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Deprotonative Metalation of Substituted Benzenes and Heteroaromatics
Using Amino/Alkyl Mixed Lithium-Zinc Combinations

Katia Snégaroff,”! Shinsuke Komagawa,"™ Floris Chevallier,"”! Philippe C. Gros,!*!
Stéphane Golhen,'"! Thierry Roisnel,'"’ Masanobu Uchiyama,*™™ and Florence Mongin**]

Abstract: Different homoleptic and
heteroleptic lithium-zinc combinations
were prepared, and structural elements
obtained on the basis of NMR spectro-
scopic experiments and DFT calcula-
tions. In light of their ability to metal-
ate anisole, pathways were proposed to
justify the synergy observed for some
mixtures. The best basic mixtures were
obtained  either by  combining

ZnCl, TMEDA (TMEDA=N,N,N',N'-
tetramethylethylenediamine) with [Li-
(tmp)] (tmp=2,2,6,6-tetramethylpiperi-
dino; 3 equiv) or by replacing one of
the tmp in the precedent mixture with
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an alkyl group. The reactivity of the ar-
omatic lithium zincates supposedly
formed was next studied, and proved
to be substrate-, base-, and electro-
phile-dependent. The aromatic lithium
zincates were finally involved in palla-
dium-catalyzed cross-coupling reactions
with aromatic chlorides and bromides.

Introduction

Alkyllithiums and hindered lithium dialkylamides such as
[Li(tmp)] (tmp=2,2,6,6-tetramethylpiperidino) have been
largely employed for the deprotonative metalation of aro-
matic rings.!! Even if the less nucleophilic second category
is more suitable for the metalation of sensitive aromatic
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compounds, either extremely low reaction temperatures or
in situ electrophilic trapping are required due to the high re-
activity of the corresponding aryllithiums.

The use of bimetallic combinations to reach enhanced re-
activities and selectivities is a challenging field. Well-known
examples are LIC-KOR (LIC=butyllithium, KOR =potas-
sium tert-butoxide) first described by Schlosser® and Loch-
mann,®! and BuLi-Li(DMAE) (DMAE =2-dimethylami-
noethoxide) developed in the pyridine series by Gros and
Fort.["! These species of [RR'MLI] type (R =alkyl, M =alkali
metal) react as superbases since they exhibit behaviors that
cannot be reproduced by the monometallic compounds on
their own.

More recently, [(R),(R’),MLi]-type compounds in which
M is not an alkali metal have also been described by differ-
ent groups for their metalation ability.”) Among them, lithi-
um zincates of [R,(tmp)ZnLi] type described by different
groups,! as well as salt-activated amidozincs developed by
Knochel,"! have been used to chemoselectively functionalize
aromatic compounds.

The studies reported by Mulvey and co-workers on the
lithium-mediated zincation of anisole using tmp-dialkyl zin-
cates are of particular interest.®" Concerning the reaction
of anisole using [fBu,(tmp)ZnLi] in tetrahydrofuran (THF),
the authors obtained experimental evidence for a two-step
mechanism, as previously predicted from theoretical stud-
ies,®™l in which the lithium zincate first acts as an amino base
and thus generates 2,2,6,6-tetramethylpiperidine, then re-
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turns back to zinc through 2-anisyl- or /Bu-mediated proton
abstraction (Scheme 1).

OMe ZnR,Li Zn(TMP)BuLi
MeO MeO.
THF R=1Bu
+ [Ry(tmp)ZnLi] + TMPH + {BuH

Scheme 1. Pathway proposed in the literature for the metalation of ani-
sole using [fBu,(tmp)ZnLi] .0*8]

We recently accomplished the deproto-metalation of dif-
ferent aromatic compounds using a basic mixture obtained
from ZnCl,,TMEDA (TMEDA = N,N,N',N'-tetramethylethy-
lenediamine) and [Li(tmp)] (3 equiv), which proved to be
1:1 [Li(tmp)]/[(tmp),Zn].”} Tt seemed that the synergy ob-
served in these reactions was not due to the catalytic forma-
tion of a lithium zincate from the lithium and zinc amides,
but to in situ trapping of generated lithio species with zinc
compounds.

Herein, a complete study is described. Different lithium—
zinc combinations have been prepared from ZnClL,,TMEDA
and lithium compounds, and their structures have been ex-
amined on the basis of NMR spectroscopic studies and DFT
calculations. Their abilities to metalate aromatic compounds
have been compared. In addition, different electrophilic
trappings have been considered for the aromatic metalated
species as well as palladium-catalyzed cross-couplings.

Results and Discussion
Combinations from ZnCL-TMEDA and lithium amides:

The 1:1 [Li(tmp)]/[(tmp),Zn] mixture A (Table 1, entry 1)

Table 1. Metalation of anisole (1a) using different in situ prepared Li-
Zn combinations (from ZnClL-TMEDA and lithium amides) followed by
trapping with I,.

OMe 1) Li-=Zn combination OMe
THF,RT,2h |
- T o .
21,
1a 1b
Entry Li-Zn combination X: lithium amide(s) added to Yield
ZnCl,,TMEDA (1 equiv) [%]%
1 A" [Li(tmp)] (1.5 equiv) 84
2 B: [Li(p)] (3 equiv) 0
3 C: [Li(da)] (3 equiv) 16
4 D: [Li(p)] (2 equiv) then [Li(tmp)] (1 equiv) 2
5 E: [Li(da)] (2 equiv) then [Li(tmp)] (1 equiv) 38
6 F: [Li(tmp)] (2 equiv) then [Li(p)] (1 equiv) 35 (48)1
7 G: [Li(tmp)] (2 equiv) then [Li(da)] (1 equiv) 55 (73)1

a] The rest is recovered anisole. [b]Prepared from 0.5 equiv
ZnClLTMEDA. [c] When the mixture of [Li(p)] (1 equiv) and [Li(tmp)]
(2 equiv) was treated with ZnClLTMEDA (1 equiv). [d] When the mix-
ture of [Li(da)] (1equiv) and [Li(tmp)] (2equiv) was treated with
ZnClLTMEDA (1 equiv).
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obtained from ZnCl, TMEDAP! and [Li(tmp)] has been re-
ported to allow efficient and chemoselective metalation re-
actions of aromatic substrates.'” The synergy of the reaction
has, for example, been demonstrated using benzo[b]furan as
substrate: whereas the basic mixture (0.5 equiv of each
metal amide) prepared in situ furnishes after subsequent
trapping with iodine the 2-iodo derivative in 69 % yield,
lower 20 and 10% conversions are obtained, respectively,
using separate [Li(tmp)] (1 equiv) and [(tmp),Zn] (1 equiv;
see Table 2, entry 1).'“' Similar results were obtained

Table 2. Metalation of benzo[b]furan and anisole using [Li(tmp)], 1:1
[Li(tmp)]/[(tmp),Zn], or [(tmp),Zn] followed by trapping with L,.
1) base
THF, RT,2h
Ar-H _— Ar-|
21

Entry Ar-H Yields [%] using the following bases:*!
[Li(tmp)]  1:1 [Li(tmp)}/[(tmp),Zn]  [(tmp),Zn]

(1equiv) (0.5 equiv each) (1 equiv)

pooal mH 20 69 10

OMe

2 . gl 8402l 2

[a] The rest is recovered Ar—H.

using anisole (1a) as substrate, the 2-iodo derivative being
isolated in 9, 2, and 84% yield by employing [Li(tmp)]
(1 equiv),"?  [(tmp),Zn] (lequiv), and 1:1 [Li-
(tmp)]/[(tmp),Zn] (0.5 equiv of each metal amide)," re-
spectively (Table 2, entry 2).

