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Abstract Deprotometalation is an efficient method to functionalize
regioselectively aromatic compoundscluding heterocyek This short
review shows how it is possible to intercept aryllithiuf@sd other polar

arylmetals)as soon as they are formed loysitu ZS Guv® o SE %h#o]v P

unwanted
products

M =B, Al, Si, Zn, Ga

Electrophile

—— A—E

also be unstable, e.g. in the presence @fdjacent halogens to
release metal halides. In addition, from activated or sensitive
aromatics including heterocycles, classical deprotolithiation
followed (after a contact time) by electrophilic quenching in
general affords the most stable lithio compouds; therefore,
[dhere is a need fortools to accessother regioselectivities

approach avoids long contact between aryllithiums and sensitive substrates. resulting from the kinetic ones.

In addition,it allowsless activated substrates to be deprotonated by-non

nucleophilic lithium amides. While using chlorosilanes and borates still

Besides using low temperatures or monometallic bases

arouses the interest of chemists, methods based on zinc, aluminum and containing softer metals2 more recent studies have sawn that

gallium more
dramatically.
Introduction

Slicon-basedin situtraps

Boron-basedin situtraps

Zincbasedin situtraps

Aluminum and galliumbasedin situtraps

Otherin situtraps

Continuousflow in situ ZS Euvd 0 SE %o %]V P [
Conclusion

recently appeared, enabling this cisép to grow

O~NO OB WNPRE

Key words transnetaktion; in situ trap; deprotometalation; aromatc
compounds; lithium amides; silicon; boron; zinc

1 Introduction

Deprotometalation followed by electrophilic trapping is a
powerful method to functionalize aromatic compounds:
Regioselectively is in general ensured through the use of
directing groups that (i) stabilize the generated arylmetas by
intramolecular coordination and/or electron-with drawing effect
(under thermodynamic control), or (ii) favor the reaction by
coordination to the base andor hydrogen acidification (under
kinetic control).

The limit s of deprotolithiation and -magnesationresult from the
high ionic character of the carbormetal bond. Consequently,
the aromatic substrates can be weakly compatible with the
generated arylmetals, e.g. in case of sensitive directing groups or
heterocycles prone to nucleophilic attacks. The arylmetals can

lithium -ate bases (eg. zincates) and Turbo basesan bemore

efficiently employed to achieve chemoselective deprotmtive

metalations3 Nevertheless, these bimetallic depmotonating

agents can imply either the presence of additives that may be
unwanted for the following reactions, or the generation of
arylmetal species unsuitable for subsequent trappingsThey can

also fail in affording the required regioisomes.

Insitu T-ahs et —fZ —"f’ «wyitxadgress theseissues by

intercepting the arylmetals with an electrophilic trap as soon as
they are formed. In addition, by pushing the reaction to
completion, it is an efficient alternative to external quench for
reversible reactions not benefiting from the required difference
of four pKa units between the base and the substraté.

Ar—H Ar—H ‘
metal (M) base ~———>  Ar—M  -------eee- unwanted
products
. fast slow
metal (M) ! slow metal (M) |
in situ trap in situ trap
Y Ar—H Electrophile
metal (M') base ~ ----------- »  Ar—M' Ar—E
slow

Scheme 1Principle ofin situ trapping metalation(dashed arrows indate
unwanted pathways)

The method appliesif the base(metal M) rather reacts with the
substrate (Ar-H) than with the in situ trap (metal or semimetal
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i, and if the arylmetal(Ar-M) is quenched by thein situ trap
rather than by unwanted reactions (Schreme 1)5 In practice,
sterically encumbered bases such as lithium diisopropylamide
(LiDA) or lithium 2,2,6,6-tetramethylpiperidide (LITMP) can in
generalbe used®é

As regards the electrophilic traps, whereas chlorosilanes and
borates have beenemployed since the eighties, more recent
studies have identified zinc, aluminum and gallium speciesas
appropriate to this purpose.’ In this Short Review, our gal is to
focus on examples using this method and thus display its
applications to the functionalization of aromatics including
heterocycles.

2 dlicon-basedin situtraps

That chlorotrimethylsilane could accelerate deprotometalation
was already noticed in 1982 by reacting 2-bromopyridine with
LiDA in tetrahydrofuran (THF) at low temperatures® Although
LiDA is not a conventional base for benzengroton abstraction,
it turns out to be one in the presence ofucha trap capable of
intercepting the aryllithium as soon as it is formed

The first complete study on in situ trapping (here, using
chlorotrimethylsilane) as a way to allow sensitive aromatic
compounds to be deprotolithiated was reported in 1983.9
Without in situ trap, benzonitrile cannot be lithiated by LDA at
temperatures below 90 °CwhereasLiTMP gave average yields
at 78 °C (2-(trimethylsilyl )benzonitrile:  53%;  2-
iodobenzonitrile: 35%; 3-phenylphthalide: 40% after warming
with diluted aqueous HCI) and degradation at higher
temperatures® As regards alkyl benzoates, deprotolithiation
using LITMP takes place at78 °C, but leads to sel€ondensation
products in the absence ofin situ trap.1® Krizan and Martin
relied on the LiTMRchlorotrimethylsilane tandem to
functionalize benzonitrile, benzene estersand pivalophenone
(Table 1)®

Table 1Functionalization of benzonitrile, isoproyid ethyl benzoate, anc
pivalophenone usintie LiTMRchlorotrimethylsilane pair

R LITMP (x equiv) R
CISiMe; (y equiv) R SiMe3
© THF, T (°C) \©/
15 min then rt

R xlylT Yield(s) (%)

CN 3/6/178 60 ~Z[ A ~1D
CN 2.2/10/0 0f ~Z[ AUJDA ~Z[ A

CQiPr 1.2/10/178 81 ~Z[ A .
CQEt 1.2/10/178 i0 ~Z[ A e
CQBu 2.2/10/t78 A6 ~Z[ A,

By adding benzonitrile to an excess of LiITMP and

chlorotrimethylsilane in THF at 78 °C 2-(trimethylsilyl )- and

2,6-bis(trimethylsilyl) benzonitrile formed. By controlling the

amount of base, monofunctionalization was observed from
isopropyl and, to a lesser extent, sterically less hindered ethyl
benzoate it could be even extended to pivalophenoneBy

starting from diphenylsulfone, dchlorodimethylsilane also

worked asin situ trap to provide the cyclic silane Scheme2).9

The polyfunctionalization observed above (Table 1; R = CNjnd
also evidenced from 1,3dicyanobenzene and tetraisopropyl

1,2,4,5benzenetetracarboxylate (Scheme 3)js probably due to
in situ metalation-trapping of aninitially formed monosilane.

