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Abstract: Despite the advances in the field of carbon-
halogen bond formation, the straightforward catalytic
access to selectively functionalized iodoaryls remains a
challenge. Here, we report a one-pot synthesis of ortho-
iodobiaryls from aryl iodides and bromides by palla-
dium/norbornene catalysis. This new example of Cat-
ellani reaction features the initial cleavage of a C(sp?)—I
bond, followed by the key formation of a palladacycle
through ortho C—H activation, the oxidative addition of
an aryl bromide and the ultimate restoration of the
C(sp*)-1 bond. A large variety of valuable o-iodobiaryls
has been synthesized in satisfactory to good yields and
their derivatization have been described too. Beyond
the synthetic utility of this transformation, a DFT study
provides insights on the mechanism of the key reductive
elimination step, which is driven by an original trans-
metallation between palladium(II)-halides complexes. )

Introduction

Organic iodides are ubiquitous reagents for pivotal trans-
formations that include transition-metal catalyzed cross-
couplings (e.g. Mizoroki-Heck, Suzuki-Miyaura, Buchwald-
Hartwig), halogen exchange reactions,” radical pathways®!
and nucleophilic substitutions.! Furthermore, iodide-con-
taining compounds are attractive targets in materials
science,”! molecular recognition!® and medicinal chemistry.”!
Compared to analogous bromides and chlorides, aryl iodides
represent privileged starting substrates due to their higher
reactivity in many elegant catalytic sequences.[”l Traditional
approaches to aryl iodides (e.g. Sandmeyer reaction,
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aromatic Finkelstein reaction) although largely in use, suffer
from limited regioselectivity, low functional group tolerance
and the production of stoichiometric co-products.”’ The
widely investigated ortho C—H halogenation strategy (Sche-
me la) represents an atom- and step-economical alternative,
further enhanced by high functional group tolerance and
improved chemo-, regio- and stereoselectivity.>'” However,
the increasing molecular complexity of synthetic targets!'
and the value of some halogenated compounds that are
hardly accessible!'”” have prompted synthetic chemists to
further improve protocols in terms of atom and step

(a) TM-catalyzed ortho-directed C-H halogenation!'?]
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Scheme 1. Transition metal-catalyzed access to organic iodides: a) TM-
catalyzed ortho-C—H halogenation; b) Lautens’s strategy to alkyl iodides
from aryl iodides; c) Lautens’s strategy to vinyl iodides from aryl
iodides; d) Strategy based on the Catellani reactions to access biaryl
iodides from aryl iodides and bromides.
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economy, sustainability and molecular sophistication
achieved in a single-pot reaction.'”! A breakthrough in the
field has been achieved by Lautens,' who has developed a
palladium-catalyzed carboiodination of alkenes with aryl
iodides, that involves the formation of a alkyl C(sp*)—I bond
starting from an aryl C(sp’)-1 one (Scheme 1b). The
presence of a proper R* group in beta precludes the common
Heck pathway in favor of a C—I reductive elimination step.
A wide variety of iodinated alkyl heterocycles has been
synthesized following this innovative strategy with both
palladium™! and nickel™ catalytic systems. Taking advant-
age of the steric effect between ligand and substrate,
Lautens’s group developed an unprecedented intramolecu-
lar palladium-catalyzed alkyne carbohalogenation sequence
that forms alkenyl C(sp?)-I bonds (Scheme 1c).'"? The
intermolecular version starting from aryl iodides and inter-
nal alkynes has been later disclosed by Kurahashi and
Matsubaral™ exploiting radical nickel(II) species and
Morandil" under palladium catalysis.