The absence of LiCl or TMEDA can have an impact on
the result of the experiments performed using [Li(tmp)]
(since [(tmp),Zn] was prepared by adding 2 equiv of [Li-
(tmp)] to ZnClL,,TMEDA, TMEDA and LiCl were present
in this case). To take them into account, the reactions per-
formed from anisole (1a) using [Li(tmp)] were repeated in
the presence of LiCl (2equiv) or TMEDA (1 equiv) or
both, but without significant changes (14 % yield in the pres-
ence of TMEDA alone after interception with iodine, but
only traces in the presence of LiCl).l”

A reaction pathway through which the proton abstraction
first proceeds with [Li(tmp)] and the resultant aryllithium
intermediate converts by in situ trapping with a zinc com-
pound to a more stabilized species was assumed to explain
the synergy observed."™ Such a possibility applied to ani-
sole (1a) is depicted in Scheme 2. Elucidation of the
structure of the intermediate formed in the metalation pro-
cess was attempted. To this end, the solid that precipitated
from the reaction mixture after storage for six weeks at
—15°C was characterized by X-ray diffraction crystallogra-
phy."! Although the quality of the crystals, and consequent-
ly the quality of the X-ray diffraction data, were not good
enough to perform a satisfactory structure refinement, the

Chem. Eur. J. 2010, 16, 8191 -8201
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OMe OMe OMe .
) ) LN
@ (Lictmp)] ©/ L [tmp)zn] (jj/\g
or \
v lLi@a) ™P

OMe
J @*Zn——N
OMe,LijﬂQ

70 MeO
\ OMe Li-er

T™P @ v - [Ligtmp)]

L "Zn\
T™P

Scheme 2. Proposed pathway for the metalation of anisole (la) using
mixture A and G (THF, TMEDA, and LiCl have been omitted, except
for compound 1i for which we have structural evidence).

structure resolution revealed unambiguously the existence
of the lithium-free neutral TMEDA-chelated dianisylzinc
complex 1i instead of a lithium zincate, as previously ob-
served from N-phenylpyrrole using mixture A.* Its forma-
tion from an intermediate zincate could be explained either
by the loss of [Li(tmp)] during the long period storage, or
by a disproportionation process.!™"

To extend this possibility to other basic systems, other
lithium-zinc combinations have been prepared and their
ability to metalate anisole has been studied. Homoleptic
mixtures were first studied by replacing [Li(tmp)] with other
amides such as the less hindered/basic [Li(p)] (p=ypiperidi-
no) (B, Table 1, entry 2) or [Li(da)] (da=diisopropylamino)
(C, entry3). The systems were prepared in situ from
ZnCL,-TMEDA and the lithium amide (3 equiv), and the
metalation reactions were performed in THF at room tem-
perature. Anisole remained unchanged after 2h contact
with mixture B (1 equiv of zinc source; entry 2). The reac-
tion took place when [Li(p)] was replaced with more hin-
dered/basic [Li(da)], albeit to give the iodide 1b in a low
16 % yield (entry 3). These results clearly show that it is not
possible to replace all three of the tmp groups of mixture A
(84% vyield using 0.5 equiv of zinc source, entry 1) with
three da or three p groups (p <da<tmp). The replacement
of two or one tmp group(s) of mixture A was thus consid-
ered.

Heteroleptic mixtures were prepared from
ZnClTMEDA and two different lithium amides (Table 1,
entries 4-7). A mixture D prepared in situ from [(p),Zn],
generated from ZnCl,,TMEDA and [Li(p)] (2 equiv), and
[Li(tmp)] (1 equiv) led to traces of compound 1b (entry 4).
As observed above, the yield increased when [Li(p)] was re-
placed with [Li(da)] (mixture E) to reach 38% (entry5).
Similarly, a mixture F prepared in situ from [(tmp),Zn], gen-
erated from ZnClL-TMEDA and [Li(tmp)] (2 equiv), and
[Li(p)] (1equiv) led to compound 1b in 35% yield
(entry 6), whereas the replacement of [Li(p)] with [Li(da)]
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(mixture G) furnished 1b in 55% yield (entry 7). The yields
were still improved (to reach 48 and 73 %, respectively)
when the lithium-zinc combinations were simply generated
by treating a mixture of [Li(p)] or [Li(da)] (1 equiv) and [Li-
(tmp)] (2 equiv) with ZnCL-TMEDA (1 equiv).

It has been observed in the literature that sterically hin-
dered diamido =zinc and lithium dialkylamide (e.g.,
[{(tms),N},Zn] (tms=trimethylsilyl) and [LiN(tms),]) rarely
stabilize as a lithium triorganozincate."™ The study of the
corresponding equilibrium between [(tmp),Zn] and [Li-
(tmp)] on the one side, and [(tmp);ZnLi] on the other side,
had led to a similar conclusion [Scheme 3, Eq. (1)].l") To

T™MP T™P

+223

[tmpy,zn] + 12 THFE—Li OLPTHE == TMP-Zn/\ >Li—THF
T™P T™P
ftmpyzn] +  *176 MR -138  [imp)zn(da)] +
172 [(da)Lithny N 12 [{mp)Licthd.]
tmo).Zn] + +144 TMR -106 tmp)Zn(da)] +
i TR ftmp)Zn(a)]
[{(da)Li(thf)},] \da/ 112 [{(tmp)Li(th)},]

Scheme 3. AE=E4+ZPE (kcalmol™'; ZPE=zero point
B3LYP/6-31G* (SVP = split valence polarization for Zn).['”)

energy) at

obtain information about the active species of the new basic
mixtures, *C NMR spectroscopy’®’ and DFT studies were
carried out. By recording the *C NMR spectrum of mixture
F (see Table 1, entry 6) after addition of C¢D4 to the mix-
ture, no [Li(tmp)] signals were detected (6=37.1, 37.4, and
434 ppm), thus suggesting the presence of either
[(tmp),Zn]/[Li(p)] or [(p)(tmp),ZnLi]. When [Li(p)] was re-
placed with [Li(da)] (mixture G, see entry 7), the absence of
[Li(tmp)] was similarly observed, thereby supporting the
possible formation of either [(tmp),Zn]/[Li(da)] or [(da)-
(tmp),ZnLi]. Similar NMR spectra were obtained in both
cases when the lithium-zinc combinations were simply gen-
erated by treating a mixture of [Li(p)] or [Li(da)] (1 equiv)
and [Li(tmp)] (2 equiv) with ZnCL-TMEDA (1 equiv).

On account of the mixed tmp-da mixtures G and, to a
lesser extent, E being more promising bases (higher yields),
recourse to B3LYP calculations to know more about their
structures was considered. Concerning mixture G, the calcu-
lated equilibria between [(tmp),Zn]/[Li(da)], [(da)-
(tmp),ZnLi], and [(tmp)Zn(da)]/[Li(tmp)] [Scheme 3,
Egs. (2) and (3)] showed that the formation of a lithium zin-
cate is unlikely (+14.4 kcalmol™). In addition, as inferred
from the C NMR spectrum, [(tmp),Zn]/[Li(da)] seemed to
be more likely than [(tmp)Zn(da)]/[Li(tmp)] (3.8 kcalmol
in favor of the former). As far as mixture E was concerned,
the calculated equilibria between [(tmp)Zn(da)]/[Li(da)],
[(tmp)(da),ZnLi], and [(da),Zn]/[Li(tmp)] (Scheme 4) also
proved to be rather in favor of free [Li(da)] instead of free
more-hindered and more-basic [Li(tmp)]. In addition, even
if it was not possible to come to a decision using "N NMR
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mpznay + - 82 MR 243 ((da),zn] +
172 [{(da)Lith)}.] N 172 [{tmp)Licth}]
[tmp)zn(da)] +  *69 A 80 [(da),zn] +
172 [{(da)Lifthf)},] ™P Z”\DA/"' THF 172 [{tmp)Li(th)},]

Scheme 4. AE = E4+ZPE (kcalmol™) at B3LYP/6-31G* (SVP for Zn).!""

spectroscopy, it is pertinent to mention that [(tmp)Zn(da)]
can be in equilibrium with [(tmp),Zn] and [(da),Zn]
(Scheme 5).