©\S/© THF, 0 °C then rt

0, (~59% vyield)

LiTMP (2 equiv) Me;
C|zs||v|e2 (1 equiv) @:SD

ICI

ccl
77°¢ | (64% yield)

72h

P

Scheme 2 Functionalization of diphenybulfone using the LiTMP
dichlorodimethylsilane tandem

LITMP (3 equiv) SiMes
NC\©/CN CISiMe; (6 equiv) NC CN
_—_—
THF, -78 °C then rt ) .
(93% yield) Me;Si SiMe;
LITMP (2.2 equiv) SiMes
iPrOZCj@[COZiPr CISiMe; (10 equiv) iPrO,C. CO,iPr
_—
. . THF, -78 °C then rt ; :
iPrOo,C CO,iPr (48% yield) iPrO,C . CO,iPr
SiMe;

Scheme 3 Functioralization of 1,3dicyanobenzene and tetraisopropyl
1,2,4,5benzenetetracarboxylatesingthe LiTMRchlorotrimethylsilangair

Similarly, —Z<Neec fot F"™f_‘™Meac T
double metalation-silylation of 1,4- and 1,2dibromobenzene by

using LIDA in the presence of chlorotrimethylsilane (2 equiv
each;Schemed).11 It is worth noting that, once functionalized at
C2, the 6position of 1,4dibromobenzene is somewhat

protected toward deprotometalation owing to the buttressing

effect!2 exerted by the trimethylsilyl group next to the bromine

atom.13 Similarly, the lower yield noticed in the double

functionalization of 1,2-dibromobenzene is not related to
competitive benzyne formationt4 *” S fZ7'% % tdatkonEi
these possibilities being here prevented under in situ trapping.

Areaction unfavored at Cédue to the buttressing effectexerted

by the trimethyl silyl presentat C3is more likely to occur.

5 LiDA (2 equiv)

j©/8r CISiMe; (2 equiv) Me3Si Br
—_—

2 THF, -75 °C, 30 min j@[ )

B 3 (84% yield) Br SiMes

6 LiDA (2 equiv)
5@EBr CISiMe; (2 equiv) Br
—_—

4 Br THF, -75 °C, 30 min
3 (43% yield) i
SiMej;

Scheme 4 Double metalatioin situ silylation of 1,4 and 1,2
dibromobenzeneisingthe LDAchlorotrimethylsilane tandem

In the above examplesif the amount of base is reducedglean
monofunctionalizations are not yet obvious since both the
substrates and the monosilylated products share a similar
reactivity 1t However, the use of a additional bulky substituent
can help to control the reaction outcome. Indeed,rédm 1,2-
dibromobenzene, a second deprotonation can be completely
suppressed in the presence of gaubstituent at C4. In addition,

thete—% 1

Ce
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LiTMP was identified as a better base than DA to this purpose
(Schemeb).

Br LiTMP (2 equiv) SiMe;
/@[ CISiMe3 (2 equiv) Br
_—
R Br THF, -75°C
Br
R = Me: 64%

R = N(SiMe3),: 85%
after conversion to NH,
R =Ph: 69%

R = CH(OMe)Ph: 76%

Scheme 5 Single metalatioin situ silylation of 4substituted 1,2
dibromobenzenessingthe LiTMRchlorotrimethylsilane tandem

In the example belowreported by Widhalm and coworkers in
2009, dideprotonation is employed to generate a symmetrical
t & tdibromo- u &-disilylated binaphthyl from which four
t<«""f"f+— téetighaldgenated derivatives can be prepared
(Scheme 6)t6

o o]
= =
- [os]

=

LiTMP T . T i
(excess) SiMe3 SiMes
soll--Jeorealier
Br (excess) Br |
B —— —_—
Br THF Br [
-78°Ctort
(81% yield) SiMe; SiMe,

@
=

Scheme 6Synthesis of T U T[ UtebdaHalogenated derivatives(@E}u -TUT[

dibromo- i U-bjphenylusingthe LiTMFchlorotrimethylsilangair

If elimination of lithium bromide is prevented byin situ trapping
in the above examplesit is not a universal rule. For example
bromoanisoles cannot undergo LiDAmediated deprotonation in
THF at low temperatures using chlorotimethylsilane, the
insufficient stability of the intermediate 2-bromophenyllithiums
leading to benzyne formation!?” One possible trick consists of
using a remote bromine, which stabilizes the lithio product by
electron-withdrawing effect,18 but the issue is not entirely
solved.

In the course of the synthesis of aryne precursors, Mesgar and
Daugulis observed in 2016 thatchlorodimethylsilane, sterically
smaller and more electrophilic than chlorotrimethylsilane,is a
more efficient in situ trap for unstable 2-halogenated
phenyllithiums. The best results were recorded by mixing the
reagents at 110 °Cbefore warming (Table 2).19

As reported before with esters, there is naeed to protect the
carboxylic acid function if the chlorotrimethylsilane in situ
quench is applied to the deprotolithiation of meta-anisic acid
using LiITMP (3 equiv) in THF under cryogenic conditions. The
trimethylsilyl group thus introduced can act as aprotecting

group, enabling subsequent functionalization at the €position

(Scheme 710 Unlike chlorotrimethylsilane and -triethylsilane,

which allowed ortho-phthalic acids to be difunctionalized in the
presence of LITMP (Scheme 8), chlorotriisopropylsilane and
tert-butyldimethylsilane are not suitablein situ traps.2t

