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Abstract

Recently, there has been an upsurge interest gla@ng chemoselective and fast
processes when working with polar organometallis-adnd d-block elements and
alkali-metal reagents under air and moisture, dsalia protic bio-based solvents like
Deep Eutectic Solvents or water. A discussionfieretl highlighting cutting-edge
stoichiometric and catalytic synthetic applicatiomshis evolving field, with an

accent over the literature published in the lasipt® of years.
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1. Introduction

Since the introduction of the Twelve PrinciplesGyeen Chemistry by Anastas and
Warner in the early 1990s [1], significant resedral been directed towards the
design and the development of novel technologiespancesses less negatively
impacting on human health and the environmentudiog the adoption of safer and
less toxic solvents and reagents [2]. In this pertpe, the use of water [3,4**] and
other bio-based solvents [e.g., glycerol, 2-med#tgdinydrofuran (2-MeTHF),
cyclopentyl methyl ether (CPME), the so-called D&egectic Solvents (DESS)] in
organic synthesis [5-9] and in the chemistry ofpokganometallic compounds
belonging to the s- and d-block elements (e.gamotthium, organomagnesium,
organozinc reagents) [10-12] has been gaining af lstomentum. The idea of
forging novel carbon-carbon bonds by means of lighhctive organometallics in
protic media (e.g., water, DESs) and under aerotmclitions might seem
counterintuitive, since it goes against the tradil belief that rigorously aprotic and
dry volatile organic compounds (VOCs) and inert@pheres are strictly required
for the successful handling of these reagents otarigeir polarized metal-carbon
bonds, and thus of their high reactivity and aid anoisture-sensitivity. A perusal of
the literature, however, reveals not only the imgig slowness of the reactions
between organolithium/organomagnesium compoundsvatel [7,13—-15], but also
that the adventitious or even the deliberate aaltlitif water in the reactions of
Groups 1/2 metals redirects reactions in intergsaimd unexpected ways; for
example, by speeding up the reaction rate, or byuiang a lithium/halogen
exchange reaction, or by enhancing the enantiasetgen an asymmetric synthesis
[15]. By highlighting these phenomena in a revidsgady in 1975 [16], Smith
concluded with the question: “Shall we await thg dden reactions of
organolithiums are routinely performed in aqueanlatson?”. Our group embarked
on this adventure that would have made this priedic reality since 2014, by
publishing the first examples of regioselective FeiFectedortho-
lithiation/electrophilic interception reactionsdiphenyl tetrahydrofuran triggered by
t-BuLi in choline chloride (ChCl)-based protic euteanixtures [e.g., ChCl/glycerol
(Gly), ChCl/urea] at 0 °C or room temperature (Rir, which shocked us a lot
[17]. One of the reviewers of this work remarkedtflon the contrary, we should not
have been so shocked of these results, given doegents in the literature [15,16].

On the other hand, we acknowledged a completefgréifit feeling from another



reviewer when we submitted in 2016 [18] the resoitan investigation regarding the
addition of Grignard and organolithium reagentg-tiloroketones under air, and
using water as a reaction medium, to afford THRvaéres: “The authors present a
provocative hypothesis that organometallic reagébtggnards and organolithiums)
are suitable for reactions in water”. The posdipilif running routinely the reactions
of highly polarized organometallic compounds inkowkter under air is, indeed,
quite thought provoking.

Simultaneously and independently from these stuthesgroups of Hevia and
Garcia-Alvarez reinforced the argument of the taitigi of employment of
organolithiums in protic, bio-based solvents likeGl'Gly, ChCI/HO, and Gly by
successfully performing the chemoselective additibthese reagents to ketones [19],
non-activated imines [20] and nitriles [21] underabic ambient temperature
conditions, thereby establishing a novel, fast, sustainable access to secondary
alcohols and amines, and ketones, respectivelyr@dmivity of polar organometallic
compounds in unconventional reaction media has beEmmtly in-depth discussed in
two reviews [10,15]. Thus, this bri€pinion showcases in two Sections recent
synthetic applications of polar organometallic afichli-metal reagents under aerobic
conditions and moisture, with a focus over theditere published in the past two

years.