+0.1

2 [(tmp)Zn(da)] [(tmp),Zn]  +  [(da),Zn]

Scheme 5. AE = E+ZPE (kcalmol™) at B3LYP/6-31G* (SVP for Zn).""

The synergy observed for the metalation using mixture G
(see Table 1, entry 7) can be rationalized using the reaction
pathway depicted in Scheme 2, but where the lithiation pro-
ceeds first with [Li(da)]. Indeed, [Li(da)] is capable of gen-
erating traces of 2-lithioanisole under the same conditions.

If a similar pathway can be proposed to explain the metal-
ation of anisole using mixture E (see Table 1, entry 5), it can
hardly be applied to mixture F (entry 6). Indeed, [Li(p)] is
unable to metalate anisole by itself when used under the
same reaction conditions. Pathways in which in situ generat-
ed lithium zincates act as catalytic metalating species could
be alternatively proposed in these cases.

Combinations from ZnCl,TMEDA and alkyllithinms and
lithium amides: Since lithium zincates that bear both alkyl
and amino groups are efficient bases,™* other kinds of com-
binations prepared from ZnClL-TMEDA were studied
(Table 3). [BusZnLi] (H) allowed the expected iodide 1b to
be obtained in 28 % yield (Table 3, entry 1). By replacing

Table 3. Metalation of anisole (1a) using different in situ prepared Li-
Zn combinations (from ZnClL,TMEDA and lithium compounds) fol-
lowed by trapping with I,.

1) Li=Zn combination

THF,RT, 2h
1a _— 1b

2) 1,

Entry Li-Zn combination X: lithium compound(s) added to  Yield
ZnClL-TMEDA (1 equiv) [%]

1 H: BuLi (3 equiv) 28
2 I: [Li(tmp)] (1 equiv) then BuLi (2 equiv) 20
3 J: [Li(tmp)] (2 equiv) then BuLi (1 equiv) 79
4 K: [Li(tmp)] (1 equiv) then sBuLi (2 equiv) 5
5 L: [Li(tmp)] (2 equiv) then sBuLi (1 equiv) 73
6 M: [Li(tmp)] (2 equiv) then rBuLi (1 equiv) 44
7 N: [Li(tmp)] (1 equiv) then rBuLi (1 equiv) 65
8 O: (TMS)CH,Li (3 equiv) 0
9 P: [Li(tmp)] (1 equiv) then (TMS)CH,Li (2 equiv) 0
10 Q: [Li(tmp)] (2 equiv) then (TMS)CH,Li (1 equiv) 74

[a] The rest is recovered anisole.
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one and two butyl groups with tmp groups (mixtures I and
J), the iodide 1b was isolated in 20 and 79 % yield, respec-
tively (entries2 and 3). A similar behavior was noticed
using sec-butyllithium (mixtures K and L, entries 4 and 5)
and fert-butyllithium (mixtures M and N, entries 6 and 7) in-
stead of n-butyllithium. With (trimethylsilyl)methyllithium
(mixtures O-Q, entries 8-10), the situation proved different
since iodide 1b was only obtained after replacement of two
(trimethylsilyl)methyl groups of [{(tms)CH,};ZnLi] with tmp
groups (mixture Q, entry 10).

Mulvey and co-workers showed that unlike [/Bu,-
(tmp)ZnLi], [Me,(tmp)ZnLi] is not capable of metalating
anisole, and that 2-MeOC4H,ZnMe,Li can react with
2,2,6,6-tetramethylpiperidine, but to furnish anisole and
[Me,(tmp)ZnLi], and not 2-MeOCzH,ZnMe(TMP)Li.6
The efficiency of the process thus depends on the nature of
the alkyl groups. Since the base prepared by successive addi-
tion of 2 equiv of tert-butyllithium and 1 equiv of [Li(tmp)]
to a solution of ZnCl, in THF proved to be [fBu,-
(tmp)ZnLi] 8 we assumed that the bases I, K, M, and P
prepared from 2 equiv of an alkyllithium and 1 equiv of a
lithium amide were lithium zincates (entries 2, 4, 6, and 9).
When able to metalate, these lithium-zinc compounds pro-
vided the iodide 1b in moderate yields. The ability of 2-
MeOC¢H,ZnR,Li to metalate 2,2,6,6-tetramethylpiperidine
could follow the order fBu>Bu>sBu > (TMS)CH,.

To get more information about the highest relative effi-
ciency exhibited by the bases prepared from 1 equiv of an
alkyllithium and 2 equiv of a lithium amide, NMR spectros-
copy and DFT studies were performed. Recording the
BCNMR spectrum of mixture J (Table3, see entry3)
showed that [Li(tmp)] (6 =37.1, 37.4, and 43.4 ppm), butyl-
lithium (0=12.0 ppm), and dibutylzinc (6=11.3 ppm) were
not present, thereby suggesting the formation of [Bu-
(tmp),ZnLi]. Methyllithium was employed as a chemical
model for butyllithium to carry out the theoretical study.
The B3LYP-calculated equilibria between [(tmp),Zn]/MeLi,
[Me(tmp),ZnLi], and [(tmp)ZnMe]/[Li(tmp)] (Scheme 6) in-

fmp)zn] + 182 ) JMR __ *282  [tmp)znMe]+
172 [{MeLi(thf)},] MeZn_~ Li~THF 112 [{(tmp)Li(thf)},]
T™P
-9.9 T™MP +21.9
[(tmp),Zn] + = RN [(tmp)ZnMe] +
172 [{MeLi(thf)},] TMP’Z”\M e/L'fTHF 112 [{(tmp)Li(th})

Scheme 6. AE = E+ZPE (kcalmol™) at B3LYP/6-31G* (SVP for Zn)."”

dicate that the formation of a lithium zincate is greatly fa-
vored (—16.2 kcalmol™). We can assume a similar situation
by replacing butyllithium with sec-butyllithium (mixture L,
see entry 5) and fert-butyllithium (mixture N, see entry 7).
The mechanism of the metalation reaction using these sup-
posed ate bases could be as described for dialkyl-tmp mix-
tures.®™* 18] Nevertheless, what is striking in the reactions
using these putative [R(tmp),ZnLi] is that, in contrast to re-

Chem. Eur. J. 2010, 16, 8191 -8201
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actions using [R,(tmp)ZnLi], the nature of the R group has
a moderate effect on the efficiency of the reaction, as if the
formation of 2-MeOCH,ZnR(TMP)Li (see Scheme 1, first
step) was more favored.

When (trimethylsilyl)methyllithium was used instead
(mixture Q, see entry 10), the B3LYP-mediated calculations
showed that the formation of a lithium zincate became un-
likely. Indeed, as depicted in Scheme 7, if ate compounds

-82 TMP -35
[(tmp),Zn] + 8.2 R [(tmp)ZnCH,(tms)] +
112 [{ims)CH,Li(thf)},] (TMS)CH, Z”\TM F{'-' THF 112 {(tmp)Li(th},]
™S
Cll* 13.0
[(tmp),Zn] + t14 kN -130  [tmp)znCHy(tms)] +
112 [(§tms)CH,Li(thf)}] T""P'Z”\T M;'—'"THF 112 {amp)Li(thd},)

Scheme 7. AE = E+ZPE (kcalmol™) at B3LYP/6-31G* (SVP for Zn).!""

can be formed, they are rapidly converted to a
[(tmp)ZnCH,(tms)]/[Li(tmp)] mixture. In such a case, the
mechanism for the metalation of anisole could rather follow
the pathway proposed in Scheme 8. However, the *C NMR
spectroscopic data of mixture Q revealed the absence of [Li-
(tmp)]; due to solubility problems, only 2,2,6,6-tetramethyl-
piperidine was clearly identified.