Table 2 Functionalization of halogenatebenzenes usingthe LiTMP
chlorodimethylsilane tandem

LITMP (2.5 equiv)

X CISiHMe, (10 equiv) X SiHMe,
R~ —_— R
X Et,O-THF Ny
-110 °C then warming
Substrate Product Yield (%)
OMe OMe
@\ @:SiHMeZ 94
Br Br
OMe OMe
MeO: i MeO: i iSiHMez 55
MeO Br MeO Br
OMe OMe
SiHMe, 94
Br Br
OMe OMe
Cl Cl
©\ @iSiHMez 51
Br Br
F F
t i :SiHMez 76
Br Br
SiHMe,
76
Br Br
CF3 CF3
OMe OMe
@\ ©:S|HMe2 95
| |
FOH LiTMP (3 equiv) COH COH
@\ CISlMe3 (excess) ©:S|Mea \@\
THF -78 °C

(75% yield)

Scheme 7 Functionalization of metaanisic acid using the LiTMP
chlorotrimethylsilane tandem

1) LITMP (6 equiv) SiR3 o
CISiR3 (10 equiv) X
THF, -80 °C
= o)
2) dehydration X

Xj@ECOZH
X CO,H

X

SiR; ©
X = H, R = Me: 65% yield
X = H, R = Et: 60% yield
R = Me: 92% yield

H,
H,
Cl,

Scheme8 Difunctionalization of phthalic acidsingLiTMPCISiRpairs

Nitro group is hardly compatible with deprotolithiation due to
its possible reduction by electron transfer from the base or the
arylmetal. In order to minimize the contact time between nitro
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aromatics and carboncentered anions, Black and cavorkers
employed metal amidechlorotrimethylsilane pairs to attempt
the functionalization of 2,4-difluoro -1-nitrobenzene. As shown
in Table 3, the best results wereobserved by using sodium and
potassium  amides?2 The reaction using  sodium
bis(trimethylsilyl)Jamide (NaHMDS) was further extended to
other sensitive substrates (Table 4). The results show very
electron-deficient aromatics are required suggesting for these
substrates a mechanism based on inductive acidification of the
adjacent hydrogen rather than on coordination of the base by
the directing group.22

Table3 Optimization of 2,4ifluoro-1-nitrobenzene functionalization usiny
metal amidechlorotrimethylsilane tandems

NO2 Base (2 equiv) NO2
F CISiMe; (3 equiv) F
—_—
THF, -78 °C SiMes

F F

Base Yield(s) (%)

LiDA 36

LiTMP 33
LiBSBA 70(75)
LIHMDS 78
NaHMDS 100
KHMDS 91

2 Lithium (ert-butyldime'[hylsiIyI—)ert-butyIamide.b Using chlorotrimethylstannane
asin situtrap.

Table 4 Functionalization of nitrobenzenes usinhe NaHMDS
chlorotrimethylsilane tandem

NaHMDS (2 equiv)
CISiMe; (3 equiv)

Substrate —_—> Product
THF, -78 °C
Substrate Product Yield(%)
NO, NO,
i 100
F F F F
SiMe3

NO,
F F 100
F Me;Si F
F F

NO,
SiMes 100
F F
F F
NO, NO,
@\ ﬁ;[snwe3 61
NO, NO,

@ESiMeg 10
F

Beside its usefulness to avoid side reactions of sensitive
substrates,in situ trapping canalsobe at the origin of a altered
regioselectivity. For example, vhereas 2bromopyridine is
selectively functionalized at C3 upon treatment withLiDA in

THF at low temperatures before electrophilic trapping,23
mixtures of 3-silylated (thermodynamic, main) and 4-silylated
(kinetic, minor) products are obtained in the presence of
chlorotrimethylsilane 24 A kinetic lithio compound at C6 is even
intercepted by the in situ trap (65% yield) when LiTMP is
employed in diethyl ether at 78 °C2

In the same vein, Snieckus, Mortier and eaworkers documented
an optional site selectivity for the functionalization of N,N-
dialkylated biphenyl-2-carboxamides depending on if the
electrophile is in situ or not. For example N,N-diethylbiphenyl -
2-carboxamide is silylated ortho to the functional group by
using the in situ quench protocol whereasthe initially formed
lithio compound equilibrates with the tilithiobiphenyl -2-
carboxamide without. The latter is rapidly intercepted by the
carboxamide here alsoplaying the role of internal trap (Scheme
9).26

l SiMe;,

CONEt,

O LIDA-CISiMe3

CONEt, (4 equiv each)
_—
THF,-78t0 0 °C
(65% yield)
Li
O LiDA (4 equiv) O
CONEt, CONEt,

THF,0°Ctort

_

g g
L

O H30" O OLi O
’ o ’ - CONEt,

@ Sl

Schemed Functionalization o,N-diethylbiphenyl2-carboxamide using LiDA
with and withoutin situchlorotrimethylsilane

Simpkins and ceworkers used in 1994a chiral lithium amide to

attempt the enantioselective deprotonation of —="«<...f”,‘®>Z D

arene)chromium complexes (Table 5).27 The higher levels of
asymmetric induction were recorded by using
chlorotrimethylsilane as internal quench (0.04 M). The lower
enantioselectivities noticed with external quench reactions
(73% ee if the trapping is performed after 0.5 min, 52% after 1
h, 25% after 3 h) were rationalized by an intermolecular
equilibration between substrate and lithiatedderivative. In situ
trapping here helped in achieving a kinetically controlled
reaction giving  chiral,
arene)chromium complexes?’-28

This study was extended to substituted ferrocenes. Although
diphenylphosphinylferrocene proved to be the best canidate,
the silylated derivative was isolated in 95% yield but only 54%
ee by using the method depicted in Table 5.