A different conceptual approach could be conceived
starting from an easily accessible aryl iodide, which, after a
stage of ortho C—H arylation, may give rise to a new aryl
C(sp>)-1 bond at the ipso position of the initial reagent
(Scheme 1d). Since their discovery, Catellani reactions have
become a widespread popular strategy for the multi
functionalization of aromatic compounds.? In one specific
aspect, Catellani reactions can give access to a large variety
of biaryl-containing compounds starting from differently
substituted aryl halides (or aryl boronic acid derivatives)
and a long series of terminating agents, including olefins,
alkynes and heterocycles.”!! Taking advantage of the alkyl
aromatic palladacycle I, originated from the reaction of an
ortho-substituted aryl iodide, Pd° and norbornene, the
selective formation of a biaryl unit can be achieved. The
presence of an ortho substituent on the aryl iodide is
essential to generate the Pd" intermediate that directs the
sequence to the selective formation of a C(sp?)—C(sp?)
bond.?*! Otherwise, transmetallation between Pd" species
could take place,”! and the C(sp*)—C(sp’) coupling becomes
a competitive pathway. In this work, for the first time, we
have tackled the highly demanding task of directing the
cascade toward the selective formation of a C(sp*)—I bond
as termination step. To implement this, some inherent
challenges have been faced. For instance, while the starting
C(sp®)—I must be reactive, the newly installed C(sp?)—I bond
needs to remain unaffected under the reaction conditions.
At this point, we assume that the relative steric hindrance of
the iodinated species has to play a crucial role in preventing
the formation of polyaryl byproducts. Furthermore, the
reductive elimination (RE) that forms the envisaged C-
(sp’)-1 bond has to take place under the same reaction
conditions that are supposed to promote the oxidative
addition (OA) of the starting aryl iodide. Likely, the choice
of the ligand is essential to struck a clean balance between
these two competitive elementary steps.

Herein, we report the first palladium/norbornene-cata-
lyzed one-pot synthesis of ortho-iodo biaryl compounds
starting from readily available o-substituted aryl iodides and
bromides (Scheme 1d, this work). The original termination
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can be triggered thanks to a suitable transmetallation step
between Pd-halide intermediates, which marks a remark-
able come-back for this reactivity in Catellani-type
reactions.?**

Results and Discussion

At the outset, we investigated the optimal conditions for the
Catellani-type cross-coupling of 1-ethyl-2-iodobenzene 1a
and methyl 2-bromobenzoate 2a, selected as model sub-
strates (Table 1). An extensive investigation of the reaction
parameters (Table S1, Supporting Information) revealed
that the expected biaryl product 3a was obtained in
synthetically useful yield (Table 1, entry 1, 61 %) when PdI,
(5 mol %), tris-(3-chlorophenyl)phosphine (m-TCPP,
15 mol %) and norbornene (NBE, 0.5 equiv)?! were used as
a catalytic system, in the presence of KI (0.8 equiv) as
additional source of iodide anions and Cs,CO; as base
(2.5 equiv).””! The presence of an almost stoichiometric
amount of KI appears to be beneficial for the reaction
(entry 2) while an excess of iodide anions reduces the rate of
the process. Among all the tested palladium precursors, only
PdCl, approaches the PdI, performance level, highlighting
the relevance of the palladium counteranions in this trans-
formation (entries 3-5). An even more important role in the
catalyst efficiency is played by the ligand. Product 3a was
not detected when the reaction was performed in the
absence of ligands (entry 6). The investigation on different
type of phosphines (Table S1, Supporting Information)

Table 1: Screening of optimal reaction conditions.?!

Et Et
. . 5% Pdl, / 15% m-TCPP .
(j . rj,« | SN NBE (0.5 equiv)
= i X
“H  MeO,C Csfclc()%?ze.guezzjiv) »
1a 2a Toluene, 120 °C, 18 h MeO,C
3a
Entry Variation from standard Yield
conditions (%]
1 none 61
2 without KI 40
3 PdCl, instead of Pdl, 54
4 Pd(OAc), instead of Pdl, 21
5 Pd(TFA), instead of Pdl, 20
6 without m-TCPP -
7 p-TCPP instead of m-TCPP 16
8 p-TFPP instead of m-TCPP 18
9 TPP instead of m-TCPP 3
10 TFP instead of m-TCPP 15
1 KOACc instead of Cs,CO, 25
[a] Standard conditions: 2-iodoethyl benzene T1a (0.24 mmol,

1.5 equiv), methyl 2-bromobenzoate 2a (0.16 mmol, 1.0 equiv), Pdl,
(5 mol%), TCPP (15 mol %), NBE (0.5 equiv), KI (0.8 equiv), Cs,CO;
(2.5 equiv), and Toluene (3 mL) at 120°C under N, atmosphere for
18 h. [b] Isolated yields. TFA=trifluoroacetate; m-TCPP=tris (3-
chlorophenyl)phosphine; p-TCPP =tris (4-chlorophenyl)phosphine; p-
TFPP=tris (4-fluorophenyl)phosphine; TPP=triphenylphosphine;
TFP=tri(2-furyl)phosphine.
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allowed to identify m-TCPP as the ligand of choice (entry 1).
Changing the nature of the ligand was found to be
detrimental to the reaction outcome. For example, p-TCPP
and p-TFPP gave only 16 and 18% of 3a, respectively
(entries 7 and 8), and TPP was highly inefficient under the
reported conditions (entry9). An electron rich phosphine
with reduced cone angle, such as TFP, gave only poor results
(entry 10). A series of inorganic bases was tested, and
Cs,COj turned out to be the best one, with KOAc much less
efficient (entry 11). Lastly, the solvent was also a crucial
variant, since only anisole and toluene (Table S1, Supporting
Information), allowed to efficiently achieve 3a.