OMe
[Li(tmp)] Li [{tmp)ZnCH,(tms)]
a —» —_— \
CH,(TMS)
OMe
‘ - [Li(tmp)]

j QZn—CHZ(TMS)

MeO
M
? © i \’© I,
@'Mzﬁ — 1b
\
CH,(TMS)

Scheme 8. Proposed pathway for the metalation of anisole (1a) using
mixture Q (THF, TMEDA, and LiCl have been omitted due to lack of
structural evidence).

\
CH,(TMS)

Metalation—-iodination of different aromatic substrates: The
metalation—-iodination sequence using the most efficient
bases was then extended to other aromatic substrates
(Table 4). Due to their electrophilic functional groups or
their ring prone to nucleophilic attacks, benzonitrile (2a),*"
2-fluoropyridine (4a),!'”) and pyrimidine (5a)® have rarely
been metalated at room temperature. Benzonitrile (2a) was
efficiently converted to iodide 2b using mixtures J and Q,
whereas a lower 52% yield was obtained using the homo-
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Table 4. Metalation of the substrates 1a-5a using different in situ pre-
pared Li-Zn combinations followed by trapping with L.
1) Li—=Zn combination

THF,RT,2h
Ar-H »> Ar-|
a 2k b
Entry Ar—H (a) Li-Zn Ar-1 (b) Yield [%]
combination X
OMe 1a Al OMe 84
1 J I 1b 79
Q 74
(|:N Al CN 5plb]
2 2a J ! 2p 100
Q 90
R [}\1 3b 54
3 3a Al
S
7 ‘ I
/ NP 4b 81
4 I 4a AW .
NTF =
| a6
I N F
I
[a] = [b]
Al - )'N 5b 36
0 N
5/ Sa 5b 581
I~y
J < 5p 100
N

[a] Prepared from 0.5 equiv ZnCL,,TMEDA. [b] The low yield is due to
degradation. [c] The compounds 5b and 5b’ could not be separated by
column chromatography.

leptic tmp combination A (Table 4, entry 2). Thiophene (3a)
and 2-fluoropyridine (4a) were efficiently metalated using
A, but competitive dimetalation was evidenced in both
cases (entries 3 and 4). Pyrimidine (5a) was regioselectively
converted to iodide S5b under the same reaction conditions,
albeit in a lower yield probably in relation with the incom-
patibility of this substrate with free [Li(tmp)].*”! Indeed, the
yield could be improved using mixture J (entry 5).

Trapping of the metalated aromatics with different electro-
philes: Aromatic aldehydes, which are known to react with
alkali and alkali-earth organometallic compounds, were then
employed to trap the arylmetal species (Table 5). The yields
obtained after trapping with 4-(trifluoromethyl)benzalde-
hyde and anisaldehyde largely depended on both the basic
mixture employed and the substrate. From anisole (1a),
using mixture A (0.5 equiv of zinc source) resulted in the
formation of the expected alcohols 1e,d, but in yields not
exceeding 41% (Table 5, entry 1). With this basic mixture,
the addition of the aryl species to the aromatic aldehyde
hardly took place at room temperature, and recourse to
BF;-Et,0 (1 equiv/aldehyde) or to other solvents did not im-
prove the trapping reaction. When putative [Bu(tmp),ZnLi]
(J) was used instead, the reactivity of the metalated species
toward the aromatic aldehydes was improved, and the com-
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Table 5. Metalation of the substrates 1a and 6a using different in situ
prepared Li-Zn combinations followed by trapping with aromatic alde-
hydes.

1) Li=Zn combination OH
solvent, RT,2 h Ar
Ar-H L
a 2) OHC R
c:R=CF,
R d: R=OMe

(n equiv, T [°C], additive)

Entry Substrate Li-Zn Solvent, R, n, T [°C], Product,

combination additive yield
X (%]

THE, CF,, 1.5, RT, - te
traces
THF, CF;, 1.5, 60, — 1¢, 35
THF, CF;, 1, 60, — 1c, 41
oMe THE, CF;, 1, RT, BE+ELO  1¢, 22
1 1a Al THE, CF;, 1, 60, BF+Et,0  1¢, 22
hexane + TMEDA (5 equiv), 1¢, 20

CF;, 1, 60, —

THF/hexane 2:3, CF;, 1,60, 1¢, 36
THF, OMe, 1.5, 60, — 14, 36
THF, CF;, 3, RT, — 1c, 71
2 1a J THF, CF;, 3, 60, — 1c, 81
THF, OMe, 3, 60, 14, 63
THF, CF;, 3, 60, — 1c, 11
3 la Q THF, OMe, 3, 60, — 1d, 4
4 1a I THF, CF;, 3, 60, — 1c, 14
B . THF, CF;, 1.5, 60, — 6¢, 34
S Ny 62 A THE, OMe, 1.5, 60, - 64, 65
6 6a J THF, CF;, 3, 60, — 6¢, 40
THF, OMe, 3, 60, 6d, 42
THF, CF;, 3, 60, — 6¢c,75
7 6a Q THE, OMe, 3, 60, — 6d, 46

[a] The low yields are mainly due to competitive reactions (reduction,
etc.) during the trapping step, and to difficulties encountered during the
purification processes. [b] Prepared from 0.5 equiv ZnCL-TMEDA.

pounds 1e¢,d were isolated in good yields (entry 2). In con-
trast, disappointing yields were obtained using mixture Q
(entry 3). With [Bu,(tmp)ZnLi] (I), the low yield obtained
after trapping with 4-(trifluoromethyl)benzaldehyde was
probably due to a less efficient metalation step (entry 4).
Using furan (6a) as substrate, yields were less dependent on
the nature of the basic mixture employed (entries 5-7).

Unfortunately, starting from more stabilized metalated ar-
omatics such as thiophene metalated at the 2-position result-
ed in low yields (about 10% yield after interception with
anisaldehyde). For substrates that bear an electron-with-
drawing group such as benzonitrile (2a), or that are m defi-
cient such as 2-fluoropyridine (4a) and pyrimidine (5a), the
aryl transfer to an aromatic aldehyde did not occur at all.
Side reactions were evidenced instead by the isolation of
compounds 4d (about 7% yield from 4a), 5d (about 11 %
yield from 5a), and 7 (traces to 10% yield, based on anisal-
dehyde; Scheme 9).

Reacting the metalated anisole, benzonitrile, and furan
with phenyl disulfide and allyl bromide at 60°C furnished
the expected derivatives lef, 2ef, and 6e in moderate
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Scheme 9. Products isolated after reaction of 2-fluoropyridine and pyri-
midine with mixture A or J followed by trapping by anisaldehyde.

yields (Table 6). Other electrophiles such as trimethylsilyl
chloride and benzoyl chlorides were unable to trap the 2-
metalated anisole. Starting from thiophene (3a) and 2-fluo-
ropyridine (4a), the phenylthio and allyl derivatives were
formed in low yields and, as also noted with benzonitrile
(2a), in low purities due to important side reactions. Under
the same reaction conditions, pyrimidine (5a) was not con-
verted at all to the corresponding functionalized derivatives.

Table 6. Metalation of the substrates 1a, 2a, and 6a using mixture A fol-
lowed by trapping by phenyl disulfide or allyl bromide.