Finally, because it provides irreversible conditions, the LITMP
chlorotrimethylsilane pair was used to evaluate the relative
reaction rates (kinetic acidities) of different substituted
benzenes, and thus the ability of the substituents to enhance the
proton mobility at the transition state.30

nonracemic  —"<...f”",'®7Z D

pag



Table5 Enantioselective functionalization of tricarbor{§4arene)chromium
complexes using chiral lithium amide under kinetic control

R Ph/L”"\Ph R
‘ CISiMe; ‘/SiMea
THF, -78 °C
Cr(CO); Cr(CO)3
R Yield(%) ee (%)
OMe 83 84
OEt 82 81
OiPr 65 90
OtBu 0 -
OCHOMe 76 80
CH(OCECHO) 36 84
a 27 51
F 57 16
CNiPp 87 48
N(Me)C®Bu 65 44

3 Boron-basedin situtraps

Esters are considered as better directing groups than amides in
deprotometalations; nevertheless, their use was delayed
because of their low compatibility with organolithiums .10
Smooth bases such as Mg(TMP)ere first evaluated in THF for
the functionalization of methyl benzoate, butthe reactions
required an excess ofeagent? Inspired by the study of Krizan
and Martin (Table 1)? Caron and Hawkinsdemonstrated in
1998 that LiDA can bean efficient kinetic base, compatible with
both chlorotrimethylsilane and triisopropylborate.3! In the
presence of the latter, various neopentyl berzoates were
converted into the corresponding 2boronyl derivatives
(isolated as their diethanolamine complexes)upon treatment
with LiDA in THF (Table 6). Except in the case of thel-fluoro
derivative, the function was introduced regioselectively at the
position adjacent to the estes!

Table 6 Functionalization of neopentyl benzoate usirihe LiDA
triisopropylborate tandem

Bg())iLF:lrj)I;\((Zx.g 2:2/ i)v) o{i\N -H
THF, T (°C), time B J
R—+ —_—— R ¢}
= 2) diethanolamine =
R X T(°C), timemin) Yield (%)

4-Br 1.1 t78, 5 84
4-Ch 1.1 0, 30 74
4-OMe 1.6 0,180 70
4-F 1.1 t78, 15 52
4-Cl 1.2 t78, 10 90
2-Br 1.2 t78, 10 88
2-Ch 1.2 78,60 93
3-F 1.2 t78 to t40,180 90

@ Competitive metalation next to fluorineas noticed

By switching from LiDA to LITMP, Vedsg and eworkers
accessed a large range oR-substituted arylboronic esters,
appropriate partners in  Suzukitype crosscoupling. The
reaction using hindered and more basic LiITMPpKa = 37.3 for
2,2,6,6tetramethylpip eridine against 35.7 for
diisopropylamine)32 is no more limited to the neopentyl ester
function, but works with simpler ethyl benzoate, as wellas

benzonitrile, fluorobenzene and even the less activated
chlorobenzene (Table7).33 It is worth noting that although 2-
chlorophenyllithium can only be acamulated at 100 °C34 in
situ trapping at higher temperature bypasses subsequent
elimination giving benzyne14

That LiTMP is more powerful than LiDA was also demonstrated
by Kristensen and ceworkers for the lithiation-in situ
borylation of cyanopyridines (Figure 1)35 and in the course of a
study on the deprotometalation of substituted benzonitrilest By
this way, nitrile was compared to different directing groups
(DG) already used in deprotometalation ractions (Table 8)4

Table7 Functionalization oéthyl benzoate, benzonitrile, fluorobenzene and
chlorobenzeneisinglithium amidetriisopropylborate tanderms

g 1) LITMP or LDA (1.5 equiv)

B(OiPr); (2 equiv)
© THF, -78 °C
2) neopentyl glycol

5

R Yield using LITMPR) Yield using LiDA (%)
CQEt 92 0
CN 61° 0
F 98 87
Cl 96 <30

20OnlyN,N-diisopropylbenzamide formeBiBenzamide resulting from the addition
of LITMP to benzonitrile formed in-23% yield’ Numerous impurities present.

0.0
B~ Q/jL
\CN LN
| I
N N

52% yield

CN(I)
N B\o
P
N

80% yield

o)
CN
94% yield

Figure 1Borylated cyanopyridines synthesized by using (i) LB{#PR (1.2
equiv)in THF at78 °C and (ii) neopentylglycol

Table8 Comparison of CN to other metalation directing groups (DG) insin;
situtrapping

CN  1)LiTMP (1.2 equiv) cN O GN
B(QOiPr)3 (1.4 equiv) é
THF, -78 °C ~0
_— or/ B/O
2) neopentyl glycol and 1
DG Ratid Yield (%)
OMe 30/70(25/25) 96
CR 100/0 (40/0)° 99
E 40/60 (35/45) 94
cl 93/7 (60/35) 99
Br 90/10(70/25§ 98
1) LITMP (1.2 equiv)
I B(OiPr)3 (1.4 equiv) CN O Q® CN
o, o) o)
or
DG 2) neopentyl glycol DG DG
DG Ratio Yield (%)
OMe 100/0 96
CR 0/100 98
F 100/0 96
Cl 100/0 c
Br 100/0 96
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L i e N @E
THF, -78 °C O,B\©/DG 0
P ?
2) neopentyl glycol :':é O\Jv
DG Ratio Yield (%)
OMe 100/0 96
Ch 100/0 99
F 40/60 99
Cl 95/5 96
Br 98/2 97

#The values in brackets are those using LiDA instead of LiTMPrest is the4
substitutedN,N-diisopropylcarboxamidémpossibleo isolate as a single entity.