With the optimized reaction conditions in hand, the
scope of the reaction was examined (Table 2). We anticipate
that, as expected, the presence of an ortho substituent on
the starting aryl iodide is essential for the formation of a
biaryl unit.”? However, the present transformation relies
also on a second “ortho effect” on the bromide coupling
partner. The presence of an ester or a nitro group as R* at
the ortho position of the aryl bromide was found to be
crucial for the formation of the target compound. Variously
substituted aryl iodides, including 1-iodonaphtalene, were
successfully coupled with the commercially available methyl

Table 2: Scope of aryl iodides and bromides.®"
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2-bromobenzoate leading to the corresponding biaryl
iodides in satisfactory yields (3a-d). Similar good results
were obtained starting from more hindered ester moieties,
such as CO,Et, CO,i-Pr and CO,t-Bu (3e-g), while phenyl
2-bromobenzoate was unreactive under these conditions. To
our delight, a wide number of electron donating and
electron-withdrawing functionalities (OMe, Me, CO,Me, Cl,
Br, F, CF;, NO,) were well tolerated affording the desired
products in satisfactory to good yields (3i-r). Biaryl 3s,
featuring the thiophene ring, was obtained albeit with a low
yield (16%). 2-Bromo nitrobenzene was also a viable
coupling partner in this cascade reaction because it provided
the biaryl iodide scaffold with good yields (3t-w) together
with aryl iodides bearing alkyl substituents in various
positions. However, additional methoxy and methyl ester
functional groups on the aryl iodide were less tolerated (3x,
R?, R*=0Me and 3y, R?=CO,Me). This is likely due to a
reactivity mismatch between the aryl iodide and the
bromide, showing that a good balance between the elec-
tronic properties of the two coupling partners is the key for
a satisfactory reaction outcome. A series of R’ groups on the
2-nitro substituted arylbromide 2, such as Me, CO,Me,
CO,Et and CF;, were well tolerated under the optimal

1 R'
) R i . Pdl, (5 mol%), m-TCPP (15 mol%) g2 |
R @\ Bf\‘/\LR NBE (0.5 equiv)
+ 6
R3 H R"/\/ RS KI (0.8 equiv), Cs,CO3 (2.5 equiv) R3 ‘ xR
Toluene (3 mL), 120 °C, Np, 18-62 h _
2 R4 RS
1 3
R* = ester group (CO,R’) )
Et ; Me i-Pr Me
» . R = Et (3e) 66% | | |
R2 | R'=Et, R2= H (3a) 61% R = i-Pr (3f) 60%
> X X
O R = Me, R?=H (3b) 56% \ﬁ N R7=tBu (3g) 64% \ ‘ Me b
R' = Me, R2= Me (3¢) 61% Me0,C~ L BuO,C” tBu0,C” £BuO,C~ 7
’ ° 2 R70,C R” =Ph (3h) - % 2 2 2
MeO,C 3d, 51% 3i, 62% 3j, 63% 3k, 69%
Me Et R5 = OMe (3m) 68% 2
1 | R* = nitro group (NO,)
5 = Cl (3n) 60% i
R5 = Br (30) 62%
MeO,C S ™ (30)62% ! R' = Me (3t) 61%
5= o 9%)[c]
£BUO,C” Pz £BUO,C A Rs R® = CF3 (3p) 49% (25%) +-BuO,C MeO, c O = Et (3u) 64(67)1%
31, 55% RS = NO, (3q) 37% (55%)(c! 3r, 62% 35 16% O
_____________________________________________________________________________________________________________________________________________ O2N
Me Me Me Me Et
Me I 1 MeO 1 MeO,C 1 |
‘ o Me ‘ X MeO ‘ = - A
Z _— = =
O,N O.N O,N ON 0N" > CoMe COAEt
3v, 69% 3w, 62% 3x, 21% 3y, 25% 3z, 52% 3aa, 65% 3ab, 65%
R* = other ortho groups
SO,Me, CHO, -%
O,N CF3 O,N -
=
MeOC 3ag, 39% R4