1) 0.5 equiv ZnCl,»TMEDA +
1.5 equiv [Li(tmp)] (A)
THF,RT,2h
Ar-H - —> Ar-E
a gg)Eolgctrophlle (1.5 equiv) e E = SPh
f. E = CH,CH=CH,
Entry Substrate Electrophile Product Yield [%)]
OMe PhSSPh OMe le, 45
1 1a  BrCH,CH=CH, E 1f, 36
CN PhSSPh CN 2e, 570
2 2a  BrCH,CH=CH, E 2, 58
3 [/ Ol\ 6a PhSSPh QE 6e, 360

[a] Estimated yields, the compounds being contaminated by impurities.
[b] Reaction of 2-metalated furan with allyl bromide also took place, but
the product could not be isolated due to its volatility.

Pd-catalyzed cross-coupling from the metalated heterocy-
cles: To extend the synthetic applications of the aryl- and
heteroarylzincates supposedly formed from la—6a, it was
decided to involve them in catalyzed cross-coupling reac-
tions with aryl and heteroaryl chlorides (Table 7). Such a
possibility had previously been reported starting from ben-
zo[b]furan and benzo[b]thiophene under palladium cataly-
sis using 1,1'-bis(diphenylphosphino)ferrocene (dppf) as
ligand.!"*

When anisole was metalated and treated with 2-chloropyr-
idine under these conditions, the starting materials were re-
covered. Using 2-bromopyridine instead of 2-chloropyridine,
the expected coupling product was obtained but in a moder-
ate yield due to the concomitant formation of the tris-het-
erocycle 1h (Table 7, entry 1); the latter could result from a
second metalation in the course of the coupling step. Using
benzonitrile (2a) with 2-chloropyridine under the same con-
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Table 7. Metalation of the substrates 1a—6a using mixture A followed by
palladium-catalyzed cross-coupling with aromatic halides.

1) 0.5 equiv ZnCl,»TMEDA +
1.5 equiv [Li(tmp)] (A)

THF,RT,2h
Ar-H L Ar-Ar
2) Ar-X
a PdCl, (2 mol.%), dppf (2 mol.%) 9
reflux, 24 h
Entry  Substrate Product(s) Yield(s) [%]
OMe = |
OMe SN 1g 0 (0),** (33)1
1 la OMe & |
SN 1h 10
N~

complex mixturel®

\S}
(@]
2
[N
1)

N/‘
7
3 I 4a S A 4g 541
N F _
N F
N/l
XX 5g 11, (traces)™"

Y

p=4
9

2
=2
2

4;
D,
2
2=
{
=z

5h 3,11 3lbl

Z=
\ 7
4

Y

=

3g 83554

192}

w
=
n
=
w
=
2=
\

=
=

Rate® 3h 17[d450
=N N
a I\
S ‘ X S 3i 4=
NN
B Ns
6 Q 3a \ _ . ftel
&S N = 3j 76"
\_g s/
Dad=a 1]
S N-N 8 3k 17
& (= fa]
7 Q 6a "0 lil P 6g 71
I\ o
o . 6i 3,['] 39l
I\ N
8 Q 6a M ‘
Sata SIS
NC CN
7\
9 @ 6a o 6k 0,1 48(m!

OMe

[a] Ar—X=2-chloropyridine. [b] Using mixture J. [c] Ar'—X=2-bromo-
pyridine. [d] The amount of thiophene was reduced by half. [e] Ar—X=
4,6-dichloropyrimidine. [f] The amount of dichloride was reduced by half.
[g] Ar—X=2,6-dichloropyrazine. [h] Ar—X =3,6-dichloropyridazine.
[i] Ar—X=4-chlorobenzonitrile. [j] Ar—X=4-bromobenzonitrile.
[k] Ar—X=4-chloroanisole. [l] 2,2"-Bifuran was isolated in 6% yield.
[m] Ar'—X =4-bromoanisole.

ditions, a complex mixture was obtained from which the ex-
pected product could not be isolated (entry 2).

Still using 2-chloropyridine, 2-fluoropyridine (4a) was in
contrast converted to the functionalized derivative 4g in
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54% vyield (Table 7, entry 3). Pyrimidine (5a) is not a sub-
strate of choice for this reaction due to its incompatibility
toward nucleophile compounds (notably evidenced by the
presence of Sh), thus leading to the expected coupled prod-
uct in a low 11 % yield (entry 4).

The metalation—coupling sequence proved particularly ef-
ficient using thiophene (3a) as starting material; it afforded
both the bis- and tris-heterocycle 3gh in 83 and 17 % yield,
respectively, by reaction with 2-chloropyridine. The com-
pound 3h, which probably results from a dimetalation, was
isolated in 45 % yield when the amount of thiophene was re-
duced by half (Table 7, entry5). Metalation—coupling se-
quences between thiophene (3a) and different dichlorodia-
zines were next considered. The amount of dichloride was
reduced by half so as to favor the formation of tris-heterocy-
cles 3i—k; the latter were obtained in variable yields ranging
from 17 to 76 % (entry 6).

The procedure applied to furan (6a) and using 2-chloro-
pyridine afforded compound 6g in 71% yield (Table7,
entry 7). We next turned to reactions with phenyl halides.
Using 4-chlorobenzonitrile under the conditions employed
above only gave traces of the expected derivative 6i. With
4-bromobenzonitrile, biaryl 6i was isolated in 39 % yield, a
moderate result due to the competitive formation of the tri-
aryl derivative 6j in 21% yield (entry8). If triaryl 3h
(entry 5) could come from the corresponding 2,5-dimetalat-
ed species, as thiophene (3a) is prone to dimetalation
(Table 4, entry 3), a similar situation is less obvious with
furan (6a), from which products that result from 2,5-dimeta-
lation have not been isolated. A palladium-catalyzed direct
arylation could be proposed instead to explain the formation
of the derivative 6j from the activated compound 6i.*"!
Maybe because compound 6k is less prone to such a com-
petitive reaction, it could be isolated in a higher albeit still
moderate yield (entry 9).

Conclusion

Different homoleptic and heteroleptic lithium-zinc combi-
nations have been explored in light of NMR spectroscopic
experiments, ab initio calculations, and their ability to allow
the functionalization of anisole. To draw conclusions about
their efficiency, the deproto-metalation step and the subse-
quent trapping have to be considered separately.

Concerning the metalation step, the best combination
proved to be the previously reported 1:1 [Li-
(tmp))/[(tmp),Zn] mixture (A) prepared from
ZnCl, TMEDA and [Li(tmp)] (3 equiv). It was nevertheless
possible to replace one of the tmp equivalents with an alkyl
to obtain putative [R(tmp),ZnLi] (R=Bu (J), sBu (L), tBu
(N)). Mechanisms have been proposed for reactions using
triamino and amino-dialkyl lithium-zinc combinations. The
reason why the reactions using diamino—alkyl combinations
give higher yields than the reactions employing amino—di-
alkyl combinations is still obscure.
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If iodine can be used to quantitatively intercept the aryl-
metal derivatives whatever their nature, this proved to be
wrong with other electrophiles. For instance, due to possible
competitive reduction reactions, the efficiency of the
quenching step using 4-(trifluoromethyl)benzaldehyde and
anisaldehyde depends on the basic mixture used for the met-
alation step. Further studies would allow the potential of the
method for organic synthesis to be evaluated.

Experimental Section

The reactions were performed in Schlenk tubes under an argon atmos-
phere. THF was freshly distilled over Na/Ph,CO. Liquid chromatography
separations were achieved on silica gel Merck-Geduran Si 60 (63—
200 pum). NMR spectra were acquired using a Bruker AC-300 (300, 75,
and 282 MHz for 'H, C, and "°F, respectively) spectrometer. 'H chemical
shifts (d) are given in ppm relative to the solvent residual peak, *C
chemical shifts relative to the central peak of the solvent signal, and “F
chemical shifts relative to CCI;F.”? High-resolution mass spectra meas-
urements were performed at the Centre Régional de Mesures Physiques
de I'Ouest (CRMPO) in Rennes.

