMiyaura
coupling with phenylboronic acid under unhydrous conditions
with the Pd(dba)/S-Phos catalyst system, resulting in the high
yield formation of11

As above, Ag-catalyzed $p-H iodination/Ru-catalyzed cy-
cloaddition/Pd-catalyzed cross-coupling sequences effectively
assembled conjugated molecules from readily available starting
materials. In particular, the combination with Suzuki-Miyaura
coupling provides a powerful access to functionalized ofigo-
phenylenes, which would find wide applications to molecular

(16) Walker, S. D.; Barder, T. E.; Martinelli, J. R.; Buchwald, S.Angew.
Chem. Int. Ed2004 43, 1871-1876.
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Scheme 5
2.5 mol% Pdj(dba)s oyo 5 mol% Pd(PPhg),
11 mol% S-Phos P 10 mol% Cul
styrene (4 equiv) v/ ethynylbenzene (3 equiv)
DMF/EtN PrNH, 1t, 2 h
85°C,24h |
?y? " >
S S
VAR — ‘I\ —
Oal-A L
\_7/ 967% \_/ 10 97%
FhB(OH): (4 equiv)
2.5 mol% Pdy(dba); | K4PO, (4 equiv)
11 mol% S-Phos | toluene, 110 °C, 10 h
O PCy, Oyo
MeO. g OMe ><
S-Phos — =
7N
N/ _ N/
11 87%
Scheme 6
%6 %6 ©
cat. 1 | cat. 1 | | | |
<= =
acetylene { acetylene B. Ph
(I as above | ' | 12 3 equiv ref. 17 C;;l)
| | de
3d K3sPO, (4 equiv)
5 mol% Pdy(dba); | toluene/H,O

22 mol% S-Phos

110°C, 15h

electronics'’ In this context, we finally attempted the modular
synthesis of penta- and hepgphenylenes from diiodobenzenes
and biarylboronic acid estelr2,18 all of which were prepared
by using the Cp*RuCl-catalyzed cycloaddition technolétyxt

the outset, dilodobenzedewas subjected to the coupling with
boronatel2 under the above anhydrous conditions (2.5 mol %
Pdy(dba}, 11 mol % S-Phos, 4 equivdR(O,, toluene, 110C,

with 12 in toluene/HO under otherwise identical conditions
(Scheme 6). As a resudewas completely consumed for 15 h
and pentgp-phenylenel3 was obtained in 50% isolated yield.
Toward the synthesis of the hepephenylene, we next
designed diiodobiaryl6 as a diiodide module (Scheme 7). The
Ag-catalyzed Gp-H iodination of malonate-derived tetrayhé
delivered cycloaddition precursdsb in high yield, which was

24 h). The desired pentaphenylene was, however, obtained onlysubsequently treated with 15 mol %under acetylene atmo-

in a trace amount, and 40% d& was recovered intact. This

sphere at room temperature to give desit®&dn 87% yield.

was probably because cyclic esters of arylboronic acids are less hus, prepared6 was finally allowed to react with boronate

reactive than the parent acids. Thdg was allowed to react

(17) (a) Martin, R. E.; Diedrich, FAngew. Chem. Int. EdL999 38, 1350-
1377. (b) Segura, J. L.; Marty N. J. Mater. Chem200Q 10, 2403-2435.

(18) Yamamoto, Y.; Hattori, K.; Ishii, J.; Nishiyama, Metrahedror2006 62,
4294-4305.

(19) For examples of cyclotrimerization of polyynes, leading to ofigo-
phenylenes, see: McDonald, F. E.; SmolentseWpkg. Lett.2002 4, 745~
748.

module 12 under the optimized conditions to afford hepa-
phenylene albeit in a moderate yield (36%) along with recovered
16 (13%).

Summary

In conclusion, we successfully developed a novel regio-
defined route to bicyclic iodobenzenes from readily available
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Scheme 7
E._E E_E
P4 E_E
{ 10 mol% )Q
|| || AgNOy || || | 15 mol% 1 VAR —
I Y, I
(/T NIS | (I 1 atm acetylene — \_7
J DMF DCE, rt, 24 h
m,3h ;
< Dt e E
€ E E E 1687%
14 1591%
5 mol% Pd,(dba),
22 mol% S-Phos
16 + 12 (3 equiv)
KasPO, (4 equiv)
toluene/H,O
110°C, 24 h
E = CO;Me 17 36%
+ recovered 16 (13%)
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