Snieckus and ceworkers reported in 2007 a onepot
deprotometalation-in situ boronation-oxidation to generate
hydroxy derivatives of sensitive N,N-diethylpicolinamides. The
process does not requirecryogenic temperatures andworks in
high yields (Scheme10). Pinacolate and boroxazine derivatives
of the different N,N-diethylpyridinecarboxamides, N,N-diethyl-
3-pyridinesulfonamide and -carbamate, and 3fluoropyridine
were similarly prepared and converted by Suzuki coupling3é

R
AN
TL
N

R = H, CO,tBu, CH,0TBS 78-89%

LiDA (1.2 equiv)

B(OIPr); (Bequiv)  HoO; Ry OH
P
THF, 0 °C, 10 min N

CONEt,

CONEt,

Schemel0 Picolinamide deprotonatiem situboronationoxidation

Morpholine amides are safer and less expensive alternatives to
Weinreb amides, which areknown as acylation reagents of
organometallic compounds. Kristensen and coworkers
documented in 2017 the functionalization of various aromatic
morpholine amides by usingin situ borylation. When combined
with triisopropyl borate, LITMP proved superior than LiDA for
this purpose (Table 9).37

Table Borylation of morpholine amidessing the tandem LiTMP (1.2 equiv)
B(OiPr (1.4 equ¥)

T 8 @
. o
No O 1)LITMP- N
k/ B(OiPr); k/N 0 4 K/
THF I
-78°Ctort Bo

—_— or/ 0.

2) neopenty! and ?l)v
DG glycol e DG O
DG Ratié Yield (%)
OMe 93/7 78
Ckh 100/0 68
F 43/148 -
Cl 95/5 86
Br 100/0 93
CN 84/16 63

o N(\j 1) LITMP 0/\ (\)0

B(OiPr, N O (@] N
(THF )3 K/ o/jL A(\O
| |
-78°Ctort B _B

- . O O
or
DG 2)neopentyl
glycol DG DG
DG Ratio Yield (%)
OMe 70/0% -
Ch 1/92 68

@] 100/0 72
CN 50/50 67
i@
1) LITMP- N O
O B(OiPr), (\ o
o) r\(\) THF O~__N \) DG
78°Ctort Q o
-~ v
DG 5 o8B b B
) neopentyl d 6
glycol an
DG Ratio Yield (%)
OMe 0/0° -
Ck 95/0 84
F 7327 59
@] 1000 78
Br 1000 90
CN 100/0 80

#The rest istarting material

In the azine series, bororbasedin situ traps can also activate
the substrates toward deprotmation and even control the
regioselectivity. In this way, Knochel and cavorkers employed
in 2010 CIMgTMPLICI in the presence of boron trifluoride
etherate in THF to cheme and regioselectively deprotonate
pyridines and related N-heterocycles(e.g. quindine, Schemell)
which are substrates prone to nucleophilic attacks3®
Interestingly, optional site selectivity could be reached from
various nitrogen-containing substrates depending on if boron
trifluoride is present or absent from the reaction mixture
(Figure 2).38a3sc

BF3-OEt,

X, CIMgTMP ArCOR

| ——

N THF N BF3MgCl
-40 °C, 15 min

"N

1)ZnCly | cat. Pd(dba),

cat. P(2-furyl)s

5h

55 °C, Ar R
Ar =4-BrCgHy
DN R=HorCF3
~ 65%
D
79%

Schemell Functionalization of quinolingsingCIMgTMFLiClin the presence
of BR-ELtO

Figure 2Regioselectivity of theuhctionalization of azinesnd diazinesising
CIMgTMRLICin the presencew) or absencewo) of BR-ELO
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4 Zinebasedin situtraps

In the course of the search of new lithiurrzinc bases, Mongin
and coworkers generated 1:1 LITMPZn(TMP). by reacting
ZnCh-TMEDA (TMEDA NN, 1 Ftetramethylethylenediamine)
with LiTMP (3 equiv).2® Due to stericincompatibility , formation
of the lithium zincate LiZn(TMP)z is prohibited. This lack of
cocomplexation between both amides is of interest, the
combination working as a baselLiTMP, in the presence of arnin
situ trap, (Zn(TMP)) .40 This basic mixture is thus capable of
deprotonating chemoselectively a large range ofsensitive
aromatic substratesincluding heterocycles

Lithiation of bare diazines represents a difficult task due to the
low LUMO levels of these substrates, and thus their sensitivity to
nucleophilic attacks. With pyrazire and pyridazine, the reaction
is possible using LITMP in excesas long asvery short reaction
times at very low temperatures are respected In contrast,
metalation of pyrimidine can only be accomplished using then
situ trapping technique#t 1:1 LiTMP-Zn(TMP). could be used in
THF at room temperature or above to lead, after iodolysis, to the
expected iodides in medium yields (Schem#&2).42

Scheme 12 Deprotonationiodolysis of bare diazines usirigl LiTMP
Zn(TMP)(generated fronZnCJ- TMEDA and LiTMP in a 1:3 ratio

Similarly, deprotolithiation of 3-bromo- and 3-chloropyridine
using lithium amides have to be carried out at 78 °Cin order to
avoid nucleophilic attacks on—* —S idefidient ring and
elimination of lithium halide giving pyridyne .23 In the presence
of Zn(TMP), LiTMP can be used at room temperature; the
kinetic 2-metalated compounds can be intercepted by iodolysis
whereas they equilibrate to afford the more stable 4lithio
derivatives in the absence ofn situtrap (Scheme B).43

Scheme 3 Deprotonatioriodolysis of dromo- and 3chloropyridine using
1:1LiITMPZn(TMP)(generated from ZngTMEDA and LiTMP in a 1:3 ratio)

The kinetic deprotonation sites are in general next to
heteroatoms able to coordinate metalglowering the pKa values
upon coordination by nitrogen). As a consequenceN-(3-

pyridyl)pyrrole and -indole are for example deprotolithiated

next to the pyridine nitrogen before interception by Zn(TMP)

(Scheme 14y4

Whereas LiITMP is barely employed to deprotometalate
benzenes, 1:1 LITMFZn(TMP). can be used for both ammatic
heterocycles benefiting from relatively acidic hydrogens
(Scheme 12 and 13; Figure 3, top) and less activated substrates
such as anisole and naphthalenes (Figure 3, bottorfd.