ZnCl, TMEDA ! ZnCl, (20 g, 147 mmol) was heated under vacuum with
a heat gun for 30 min. After cooling, dry THF (400 mL) was added, and
the solution was heated until complete dissolution of the salt. TMEDA
(44 mL, 0.29 mol) was then added slowly, and the mixture was stirred for
2h at room temperature. The solvents were evaporated, and the solid
was recrystallized from THF (70 mL). Crystals were collected by filtra-
tion and washed with pentane. The complex was obtained in a quantita-
tive yield (=37 g) as white needles: M.p. 176°C (ref. [9] 176-177°C);
"H NMR (CDCl;, 200 MHz): 6 =2.62 (s, 12H), 2.75 ppm (s, 4H).
Mixtures A, B, and C: BuLi (about 1.6M hexane solution, 6.0 mmol) and,
15 min later, ZnCL,,-TMEDA (504 mg, 2.0 mmol) were added to a stirred,
cooled (0°C) solution of the amine (6.0 mmol) in THF (5 mL). The mix-
ture was stirred for 15 min at 0°C.

Mixtures D and E: BuLi (about 1.6M hexane solution, 6.0 mmol) and,
15 min later, ZnClTMEDA (504 mg, 2.0 mmol) were added to a stirred,
cooled (0°C) solution of the amine (4.0 mmol) and of TMPH (0.34 mL,
2.0 mmol) in THF (5 mL). The mixture was stirred for 15 min at 0°C.

Mixtures F and G: BuLi (about 1.6M hexane solution, 6.0 mmol) and,
15 min later, ZnCl-TMEDA (504 mg, 2.0 mmol) were added to a stirred,
cooled (0°C) solution of the amine (2.0 mmol) and of TMPH (0.68 mL,
4.0 mmol) in THF (5 mL). The mixture was stirred for 15 min at 0°C.

Mixtures H and O: The alkyllithium (6.0 mmol) was added to a stirred,
cooled (0°C) solution of ZnCl,,TMEDA (504 mg, 2.0 mmol) in THF
(5 mL). The mixture was stirred for 15 min at 0°C.

Mixtures I, K, M, and P: BuLi (about 1.6M hexane solution, 2.0 mmol)
was added to a stirred, cooled (0°C) solution of TMPH (0.34 mL,
2.0 mmol) in THF (5 mL). After 15 min at 0°C, ZnCl,,TMEDA (504 mg,
2.0 mmol) was added, and the mixture was stirred for 15 min at this tem-
perature before the addition of BuLi (4.0 mmol). The mixture was stirred
for further 15 min at 0°C.

Mixtures J, L, N, and Q: BuLi (about 1.6M hexane solution, 4.0 mmol)
was added to a stirred, cooled (0°C) solution of TMPH (0.68 mL,
4.0 mmol) in THF (5 mL). After 15 min at 0°C, ZnCL-TMEDA (504 mg,
2.0 mmol) was added, and the mixture was stirred for 15 min at this tem-
perature before the addition of BuLi (2.0 mmol). The mixture was stirred
for further 15 min at 0°C.

General procedure for the metalation using A followed by iodination:
After the substrate (4.0 mmol) had been added to the in situ prepared
mixture A at 0°C, the mixture was stirred for 2 h at room temperature
before introduction of a solution of I, (1.5 g, 6.0 mmol) in THF (5 mL).
The mixture was stirred overnight before addition of an aqueous saturat-
ed solution of Na,S,0; (20 mL) and extraction with CH,Cl, (3x20 mL).
The combined organic layers were dried over Na,SO,, filtered, and con-
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centrated under reduced pressure before being purified by means of
column chromatography on silica gel.

General procedure for the metalation using an in-situ-prepared mixture
(#A) followed by iodination: After the substrate (2.0 mmol) had been
added to the in situ prepared mixture at 0°C, the mixture was stirred for
2h at room temperature before introduction of a solution of I, (1.5g,
6.0 mmol) in THF (5 mL). The mixture was stirred overnight before addi-
tion of an aqueous saturated solution of Na,S,0; (20 mL) and extraction
with CH,Cl, (3x20 mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated under reduced pressure before being
purified by means of column chromatography on silica gel.

General procedure for the metalation with an in situ prepared mixture
followed by trapping with an electrophile (#I,): After the substrate
(4.0 mmol when mixture A was used, or 2.0 mmol otherwise) had been
added to the in situ prepared mixture at 0°C, the mixture was stirred for
2h at room temperature before introduction of the electrophile
(6.0 mmol). The mixture was stirred at 60°C overnight before addition of
an aqueous saturated solution of Na,S,0; (20 mL) and extraction with
CH,Cl, (3x20mL). The combined organic layers were dried over
Na,SO,, filtered, and concentrated under reduced pressure before being
purified by means of column chromatography on silica gel.

General procedure for the metalation with an in situ prepared mixture
followed by cross-coupling with an aromatic halide: After the substrate
(4.0 mmol when mixture A was used, or 2.0 mmol otherwise) had been
added to the in situ prepared mixture at 0°C, the mixture was stirred for
2h at room temperature before introduction of the halide (4.8 mmol),
palladium(II) chloride (14 mg, 80 pmol), and 1,1’-diphenylphosphinofer-
rocene (44 mg, 80 pmol). The mixture was heated at the reflux point of
THF for 24 h. After the addition of water (0.5 mL) and EtOAc (50 mL),
and drying over anhydrous Na,SO,, the solvent was evaporated under re-
duced pressure, and the coupled product was isolated by purification by
flash chromatography on silica gel.

Note that 1.8 mmol of 4,6-dichloropyrimidine, 2,6-dichloropyrazine, or
3,6-dichloropyrimidine was used to perform the bis-coupling reactions.
2-Iodothiophene (3b): Pale yellow liquid; '"H NMR (CDCl,, 300 MHz):
0=6.81 (dd, /J=3.6, 5.4 Hz, 1H), 7.25 (dd, J=1.2, 3.6 Hz, 1H), 7.36 ppm
(dd, J=12, 54Hz, 1H); "CNMR (CDCl;, 75 MHz): 6=73.1, 128.9,
131.5, 136.9 ppm. These data are consistent with the literature®! and with
those obtained for a commercial sample.

2-Fluoro-3-iodopyridine (4b): White solid; m.p.<50°C (ref. [24] 42—
43°C); '"H NMR (CDCl;, 300 MHz): 6 =6.97 (m, 1H), 8.16 ppm (m, 2H);
BCNMR (CDCl;, 75MHz): 0=76.0 (d, Jz=43Hz), 122.7 (d, Jp=
129 Hz), 147.2 (d, Jg=13 Hz), 150.1 (d, Je=3 Hz), 162.0 ppm (d, Jr=
235 Hz); "FNMR (CDCl;, 282 MHz): 6=—54.5 ppm. These data are
consistent with the literature.!

2-Fluoro-3,6-diiodopyridine (4b’): White solid; m.p. 89°C; 'HNMR
(CDCl;, 300 MHz): 6=7.38 (dd, J=7.9 Hz, Jg.=1.5Hz, 1H), 7.75 ppm
(dd, J=7.9 Hz, Jz=7.9 Hz, 1H); *C NMR (CDCl,, 75 MHz): 6=75.5 (d,
Jp=42 Hz), 112.2 (d, Js=12 Hz), 134.1 (d, Je=5 Hz), 150.7 (d, Jr=3 Hz),
160.5 ppm (d, J=242 Hz); "F NMR (CDCl,;, 282 MHz): 6 =-51.7 ppm.
The structure was identified unequivocally by X-ray structure analysis
from crystals obtained by evaporating a CH,Cl, solution.