2. Synthetic applications of polar organometallic reagents under aerobic
conditions and moisture

Directedortho metalation has been traditionally carried outi@ presence of bulky
bases (e.gsec-BulLi), at low temperature (—78 °C), under inerhaspheres, and in
anhydrous VOCs (e.g., THF,&). Starting fromN,N-diisopropylbenzamide
derivatives 1), ortho-functionalized amide2 could be obtained in up to 99% vyield
and within 2 s reaction time, making use of a sgistic combination of a ChCI/Gly-
CPME mixture and of-BuLi as a base, working at RT in air. Of note haitf-life of
6.26 s was estimated firLi in the above eutectic mixture. By simply switchtng
BulLli for less sterically encumbered organolithivmagents (e.g., MeLn-BulLi), a
nucleophilic acyl substitution reaction was alteénely privileged to afford ketones
3, however, in combination with the tertiary alcadwin up to a 7:1 ratio, when

working at 0 °C in air. (Figure 1a) [22].



The notorious over-addition reaction by organaliths to the resulting ketones was
found to be effectively suppressed by reachirgcylpyrrolidiness with commercial
solution of organolithiums, when using CPME as laestt in open air at RT. Under
these conditions, a variety of ketorewas synthesized. (Figure 1b) [23*].

The regioselective benzylic lithiation of functidizad toluene derivatives took
place smoothly and in fast reaction times (2 $ShCIl/Gly-CPME, at RT under air, to
provide valuable educ&(up to 90% vyield) after interception of the putatitL i

with a variety of electrophiles. The estimated Hiédf for 7-Li in the aforementioned
protic medium was 6.57 s (Figure 1c) [24].

An organo-catalyzed oxidation of secondary alcoBalsth AZADO (2-
azaadamantarié-oxyl)/NaClO was successfully combined with a cheglective and
fast (3s) nucleophilic addition of organolithiunasthe transiently formed enolizable
ketoneslO, at RT in water and in the presence of air, t@ gilcoholsl1 in up to 95%
yield (Figure 1d) [25*].

Under heterogeneous conditions, the nucleophiliitexh of organolithium and
Grignard reagents to estdrd occurred smoothly in water, or in the biodegradabl
ChCl/urea eutectic mixture, with a broad substsatepe to deliver tertiary alcohols
13 in 60-95% vyield after 20 s reaction time (Figued. Btarting from estel4,
telescoped, one-pot nucleophilic addition/thiodtieation processes proved also to
be feasible in water, and allowed the straightfedaaolation, through the tertiary
alcohol15, of pharmaceutically relevagktrityl- L-cysteine derivative$6a,b (Figure
1f) [26].

A novel air- and moisture-compatible methodologst tiises organolithium reagents
as initiators for the anionic polymerization offdifent olefinsl7 in DESs has been
established by Presa Soto, Garcia-Alvarez and Heaiting from unpurified
monomers, and working in ChCI/Gly in air and unslenication at 40 °C. A variety
of synthetically relevant organic polymei@ has been synthesized (up to 90% vyield)
with low polydispersities (PDI 1.1-1.3). Remarkalihe in situ formed polystyryl
lithium 18 (Ar = Ph) exhibited a great resistance to hydrslyp to 1.5 h (Figure 19)
[27**].

The addition of organolithium and Grignard reageatshiral nonracemicS)-N-tert-
butanesulfinyl imine0 proceeded very fast (within 2 min), at RT and uradein D-
sorbitol/ChClI, thereby granting access to a mixafrdiastereomeric sulfinamideg,

that could be first separated by column chromaggraand then deprotected to give



the enantioenriched (up to 98% ee) secondary ar@heshigh yield (98%). This
method was applied to the asymmetric synthesi®thf the chiral amine side-chain of
(R,R)-Formoterol23 (96% ee), and the calcimimetiR){Cinacalce5 (98% ee) from
amine &R)-24 (Figure 1h) [28*].

Highly polar s-block organometallic reagents werenid to promote a fast (3 s
reaction time) and regiodivergent synthesis ofagytalcohols27 (organolithium
reagents) or symmetrical ketorz&(aryl Grignard reagents) @rhydroxy ester9
(alkyl Grignard reagents) when added tos&f@rived cyclic carbonateZs in 2-
MeTHF, at RT and under air (Figure 1i). Hybrid, gra/two-step protocols through

in situ formed cyclic carbonates from €énd epoxides were successful as well [29].
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Figure 1. Nucleophilic acyl substitutions on amidesh) and esterse(f), directed
ortho (a) and lateral) lithiation reactions, nucleophilic additions tositu formed
carbonyl compoundgl}, chiral imineslf) and cyclic carbonates)(and anionic
polymerization of olefinsg) promoted by organolithium and Grignard reagentsen
air and moisture in DESs, CPME, angdH DESs, Deep Eutectic Solvents. CPME,
cyclopentyl methyl ether. DG, directing groups. RIgm temperature.