3ac, 44% 3ad, 41% (16)c] 3ae, 51%

3af, 53%

[a] Reaction conditions: 1 (0.24 mmol, 1.5 equiv), 2

(0.16 mmol, 1.0 equiv), Pdl, (5 mol%), TCPP (15 mol%), NBE (0.5 equiv), KI (0.8 equiv),

Cs,CO; (2.5 equiv), and Toluene (3 mL) at 120°C under N, atmosphere for 18-62 h. [b] Isolated yields. [c] Starting material 2 recovered. [d] Gram

scale synthesis. [e] From 2,4-dinitrochlorobenzene as starting material.
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reaction conditions (3z-3ac). Notably, product 3ad, display-
ing two nitro groups on the same aromatic ring, was
obtained coupling 1-ethyl-2-iodobenzene la with an acti-
vated aryl chloride. The extensive screening of several other
potentially coordinating groups in ortho on the aryl bromide
allowed to identify another useful substituent, the COMe
group, which exhibits some sort of compatibility under the
optimized conditions (3ag).

The present methodology offers a straightforward syn-
thesis of biaryl iodides 3 which can be valuable building
blocks for further derivatization reactions, as depicted in
Scheme 2. Selectively iodinated 2-aminobiaryl and carbazole
derivatives 5 and 6 have been synthesized in moderate yields
using standard procedures,” respectively by reduction and
intramolecular C—H amination of 3u. We consider these
results notable, as no specific optimization study has been
carried out for these transformations, and the products §
and 6 are difficult to access with alternative step-economical
synthetic protocols. Under typical reaction conditions,?”
Mizoroki-Heck and Cassar-Sonogashira reactions have been
performed starting from 3u with ethyl acrylate and phenyl-
acetylene, respectively, achieving high yields of the corre-
sponding coupling products 7 and 8 (Scheme 2). Further-
more, a palladium-catalyzed alkoxycarbonylation
protocol,® featuring the bidentate ligand DPPP (1,3-
Bis(diphenylphosphino)propane), has been successfully ap-
plied to 3u and 3a, leading to the corresponding meth-
oxycarbonylated compounds 9 and 11 that are not typically
accessible through the Catellani reactions.

Present sequence is the first example of a Catellani
reaction terminated by C-halogen bond formation. DFT
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modeling was carried out to rationalize the mechanistic
issues of this original reactivity (Scheme 3).

The most stable isomer of Ar—Pd™-X species with
ancillary phosphines that have relatively limited steric
demands is the trans-one.”” However, the C-X forming
reductive elimination (RE) from Pd" complexes occurs if
coupling partners are in a cis-arrangement.” Biaryl-Pd"-X
intermediates of Catellani couplings invariably feature the
more thermodynamically stable trans-isomer, hindering a
straightforward RE.” Its isomerization via associative
mechanism is disfavored by entropic factors, especially for
reactions performed at 120°C. Similarly, the dissociation of
the halide seems unlikely because the so-formed cationic
complex would be poorly stabilized by the apolar solvent
(Table 1). The solution of these conundrums comes from the
involvement of a key transmetallation step. This concept has
been put forward to in the past,”! but was later proved to
be less favorable than the competing Pd" manifold.?"?*"
Herein, we observed that the concept is nonetheless highly
relevant, being at the origin of present cascade. The halide
bridged Pd" dimer III is indeed in equilibrium with the two
corresponding monomers. The dimer is reluctant to undergo
a RE step,”! and could revert back to the two starting
complexes. However, the most energetically favored route
involves the formation of the two halide-scrambled mono-
mers, which paves the way for a convenient C(sp’)-I RE
step thanks to the newly established cis- arrangement
between reacting partners. This rationale is consistent with
the positive effect on the yield of 3 observed using a molar
excess of the Ar—I partner, which would serve to keep in

the mechanistic conundrum

Et Reduction of the nitro group Mizoroki-Heck reaction

1
O OE

t
()
- O o %\»\A q
2 Gro,y b, A Pp\l 0‘,3 O.N
% e «
5,46% e’&q: > 00”: AD
5

‘ 7,77%
A,
o,
Et O AR
s = O,N &, » pb% Et
! ‘o"e'“ % ol
\O O oF d
O A0 a 5 O
HN O
O
6, 42%

8, 82%

Intramolecular C-H amination Cassar-Sonogashira reaction

Palladium-catalyzed methoxycarbonylation reaction!26!