Scheme 2 Deprotonationiodolysis of N-(3-pyridyl)pyrrole and-indole
(selected Ba values are given)sing 1:1LiITMPZn(TMP) (generated from
ZnC}- TMEDA and LITMP in a 1:3 ratio)

Figure 3 lodinated products synthesized by using:1 LITMPZn(TMP)
(generated from ZnE€TMEDA and LiTMP in a 1:3 ratio)

Ferrocenes bearing electrophilic functional groups such as
carboxamides, nitrile and esters can undergo a similar
treatment at room temperature to provide, after subsequent
trapping, either the 2-iodo derivatives or the Negishitype

coupling products. From bromoferrocene, the recorded result
Fretdett f
(Table 10) .46

Table 10 Deprotonation followed by iodolysis or Negisftie coupling of
ferrocenes bearing functional group§G) using 1:1 LITMPZn(TMP)
(generated from Zn€TMEDA and LiTMP in a 1:3 ratio)

FG Yieldof iodide(%) Yield of pyridy%6)
CONEt 91 80
CONMe 78 2

CON[(CHO(CH),] 84 2

CN 87 67
CQMe 83 2

Br 64° 2

#Reaction not attempted’.1—Bromo3—iodoferrocene also isolatad 7% yield.

In an attempt to enantioselectively prepare 2-functionalized
methyl ferrocenecarboxylates, Mongin and cevorkers mixed in
THF the substrate with the putative zinc diamidgused asin situ
trap) coming from bis[(S-1-phenylethyllamine before adding
lithium bis[( §-1-phenylethyllJamide. When tre reaction was

Lo i =<1 8 aZthie tempetature. fi
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carried out at 78 °C for 24 h before iodolysis, the expected
iodide was obtained in a moderate 50% yield (due to remaining
starting material) but with an 80% ee(Scheme 5).47 Recourse

to sugarderived ferrocene esters possessing chiral directing
groups, either combined to chiral lithium amides as above or
with 1:1 LITMP-Zn(TMP), proved to be more promising'®

Scheme 4 Enantioselective functionalization of methyl ferrocenecarboxylate

by metalation andh situ #Zansmetal trappingusing chiral metal amides

Eaton and coworkers showed inthe eightiesthat LiTMP can be
used in the presence of mercury chloride tamore efficiently
perform  amide-directed cubane’® and cyclopropane®
deprotonation. The idea wa to make use of the small amount of
organolithium in equilibrium with the starting material , and to
use mercury salts as in situ trap to shift the lithiation
equilibrium toward the aryllithium. It is worth noting that the
obtained organomercury chloride @n be converted either to an
organolithium (using methyllithium) or -magnesium (using
methylmagnesium bromide) by reverse transmetalatiorp!

The presence of zinc chloride, cadmium chloride,
chlorotrimethylstannane or chlorotrimethylsilane also allows
cubanes toreact (mono- or dideprotonation), butlessefficiently
than mercury chloride (dideprotonation).4% However, reactions

to access less toxic organometals such as organozincs can be

envisaged from more reactive substrates such as activated
benzenes and aromatic heterocycledn this way, Knochel and
co-workers performed in 2009 Mg(TMP)-2LiCl-trig gered room
temperature deprotonations using zinc chloride asn situ trap to
functionalize numerous substrates prone to nucleophilic attacks
(e.g.quinoxalines; Schemel6). In addition to its in situ trap role,
zinc chloride can activate the aromatic substate toward
metalation by coordination.52 The protocol also avoided aryne
formation in the course of the deprotometalation of 1,4
dibromobenzenes3

The same authors evidenced in 2013 a more efficient paiBy
combining CIMgTMP-LIiCl withzinc chloride in the presence of
lithium chloride (more soluble), they observeda metalation up
to 50 times faster than using single CIMgTMP-Li@r 10-15 °C
temperature increase.The procedure tolerates the presence of
highly sensitive functional groups such as an aldehyder
electron-deficient heterocycles (Table 11p4

Toward indazoles, this combination proved more powerful than
1:1 LITMP-Zn(TMP). as the competitive ring opening reaction
noticed with the latter 55 can be avoided using the forme¥4

Schemel16 Functionalization ofguinoxalires usingMg(TMP)-LICl in the
presence ofinc chloride

Tablell Functionalization of sensitive aromatic substrg#esH)using
CIMgTMP-Li@ the presence aZnCj-LiClor ZnGJ-2LiCl

time | Electrophile, conditions| Ar-E Yield(%)
0.1h | 1) CuCN-2LiCl 82
2) PhCOCI
1 |1h 4-MeOGH,! 57
cat. Pd(dba)2
cat. P(2furyl)s
1 |2h I 78
2 [ 0.1h | 1) CuCN-2LiCl 74
2) 4CIGH,COCI
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In 2014, optional site selectivity proved possible from various
activated aromatic compounds by using eithelCIM(TMP)-LiCl
(M = Zn or Mg;deprotonation at the most acidicsite) or LITMP
(1.5 equiv) in tandem with ZnCp-2LiCl (1.1 equiv) at low
temperatures (kinetic metalation). The method can be applied
to substrates not metalated by CIMgTMP-LICI at low
temperatures, and for which metalation with LITMP is faster
than the transmetalation of LITMP to CIZnTMP-LIiCIA few
examples are given in Scheme7l According to the authors,
deprotolithiation proceeds at least six times faster than the
transmetalation of the base by the metal sak¢

Scheme T Regioselectivity of the functionalization of aromatic compounds
(pKa values are givery using eitheCIM(TMP)-LiCl (M = Zn or Mg) or LITMP
in tandemwith ZnCJ-2LiCl at low temperatures

The good solubility of ZnG TMEDA in THF led ErpMonginand
co-workers to employ it asin situ trap in tandem with LiTMP.
Except from 2benzoylthiophene, performing the reactions in
THF at 55 °C allowed various arométic ketones to be
regioselectively functionalized next to the functional group
(Table 12).57 Although ZnCk-TMEDAIs an efficientin situ trap
for most of the substrates, it shows limitations in the LiTMR
mediated deprotonation of fluorenone. Indeed, in this case, the
corresponding iodideis isolated in amoderate 52% yield due to
the concomitant formation of the alcohol resulting from the
intermolecular addition of the lithio compound to the ketone
(which acts asin situ trap) (Scheme B). This alcohol becomes
the only isolated product by carrying out the reaction using 1:1
LiITMP-Zn(TMP), at room temperature.57-58