(2-Methoxyphenyl) (4-methoxyphenyl)methanol (1d): Pale yellow liquid;
'"HNMR (CDCl;, 300 MHz): 6=3.02 (d, J=5.2Hz, 1H), 3.79 (s, 3H),
3.81 (s, 3H), 6.02 (d, /=5.0Hz, 1H), 6.88 (m, 3H), 6.95 (td, J=1.0,
7.5Hz, 1H), 728 ppm (m, 4H); "CNMR (CDCl;, 75 MHz): =552,
55.4,71.8, 110.7, 113.5 (2C), 120.7, 127.6, 127.8 (2C), 128.5, 132.1, 135.5,
156.6, 158.7 ppm. These data are consistent with the literature.*!
(Furan-2-yl)[4-(trifluoromethyl)phenylJmethanol (6¢): Yellow liquid;
"H NMR (CDCl;, 300 MHz): 6=5.88 (s, 1H), 6.14 (brd, J=3.3 Hz, 1H),
6.33 (dd, /=19, 3.3 Hz, 1H), 7.40 (dd, /=0.8, 1.8 Hz, 1H), 7.56 (d, /=
8.4 Hz, 2H), 7.63 ppm (d, J=8.3 Hz, 2H); "C NMR (CDCl;, 75 MHz):
0=63.4, 107.8, 110.4, 122.1 (q, Jg=272 Hz), 125.4 (q, Jr=3.8 Hz, 2C),
126.8, 130.2 (q, Jg=32.4Hz, 2C), 142.9, 144.5, 155.0 ppm; “F NMR
(CDCl;, 282 MHz): 0=-62.6 ppm; HRMS (ESI) calcd for C;,HyF;0,
[M+H-H,0]*: 225.0527; found: 225.0525.
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(Furan-2-yl) (4-methoxyphenyl)methanol (6d): Yellow liquid; 'H NMR
(CDCl;, 300 MHz): 6=2.46 (d, J=4.3 Hz, 1H), 3.81 (s, 3H), 5.77 (d, /=
3.9 Hz, 1H), 6.11 (td, /=0.8, 3.2 Hz, 1H), 6.32 (dd, /=1.8, 3.2 Hz, 1H),
6.90 (d, /=8.8 Hz, 2H), 7.35 (d, /=84 Hz, 2H), 7.39 ppm (dd, J=0.8,
1.8 Hz, 1H); "CNMR (CDCl;, 75 MHz): §=55.3, 69.8, 107.2, 110.2,
113.8 (2C), 1279 (2C), 133.1, 142.4, 156.2, 159.4 ppm. These data are
consistent with the literature.?’!
[2-(4-Methoxybenzyloxy)pyridin-3-yl](4-methoxyphenyl)methanone (4d):
Yellow liquid; '"H NMR (CDCl,, 300 MHz): 6 =3.77 (s, 3H), 3.87 (s, 3H),
5.31 (s, 2H), 6.75 (d, J=8.8 Hz, 2H), 6.88 (d, /=9.0 Hz, 2H), 7.00 (dd,
J=5.0, 7.3 Hz, 1H), 7.08 (d, /=88 Hz, 2H), 7.72 (dd, J=2.0, 7.3 Hz,
1H), 7.74 (d, J=9.0Hz, 2H), 830ppm (dd, J=2.0, 5.0Hz, 1H);
BCNMR (CDCl,, 75 MHz): 6=55.2, 55.5, 67.2, 113.5 (2C), 113.6 (2C),
116.7, 123.3, 128.9 (2C), 129.0, 1304 (2C), 132.1, 138.8, 148.9, 159.0,
160.4, 163.7, 193.5 ppm. HRMS (ESI) caled for C,;H;(NO, [M+Na]*:
372.1212; found: 372.1215.

(4-Methoxyphenyl) (pyrimidin-4-yl)methanone (5d): Inseparable mixture
with reduced aldehyde. '"HNMR (CDCl;, 300 MHz): 6=3.91 (s, 3H),
7.00 (d, J=9.0 Hz, 2H), 7.88 (dd, /J=1.4, 5.1 Hz, 1H), 8.15 (d, /=9.0 Hz,
2H), 9.00 (d, J=5.1Hz, 1H), 938 ppm (d, /J=1.4 Hz, 1H); "CNMR
(CDCl;, 75 MHz): 0=55.3, 1139 (2C), 120.5, 127.6, 133.5 (2C), 157.9,
158.7, 162.0, 164.3, 190.4 ppm; HRMS (ESI) caled for C,H;N,O,:
215.0821 [M+H]* and 237.0640 [M+Na]™*; found: 215.0833 [M+H]* and
237.0639 [M+Na]*.

N-(4-Methoxybenzoyl)-2,2,6,6-tetramethylpiperidine  (7): Inseparable
mixture with aldehyde. '"H NMR (CDCl;, 300 MHz): 6=1.34 (s, 12H),
1.76 (s, 6H), 3.81 (s, 3H), 6.84 (d, /J=8.8 Hz, 2H), 7.4 ppm (d, J=8.8 Hz,
2H); "CNMR (CDCl,;, 75 MHz): 6=15.1, 30.5 (2C), 37.1 (2C), 55.2
(20), 56.3, 113.0 (2C), 129.6 (2C), 135.8, 160.7, 177.1 ppm. These data
are consistent with the literature.”)

2-(Phenylthio)benzonitrile (2e): Yellow liquid; 'HNMR (CDCl,,
300 MHz): 6=7.13 (ddd, /=0.4, 1.1, 8.1 Hz, 1H), 7.26 (dt, J=1.2, 7.6 Hz,
1H), 7.39 (m, 2H), 7.40 (m, 2H), 7.48 (m, 2H), 7.64 ppm (m, 1H);
BCNMR (CDCl;, 75 MHz): 6=112.9, 116.9, 126.4, 128.9, 129.7 (2C),
129.9, 131.8, 132.7, 133.5 (2C), 133.6, 142.3 ppm. These data are consis-
tent with the literature.

2-(Phenylthio)furan (6e): Colorless liquid; "H NMR (CDCl,, 300 MHz):
0=6.57 (dd, /=2.0, 3.2 Hz, 1H), 6.84 (dd, /=0.8, 3.2 Hz, 1H), 7.23-7.28
(m, 3H), 7.33 (m, 2H), 7.67 ppm (dd, J=0.9, 2.0 Hz, 1H); "C NMR
(CDClL;, 75 MHz): 6=111.9, 119.5, 126.3, 127.5 (2C), 129.0 (2C), 136.3,
143.1, 146.5 ppm. These data are consistent with the literature.””
2-(4-Methoxyphenyl)pyridine (1g): Colorless liquid; '"HNMR (CDCl,,
300 MHz): 6=3.86 (s, 3H), 7.00 (dd, /=0.9, 8.3 Hz, 1H), 7.08 (dt, J=1.1,
7.5Hz, 1H), 721 (ddd, J=1.3, 4.9, 74 Hz, 1H), 7.38 (ddd, J=1.8, 7.4,
8.3 Hz, 1H), 7.71 (ddd, J=1.9, 7.4, 8.0 Hz, 1H), 7.76 (dd, J=1.8, 7.6 Hz,
1H), 7.81 (td, J=1.1, 8.0 Hz, 1H), 8.71 ppm (ddd, /=0.9, 1.8, 4.9 Hz,
1H); "CNMR (CDCl;, 75 MHz): §=55.6, 111.3, 121.0, 121.7, 125.1,
129.0, 129.9, 131.1, 135.7, 149.3, 156.1, 156.9 ppm. These data are consis-
tent with the literature.™")

6-(2-Methoxyphenyl)-2,2"-bipyridine (1h):*!! Inseparable mixture with
1g. 'HNMR (CDCl,;, 300 MHz): 6=3.89 (s, 3H), 7.06 (d, J=1.1 Hz,
1H), 7.13 (ddd, J=1.1, 7.5, 7.5 Hz, 1H), 7.30 (ddd, /=12, 4.8, 7.5 Hz,
1H), 7.41 (dd, /=1.8, 82 Hz, 1H), 7.80-7.85 (m, 2H), 7.92 (dd, J=1.1,
7.9 Hz, 1H), 8.01 (dd, /=1.8, 7.6 Hz, 1H), 8.34 (dd, /=1.1, 7.6 Hz, 1H),
8.58 (ddd, /=1.1, 1.1, 8.0 Hz, 1H), 8.70 ppm (ddd, J=0.9, 1.8, 5.0 Hz,
1H); "CNMR (CDCl;, 75 MHz): 6=55.6, 111.5, 118.8, 121.3, 123.5,
125.2, 129.0, 129.1, 129.9, 131.4, 136.5, 136.8, 149.0, 155.0, 155.5, 156.5,
157.2 ppm.