Scalable highly chemoselective C{sfC(sg) bond-forming reactions between
poly(pseudo)halide30,34 and Grignard@1 (Kumada cross-coupling, Figure 2a) or
organozina5 (Negishi cross-coupling, Figure 2b) reagents Hmen developed by
Schoenebeck and co-workers using the air- and oreistable Pd(l) dimer catalyst
32. Under open-flask conditions, these site-selec+Br) couplings are completed
within 5 min at RT, furnishing educ88,36 in up to 98% yield (Figures 2a,b) [30].
The bench stable iodide-bridged cataB&ivas shown also to trigger fast and site-
selective Negishi C($p-C(sp) and C(sp—C(sp) couplings in NMP i{-methyl-2-
pyrrolidone) at RT under air between triflate ardifosulfate substrat@8 and
organozinc reagen@9 to give eductdO in up to 95% yield (Figure 2c) [31*].
Feringa and co-workers reported that direct Pdhezgd cross-coupling of organic
halides41 with alkyl- or (hetero)aryllithium reagend? proceeded fast (10 min) and
selectively by adding the organolithium compoundraa neat mixture of organic
halide and catalyst [Pd-PEPPSI-IPr or Re§Bs),] (1.5-3 mol%) under air at RT to
provide the desired educt8 in up to 98% vyield (Figure 2d) [32].

In 2019, Capriati and co-workers presented theodisy of an ultrafast (20 s) Pd-
catalyzed cross-coupling of (hetero)aryl halidésvith organolithium compounds
using bulk water as the reaction medium. In thagmee of NaCl, these reactions
proceeded selectively at RT and under air giviregetkpected educts in yields of

up to 98%, and competitively with protonolysis (fig 2e) [33]. Under the same
conditions, Negishi couplings between (hetero)argimides47 and organozinc
reagentgl8 have also been successfully carried out eithem/ater” or in ChCl/urea.
These two media have been alternatively and cormgiéamly used to include the
reactivity of alcohols, esters, carbonyl compoumdenols, aniline and cyano
derivatives. These reactions are scalable, proeegdfast (20 s) at RT or 60 °C, and
with a recycling of the eutectic mixture or watedahe catalyst, to afford eduet8

in up to 98% yield (Figure 2f) [34*].



Organozinc reagenti have also been generated in situ from alkyl/aayickes50

and zinc metal under mechanochemical conditiorsrjrwith the subsequent Negishi
coupling furnishing educts2 in up to 98% yield (Figure 2g) [35]. Similarly,
mechanochemical zinc-mediated Reformatsky and Batipe allylation reactions of
carbonyl compounds, under an air atmosphere, adeti&hydroxycarbonyl and
homoallylic alcohol products, respectively [36,3Vhe direct conjugate addition of
alkyl and aryl organic halides tgp-unsaturated esters and phosphonates, as well as
to acrylonitriles, was also shown to be successfukdiated by zinc dust, and

catalyzed by copper, when working at RT under g ia water [38].

UPINO)
tBusP—Pd Pd—Pt-Bus
; I
5 X = = 32(25mol%) X = —
: (a) /@7& + OMQC] Het
&\—| / \ | / toluene x| 7\ | /
: R 30 y 31 5 min, RT R Y ]
' (R=Me; X =CI, OTf; Y = Me, CI, F | under air 33: up to 96% yield |
0,10
: #BusP-Pd. Pd—Pt-Bu,
E [
i X = — 32 (2.5 mol%) X = —
! &\ / \/ toluene/THF M 7N 7
R! 34 R2 35 5 min, RT R R2

‘ R1 = Me, CHO, CN, CO,Me under air 36: up to 98% yield |

R2= Me, MeO; X = CI, OTf

e I \
Cy,t-BuP-Pd_ Pd—Pt-BuCy,
|

e 37@5mol%)  Clu=—\

R 38 39 <10 min, RT R!
under air 40: up to 95% yield
[R1 = Br, alkyl; R? = alkyl, (hetero)aryl; Cy = cyclohexyl]

R = alkyl; Pd-PEPPSI-IPr (1.5 or 3 mol%)

R = aryl; Pd(Pt-Bus), (2 mol%
! (d) x + RLi vl PA(PEBUs), (2 mol'%) R
; RT, 10 min, neat

4“1 42 [x = Br, CI; R = alkyl, (heteroaryl ] 43: up to 98% yield |

Pd(Pt-Bug), (2.5 mol%)