Eaton and Martin showed in 2008 that the LiTMRHgCE pair can
be employed to obtain the 2,edimercurated derivatives of N,N-
diethylbenzamide, isopropyl benzoate, benzonitrile and
chlorobenzene, the intermediaé 2-mercurated also being a
suitable candidate for deprotolithiation-in situ trapping.
Because the mercurated aromatics can be intercepted by a
limited number of electrophiles (e.g. bromine and iodine), the
authors converted the 2,6dimercurated N,N-diethylbenzamide
into the corresponding dilithio compound by using butyllithium
(reverse transmetalation) and made by this way the quenching
possible with deuterated methanol and iodomethané®

Table 2 Functionalization of aromatic ketones using LiTiMRe presence
of ZnG}I TMEDA

Electrophile, conditions | ArE Yield(%)
I, rt X=0:72
X =S:53(8D)
2-chloropyridine, 76
cat. PdG]| cat. dppf
THF, reflux, 16 h
Io, 1t R = H: 30 (37
R=F, 63
R=CI, 73
R = OMe, 88
I, 1t X =0: 60
X =S: 60
Ip, 1t 80

#Reaction performed at30 °CP Reaction performed at70 °C.

Scheme & Limitations of theZnCJ}-TMEDAN situtrap

Dideprotonation (and sometimes more) hasbeen observed in
azole series byChevallier and ceworkers by increasing the
amount of in situ generated 1:1 LITMPZn(TMP).60
Interestingly, the lithium-zinc combination was employed to
functionalize 2-arylated 1,2,3triazoles. Indeed, whereas 2-
substituted 4-lithio -1,2,3-triazoles are unstable due to facilering
opening, here they can be trapped by the present zinc species
and a second metalation camperate as exemplified in Scheme
1961
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Scheme 9 Dideprotonatioriodolysis of Zhenytl,2,3triazole using 1:1
LITMPZn(TMP) (generated from ZngTMEDA and LiTMP in a 1:3 ratioj
comparison with deprotolithiation

Benzotriazoles arylated on their terminal nitrogen were
similarly difunctionalized by Mongin and ceworkers. From 1
phenyl-1H-benzotriazole, the first deprotonation presumably
occurs on the benzo ring, next to a coordinating triazole
nitrogen that favors the approach of the baséposition greatly
favored using less base)and the second deprotonation on the
phenyl ring, next to the second coordinating triazole nitroge.5s
Mulvey and coworkers studied the reaction without zinc trap,
and deduced that deprotolithiation of the benzo ringis followed
by benzyne formation with N extrusion, and addition of a
second lithiobenzotriazole to the triple bond¢2 The advantage of
in situ frans-metal trapping iis once more evidencedScheme
20).

Scheme20 Dideprotonatioriodolysis ofl-phenyt1H-benzdriazole using 1:1
LITMPZn(TMP) (generated from ZngTMEDA iad LiTMP in a 1:3 ratio) and
comparison with deprotolithiationsing LITMP

In the pyridine series, various substrates are prone to
dimetalation (e.g. 3fluoro- and 2,6difluoro pyridine; Scheme
21) whereas others are not(e.g. 2-fluoropyridine, 2- and 4
methoxypyridine) in the presence of an excess of bas&his
ability seems to be related to the acidity of the different pyridine
substratess3

Scheme21 Dideprotonatioriodolysis of3-fluoro- and 2,6difluoropyridine
(pKa values)using 1:1LITMPZn(TMP) (generaed from ZnGITMEDA and
LiTMP in a 1:3 ratio)

5 Aluminum and galliumbasedin situtraps

Mulvey, Robertson and ceworkers documented in 2012 the
different pathways exhibited by the LiAI(TMP)iBus and
LIAI(TMP)2iBuz bases. Unlike the former, which allows 3
halogenated anisoles to be easily deprotonated at their-2
position, the latter makes the generated arylmetal species more
reactive toward benzyne formation (due to the presence of the
remaining TMP ligand).As regards the formation of thismore
reactive arylmetal, LiTMP-triggered deprotolithiation followed
by in situ trapping with iBu2AI(TMP) was proposed (Scheme
22).64 Similarly, 3-fluoroanisole was convertedto 3-(2,2,6,6
tetramethyl-N-piperidinyl)anisole in hexane or deuterated
benzenets

Scheme 22 Outcome of Jodoanisole depraination using LiITMP
iIBWAI(TMP)

An extended study published in 2014 on the structure of
LIAI(TMP)2iBu2 led to the existence of two homometallic
species, LITMP-THF and iBAI(TMP)-THF, in THF solution®
Thus, whereas LITMP is responsible from deprotometalation,
the reaction is driven by carbophilic and bulky iBaAI(TMP); as
a consequenceprtho-metalation of anisole works much more
efficiently in the presenceof the in situ trap (aluminated product
produced in 99% vyield) than without (5% of lithiated anisole).6”
The tandem LiTMRiBuAI(TMP) can be employed in hexanat
room temperature; when the reactions do not take place next to
halogen, deprotonation occurs in high yields, as shown by
subsequent iodolysis (Table B).68
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Table B Functionalization of aromatic compounds using LFBIEAI(TMP)

Substrate Product Yield (%)

77

81

70

88

96

When ferrocenewas treated by the 1:1 mixture of LITMP and
iBu2Al(TMP) in the presence of stoichiometric THF, either
mono- or 1,1-dimetalation took place, depending on the amount
of base®®

Hevia, Mulvey and ceworkers evidenced in 2016 bulky and
soluble Ga(CHSiMes)s as newin situ trap for LiITMP-mediated
deprotometalations. The tandem @n be used in hexanet room
temperature for pyrazine, pyridazine and pyrimidine

monodeprotonation (base-trap-substrate ratio: 1:1:1). Pyrazine
dideprotonation also takes place under stoichiometric control
(base-trap-substrate ratio: 2:2:1) but not regioselectively, giving
both the 2,5 and 2,6-.gallated products in a 62:38 ratio’®

When compared with iBwAI(TMP), Ga(CHSiMes)s in situ trap
gives more stable 2metalated fluorobenzenes upon LITMP
induced deprotometalation in hexane at low temperatures

6 Otherin situtraps

In the frame of this Short Review, we focused on the most
commonly encounteredin situ traps. We will here mention a few
examples tha show other species can be used to intercept polar
arylmetals as soon as they are formed.