2-(Furan-2-yl)pyridine (6g):"¥ Colorless liquid; 'HNMR (CDCl,,
300 MHz): 6=6.53 (m, 1H), 7.06 (d, /=3.3 Hz, 1H), 7.15 (m, 1H), 7.53
(m, 1H), 7.70 (m, 2H), 8.60 ppm (d, /=3.8 Hz, 1H); "C NMR (CDCl,,
75MHz): 6=108.5, 111.9, 118.5, 121.8, 136.5, 143.2, 149.2, 1495,
153.4 ppm.

2,5-Di(pyridin-2-yl)thiophene (3h): Yellow solid; m.p. 140°C; '"H NMR
(CDCl;, 300 MHz): 6=7.17 (ddd, J=2.6, 4.9, 59 Hz, 2H), 7.63 (s, 2H),
7.66-7.70 (m, 4H), 7.60 ppm (dt, J=1.5, 4.9 Hz, 2H); “C NMR (CDCl,,
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75 MHz): 0=119.0, 122.1, 125.6, 136.7, 145.9, 149.6, 152.3 ppm. These
data are consistent with the literature.*’!

4,6-Di(thiophen-2-yl)pyrimidine (3i): Yellow solid; m.p. 142°C; '"H NMR
(CDCl;, 300 MHz): 6=7.19 (dd, J=3.8, 5.0 Hz, 2H), 7.55 (dd, J=1.1,
5.0Hz, 2H), 7.81 (d, J=14Hz, 1H), 7.84 (dd, /=1.1, 3.8 Hz, 2H),
9.05ppm (d, J=1.4Hz, 1H); "CNMR (CDCl;, 75 MHz): 6=109.0,
127.5 (2C), 128.6 (2C), 130.4 (2C), 142.3, 159.2, 159.3 ppm. These data
are consistent with the literature.*!

2,6-Di(thiophen-2-yl)pyrazine (3j): Yellow solid; m.p. 185°C; 'H NMR
(CDCl;, 300 MHz): 6=7.16 (dd, J=3.7, 5.1 Hz, 2H), 7.49 (dd, J=1.1,
5.1 Hz, 2H), 7.73 (dd, J=1.1, 3.7 Hz, 2H), 8.75 ppm (s, 2H); *C NMR
(CDCl;, 75 MHz): 6=126.1 (2C), 1284 (2C), 129.2 (2C), 1379 (2C),
141.4, 147.5 ppm. These data are consistent with the literature.’™ The
structure was identified unequivocally by X-ray structure analysis from
crystals obtained by evaporating a CH,Cl, solution.
3,6-Di(thiophen-2-yl)pyridazine (3k): Yellow solid; m.p. 172°C; '"H NMR
(CDCl;, 300 MHz): 6=7.15 (dd, J=3.7, 5.0 Hz, 2H), 7.48 (dd, J=1.1,
5.0 Hz, 2H), 7.65 (dd, J=1.1, 3.7 Hz, 2H), 7.74 ppm (s, 2H); "C NMR
(CDCl;, 75MHz): 6=122.6 (2C), 126.1 (2C), 1282 (2C), 1294 (2C),
140.8, 153.5 ppm. These data are consistent with the literature.*"!
4-(Pyridin-2-yl)pyrimidine (5g): White solid; m.p. 78-80°C; '"H NMR
(CDCl;, 300 MHz): 6=7.41 (ddd, /=12, 4.8, 7.6 Hz, 1H), 7.87 (td, J=
1.8, 7.7 Hz, 1H), 8.36 (dd, J=1.4, 5.3 Hz, 1H), 8.48 (dt, J=1.1, 8.0 Hz,
1H), 8.72 (ddd, /=09, 1.7, 48Hz, 1H), 8.86 (d, J=53Hz, 1H),
928 ppm (d, J=1.3Hz, 1H); "CNMR (CDCl;, 75 MHz): §=1174,
121.7, 125.5, 137.2, 149.6, 153.7, 158.0, 158.7, 162.7 ppm. These data are
consistent with the literature."”!

4,4'-Bipyrimidine (5h): Yellow liquid; '"H NMR (CDCl,;, 300 MHz): 6=
8.44 (dd, J=1.5, 5.0 Hz, 2H), 8.97 (d, J=5.0 Hz, 2H), 9.36 ppm (d, J=
1.5Hz, 2H); "CNMR (CDCl;, 75MHz): 6=118.0, 1589, 159.1,
160.8 ppm. These data are consistent with the literature."*!
4-(Furan-2-yl)benzonitrile (6i): White solid; m.p. 54-56°C; 'HNMR
(CDCl;, 300 MHz): 6=6.53 (dd, J=1.8, 3.5 Hz, 1H), 6.81 (dd, J=0.7,
3.5Hz, 1H), 7.54 (dd, J=0.7, 1.8 Hz, 1H), 7.65 (d, /=88 Hz, 2H),
7.74 ppm (d, J=88 Hz, 2H); *CNMR (CDCl;, 75 MHz): 6=108.1,
110.2, 112.2, 118.9, 123.9 (2C), 132.5 (2C), 134.6, 143.6, 151.9 ppm. These
data are consistent with the literature.*!

2,5-Di(4-cyanophenyl)furan (6j): Yellow solid; m.p.>250°C; 'H NMR
(CDCl;, 300 MHz): 6=6.95 (s, 2H), 7.71 (d, J=8.8 Hz, 4H), 7.83 ppm (d,
J=8.8Hz, 4H); *C NMR (CDCl,, 75 MHz): 6=110.6 (2C), 110.9 (2C),
118.7 (2C), 124.1 (4C), 132.7 (4C), 133.8 (2C), 152.8 ppm (2C). These
data are consistent with the literature."

2,2'-Bifuran: Colorless liquid; "H NMR (CDCl,, 300 MHz): 6=6.45 (dd,
J=18, 34 Hz, 2H), 755 (d, J=3.1 Hz, 2H), 7.41 ppm (d, J—1.8 Hz,
2H); ®C NMR (CDCl,, 75 MHz): 6=105.0 (2C), 1113 (2C), 141.7 (2C),
146.6 ppm (2C). These data are consistent with the literature.!*!}

The preparation of 2-iodoanisole (1b),*” 2-iodobenzonitrile (2b),* 2,5-
diiodothiophene (3b’),*) 4-iodopyrimidine (5b),*?) 5-iodopyrimidine
(5b"),* (2-methoxyphenyl)[4-(trifluoromethyl)phenyl]methanol (1c),'?
2-(phenylthio)anisole (1e),!'"” 2-allylanisole (1f),'" 2-allylbenzonitrile
(21),"” 2-(thiophen-2-yl)pyridine (3g),l'"? 2-fluoro-3-(pyridin-2-yl)pyri-
dine (4g),"” and 2-(4-methoxyphenyl)furan (6k)!*! has been previously
described.
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