: RT, under air, 20 s
i (e) X + RLi R
: H,0, NaCl

46: up to 98% yield

[X =Br, Cl; R = alkyl, aryl]

' Pd(Pt-Bug), (2.5 mol%)
RT, under air or 60 °C, 20 s
1(f) Br + RZnX R
: H,0, NaCl or ChCl/urea

47 48 49: up to 98% yield

[X =Br, Cl; R = alkyl, (hetero)aryl]

Pd-PEPPSI-i-Pent (1 mol%)

@ RX Zn (20-30 mesh granular) [ RZnX ] ArX R—Ar
' mixer mill, 30 Hz mixer mill, 30 Hz . o viald |
50 4h DMA 51 4h, TBAB 52: up to 98% yield |
R =Xa=|kélr' :Iaryl [DMA = dimethylacetamide; TBAB = tetrabutylammonium bromideJ




Figure 2. Various Pd-catalyzed cross-coupling reactions ptechby organozinc,
organolithium and Grignard reagents, under airrmaondture, performed in VOCs,
DESs, HO, under neat or mechanochemical conditi@ag) OTf, triflate. OFs,
fluorosulfate. NMPN-methyl-2-pyrrolidone. RT, room temperature.

3. Synthetic applications of polar alkali-metal reagents under aerobic conditions
and moisture

Highly polarized phosphidest [LiP(RY);] have been prepared in ChCI/Gly through
in situ deprotonation with-BuLi of the corresponding secondary phosphbs
[HP(RY)], at RT in air. Intermediates4 were found to trigger a chemoselective and
fast (3 s) nucleophilic addition to aldehyd&sand epoxideS6 in air to givea- and
B-hydroxy phosphine oxidés? and58, respectively, in very good yields (62—94%).
After 30 s, lifetime of LiPPhwas still large enough to allow recovery of edhit in
77% vyield (after 3 s: 95% vyield) (Figure 3a) [39%].

Amidation and transamidation reactions of ethyefi9 andN-Boc-substituted
benzamide$2 proceeded fast (20 s) and chemoselectively whigrg lihium amides
60 in the biomass-derived 2-MeTHF, in the presencarohnd moisture, to give
carboxamide$1 (up to 89% yield) an@3 (up to 77% vyield), respectively. (Figures
3b,c) [40].

Hydroamination of styrene derivative4 with lithium amide$5-Li, en route to
phenethylamine67, was unexpectedly found to be accelerated in 24feby the
moisture from ambient air, thereby efficiently caetipg with the polymerization
process. Moisture is thought to partially queBB_i, thus generating the free amine
65-H that could subsequently favor the protonatiomidrmediatés6 and the
regeneration o85-Li (Figure 3d) [41**].
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Figure 3. Nucleophilic additions to carbonyl compounds, epesi&), and styrene
derivatives @), and nucleophilic acyl substitution on estdrsgnd amidesd),
promoted by polar alkali metal-reagents under ragr moisture, and performed in
DES or 2-MeTHF. 2-MeTHF, 2-methyltetrahydrofurai.,Room temperature.

4. Conclusions and opportunities

The successful use of notoriously air- and moissamsitive polar organometallic and
alkali-metal reagents under mild and aerobic caoonist and their ability to promote
very fast reactions in competition with protono$ygihen using DESs or water, has
opened doors to previously unthinkable perspeciivesganometallics. As emerges
from the studies discussed herein, it is notewottileyremarkable kinetic stability
exhibited by the aforementioned reagents/internteslism such strongly hydrogen-
bonded associated media, whose properties are htediby unique among other
protic solvents [4,9,10]. Hydrogen bonding may e key to explaining the
recalcitrance of these reagents to undergo progsisohs a first reaction in water or
DESs [9,10]. Of note, a recent research has demadedtthat the line between a
hydrogen and a covalent bond is blurrier than shiggested by teaching textbooks
[42]. To advance this exciting research field fertht is now of great importance to

implement this technology on an industrial scahel 8 carry out theoretical



calculations and spectroscopic investigations fltmalamental understanding of the

molecular basis behind this still unexplored chexnspace.
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Main-group-metal-mediated organic synthesis can be run under air and
moisture, and often at room temperature.

Pd-catalyzed reactions promoted by organometallic compounds of s- and
d-block elements can be performed under air and moisture, and under
mild conditions.

DESs and water represent alternative and effective reaction media to
VOCs in the chemistry of s- and d-block elements.

Polar organometallic and alkali-metal reagents exhibit a remarkable
kinetic stability and a recalcitrance to hydrolysis when using in water and
DESs.
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