3u

2% PdCIlePPP

"0 (5 atm), KiCO5 (5 atm), K,CO3
MeOH/DMF (1/5)

Et O Et O
e
D 7O
O,N

100°C, 24 h
9, 54% 10, 17%
B o
2% PdCl,/DPPP O OMe : |/\
CO (5 atm), K,CO3 O PhP PPhy
MeOH/DMF (1/5) ; :
100°C,24h MeO,C : DPPP
11, 68%

(Al 0A 1 1
+ — O-@L — @ L x- re
@1 RE I\_ é
Z-o-| E-o-l
L=m-TCPP 0.0 -1.8
L=TPP 0.0 -3.6
RE
OA, RE S
\ &ﬂ — § \ﬂ LAY
¢ = — Ve
L
\ -NBE ® @
. M E-lI-Br Z-I-Br 3'-Br, N.D.
L=m-TCPP 0.0 +9.6 +24.4
L=TPP 0.0 +8.3 +25.7
the transmetallation solution
E-I-Br, o D&
r, /® - Z-a-Br, \/\ ! TS /\‘/Q
* — Ng

E-a-l, T Lj rL ¢ IQ\L o o

n Z-- 3t
0.0 L=m-TCPP -14.8 +3.1 +15.1
0.0 L=TPP -0.2 +10.3 +21.3

MOB/Dor2-SVP/MOSDOI2-TZVP, oy _ o - K NO2
CPCM = toluene, - -

AGs @ 393.15K

Scheme 2. Examples of derivatization of the biaryl iodides 3u and 3a.
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Scheme 3. Proposed mechanistic rationale.
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solution a relatively steady concentration of the correspond-
ing Ar-Pd"™-1 intermediate. The proposed rationale is
furthermore coherent with the experimentally observed
difference between TPP and m-TCPP ligands. The calcu-
lated pathway using the former is indeed much less
favorable. The E- isomers of a- and II- Pd"~I intermediates
are significantly more stable than their Z- peers. This could
be due to a lower trans- influence coupled with a higher
back-donating acceptor character of the chlorinated
phosphine. These features would play a stabilizing effect
when the ligand is trans- to the strongly donating Ar group.
The relatively diminished donating properties of m-TCPP
compared to TPP are likely convenient to favor the
dissociation of one L fragment from Pd" species, which is
required to form the transmetallation intermediate III.
Moreover, as a result of these effects on the energies of Pd"
complexes, the intermediate III is more likely to fragment
into the desired Z-II-I complex rather than revert back to
the E- monomers in the presence of m-TCPP. Similarly, the
calculated C—I RE barriers show that the process is more
favorable with the less electron rich phosphine (additional
computational results and details in Supporting Informa-
tion).

Conclusion

In conclusion, we have reported the first example of formal
ortho C-H arylation of ortho-substituted aryl iodides by
palladium and norbornene cooperative catalysis (Catellani
reactions). The C—I bond is cleaved and reinstalled at the
same position of the original arene (ipso position), with
formation of richly decorated ortho-iodobiaryls. A trans-
metallation pathway is likely at work in the reductive
elimination step to the new formed C—I bond.
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C-H Fu"CtionaIization Caligliatvaions iy = One-pot synthesis of ortho-iodo biaryls, convenient
; :: Pd|2/mTCPP/NBE i i

platform for further chemical transformations (6 examples)
K, Cs ,COs = Wide functional group tolerance (32 examples)

V. Botla, M. Fontana, A. Voronov, R. Maggi, Toluene, 120 °C, 18-62 h O = Sequential C~C and G-I bond formation
E. Motti, G Maestri, = Reductive Elimination (RE) from Pd halide dimers
N.DellaCa™ —€202218928 ., strategy based on the Catellani zations), a DFT study provides insights
' . ) reactions has enabled the one-pot syn- on the mechanism of the reductive
Closing the Cycle as It Begins: Synthesis of a5 of ortho-iodobiaryls starting from  elimination step, which is driven by an
ortho-lodobiaryls via Catellani Reaction aryl iodides and bromides. Beyond the  original transmetallation between
synthetic utility of this transformation palladium(l1)-halide complexes.

(32 examples and 6 subsequent derivati-
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