Deprotonations using Mg(TMP)-2LiCl can becarried out in the
presence of chlorotributylstannaneor copper salt, as depicted in
Scheme23.52

More recently, MgG-2LiCl and CuCN-2LiCl were more simply
combined with LITMP in order to diversify the further trapping
steps (Scheme 24%¢

Scheme23 Use of CISnBand CuCRLICl a# situtrapsin combination with
Mg(TMP)-2LiCl

Scheme24 Use ofMgC}-2LiCl and CuCRLiChksin situtrapsin combination
with LITMP

7 Continuoudlow in situ ZS &uv8 0 SE %o %o ]V P

In 2015, Becker and Knochel managed the flow
deprotolithiation of various aromatic compounds including
heterocycles in the presence of different metal saltsthe
obtained arylmetals being quenched in subsequent batch
reactions (Table 14). Thereaction scope under flow conditions
is broader than that of the corresponding batch proceduresThe
reaction kinetics under continuousflow mode differ
significantly from those of the batch reactions, and contact times
<1 min are enough to ensure high yieldémportantly, cryogenic
temperatures are no more required with the former since the
reaction components are rapidly mixed thus avoidinghot spots.
Moreover, scaleup (from 1.7 to 12 mmolin the present papej)
can be performed without further optimization, just by using a
longer time in the flow reactor. Interestingly, unusual kinetically
controlled regioselectivities were noticed in several casege.g.
deprotonation of ethyl 3-fluorobenzoate at C6 in spite of a more
acidic hydrogen at C2)1

Table # Flow deprotometalation of aromatic compounds using LiiFiMie
presenceof metal salt§A= ZnG}2LiCIB= MgCJ; C= CuCN-2Lid@»=
LaGd-2LiClfollowed bybatchelectrophilic trapping

Metal salt |Electrophile, ArE Yield (%)
(n) conditions
A(0.5) 4-MeOGH,! 73
cat. Pd(dba)
cat. P(2furyl)s
A(0.5) PhCOCI (Gmediated 70
acylation)

pag



B(0.5) NGCQEt 84 B CISiMe 92
A(0.51.1) |4-RCGH4 98 A CICOCPr, after 78
cat. Pd(dba) transmetalation with
cat. P(2furyl); CuCN-2LiCI
A 4-EtQCGH,! 82
A(0.51.1) |3-bromocyclohexene 80 cat. Pd(OAg)
(Cuca'talyzed cat. SPhos
allylation)
A A 79
C(1.1) BrCHC(CGEt)=CH 79
A BrCHC(CGEt)=CH 58
A(0.51.1) |4-MeOGH4 88 cat. CUCN-2LiCl
cat. Pd(dba)
cat. P(2uryl)s

A(0.51.1) [4-MeOGH,I 63
cat. Pd(PPy
D(0.5) EtCO 64

#Reaction performed at70 °C instead of 0 °C

Table B Flow deprotometalation of aromatic compoundsngLiNCyin the
presence of metal saltA¢& ZnGI2LiCIB= MgC}; D= LaGl2LiCl) followed
by batch electrophilic trapping

More recent studies performed on sensitive unsymmetrical Metal sat |Electrophile, conditionsA-E Yield (%)
. B PhSGSPh 75
azobenzenes, compounds of interest to access elaborated
pharmacetticals, and benzonitriles clearly evidence a large
scope forin situ trapping metalations under continuous flow
conditions (Table 15).72 Compared with the coresponding A 4-EtOCGH 72
batch procedures, less equivalents of base of metal salt are cat. Pd(dba)
required for the flow ones. cat. P(2furyl)
Dicyclohexylamine (Cy¢NH) being far less expensive than
2,2,6,6tetramethylpiperidine, the replacement of LITMP by A RGH,! 97 (30Me)
LiINCy. was examined by Knochel and cworkers in 2015, and cat. Pd(dba) 73 (4CN)
gave similar yields than LITMRTable 16).73 cat. P(Zuryl)s
Table 5 Flow deprotometalation ainsymmetrical azobenzenes and
benzonitrilesusing LITMih the presence of metal saltA & ZnGt B= A 4-EtOCGH 67
MgCh-LiC) followed by batch electrophilic trapping cat. Pd(dba)
cat. P(2furyl)s
Metal salt |Electrophileconditions |Ar-E Yield (%) A 3-MeOGH,l 77
A 4-O,NGsH4l 69 cat. Pd(dba)
cat. PADAQ, cat. P(2furyl)s
cat.SPhos
D 4-CIGH,CHO 62
A 4-EtQCGHI 67
cat. Pd(OAe)
cat. SPhos
A 3-bromocyclohexene 76
(Cucatalyzed allylation
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8 Conclusion

The development of in situ T—" fed—fZ
limits of aromatic deprotometalation to be extended(tolerance
toward functional group, soft conditions to deprotonate less
activated substrates) and the method is nowused in multistep
syntheses, sich as that of the natural product 2,&dichloro-3-
phenethylphenol below (3 steps, 63% overall yield; Scheme
25).53 In addition, in situ
unexpected regioselectivities to be reached (e.g. far from
fluorine) as well as aromatic polymetalations.

Scheme25 Synthesiof the natural product 28ichloro-3-phenethylphenol
usingin situ Z $ Gmetal tr %o %o ] v P [

As shown in this short review, main group organometallics play
a crucial role in organic synthesis It is expected to continueto
growth with the use of the methods presented in the synthesis
of elaborated scaffolds.The increased compatibility ganed by
employing continuous flow reactions as well as the low price
and toxicity of the metal salts usedchere should contribute to
this development.
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