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tion of Grignard reagents to
ketones: culmination of the ligand-mediated
methodology allowsmodular construction of chiral
tertiary alcohols†

Claudio Monasterolo, * Ryan O'Gara, Saranna E. Kavanagh, Sadbh E. Byrne,
Bartosz Bieszczad, Orla Murray, Michael Wiesinger, Rebecca A. Lynch,
Kirill Nikitin and Declan G. Gilheany *

A new class of biaryl chiral ligands derived from 1,2-diaminocyclohexane (1,2-DACH) has been designed to

enable the asymmetric addition of aliphatic and, for the first time, aromatic Grignard reagents to ketones for

the preparation of highly enantioenriched tertiary alcohols (up to 95% ee). The newly developed ligands L12

and L120 together with the previously reported L0 and L00 define a set of complementary chiral promoters,

which provides access to the modular construction of a broad range of structurally diverse non-racemic

tertiary alcohols, bearing challenging quaternary stereocenters. The present advancements bring to

completion our asymmetric Grignard methodology by expanding the scope to aromatic

organomagnesium reagents, while facilitating its implementation in organic synthesis thanks to improved

synthetic routes for the straightforward access to the chiral ligands. The synthetic utility of the method

has been demonstrated by the development of a novel and highly enantioselective formal synthesis of

the antihistamine API clemastine via intermediate (R)-3a. Exploiting the power of the 3-disconnection

approach offered by the Grignard synthesis, (R)-3a is obtained in 94% ee with ligand (R,R)-L12. The work

described herein marks the finalization of our ongoing effort towards the establishment of an effective

and broadly applicable methodology for the asymmetric Grignard synthesis of chiral tertiary alcohols.
Introduction

Since Victor Grignard's early work at the beginning of the 20th

century,1 organomagnesium reagents have been established as
an essential tool in organic chemistry, gaining a central role in
a broad range of transformations and synthetic applications,2

and remain the privileged subject of ongoing research interest
today.3 Among the variety of applications offered by organo-
magnesium species,4 the asymmetric 1,2-addition of Grignard
reagents to prochiral ketones has emerged as a powerful
strategy providing access to non-racemic tertiary alcohols,5

widespread structural motifs and valuable synthetic interme-
diates for the preparation of complex chiral scaffolds, bioactive
targets and APIs.6 Owing to the synthetic exibility of the 3-
disconnection approach, the Grignard synthesis enables the
School of Chemistry, University College
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ectroscopic and structural data, NMR
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69
straightforward and modular construction of molecular
complexity from simple and cheap substrates (Scheme 1).
However, the 1,2-addition of organomagnesium nucleophiles to
ketones entails substantial challenges, due to the reduced
reactivity of ketones and the presence of competing enolization
pathways,7 which have posed a major limit to the development
of effective synthetic methods to date. Recent reports success-
fully overcame these issues by modulating the reactivity of the
Grignard reagent by the action of additional metal species,8

producing highly enantioenriched tertiary alcohols. Despite the
excellent stereoselectivities achieved by the mixed-metals
Scheme 1 Modular construction of chiral tertiary alcohols via ligand-
mediated, single metal based asymmetric Grignard synthesis.
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strategies, the need for additional metal catalysts and additives
affects the atom economy of the processes and limits the
potential efficiency and sustainability offered by the Grignard
approach. Consequently, the development of effective ligand-
mediated, single metal based methods (i.e. requiring only
a chiral ligand, without the need for additional metals and/or
additives) is highly desirable, as it would give access to
greener and more cost-effective methodologies featuring
improved atom-economy and reduced waste production, in
accordance with the modern green-chemistry requirements.

As a result of the challenges associated with asymmetric
Grignard synthesis, only a few useable direct methods have
been reported to date. The rst example by Weber and Seebach
in 1992,9 making use of TADDOL as chiral ligand, has been
followed by the BINOL-mediated strategy developed by Osa-
kama and Nakajima in 2016.10 Both methods suffered from
drawbacks which limited their general implementation, such as
the need for extremely low temperatures and limited scope. To
overcome these limitations, we designed a conceptually new-
N,N,O-tridentate ligand L0 derived from trans-1,2-dia-
minocyclohexane (1,2-DACH), which enabled the development
of an effective ligand-mediated, single metal based approach to
the asymmetric Grignard synthesis of chiral tertiary alcohols,
via an operationally simple and cost-effective process (Scheme
2).11 Fine tuning of L0 led to the design of the N-pyrrole
Scheme 2 (a) Our asymmetric Grignard synthesis of chiral tertiary
alcohols mediated by DACH-derived ligands L0 and L00 and applica-
tion to the preparation of valuable natural products and APIs. (b) Newly
designed biaryl ligands L12 and L120 for the enantioselective addition of
both alkyl and aryl Grignard reagents to ketones.

© 2022 The Author(s). Published by the Royal Society of Chemistry
analogue L0012 enhancing the stereoselectivity and broadening
the scope to new classes of tertiary alcohols (Scheme 2a). The
application of the asymmetric Grignard method to the synthesis
of valuable targets provided new effective and step-economical
entries to a range of challenging products, signicantly short-
ening the previously established preparations, including: (i)
natural products, e.g. tocopherols (vitamin-E) and tocotrienols13

and sesquiterpenes (gossonorol, boivinianin A and boivinianin
B);14 (ii) chiral O-heterocycles (2,2-disubstituted THFs and
THPs) and (iii) biologically active compounds, such as the
anticonvulsant and hypnotic g-ethyl-g-phenyl butyrolactone
and the antimalarial yingzhaosu C.10,12 Nevertheless, the effi-
cient implementation of aromatic organomagnesium nucleo-
philes has remained elusive to date. This prompted us to
undertake a comprehensive investigation of the ligand struc-
ture, with the aim to deepen our understanding of its impact
over the stereoselectivity, and to address the compatibility
issues hampering the use of aromatic Grignard reagents.
Herein we report the development of a new class of biaryl
ligands L12 and L120 which, in addition to the previously
established L0 and L00, complete our asymmetric Grignard
methodology allowing the modular synthesis of a broad range
of chiral tertiary alcohols. The new ligands enabled, for the rst
time, the effective implementation of aromatic organo-
magnesium nucleophiles, expanding the scope and synthetic
utility of the strategy (Scheme 2b). The study is complemented
by the development of new short, protection-free and
purication-free synthetic routes for the preparation of the
chiral ligands, to promote the straightforward implementation
of the method in organic synthesis.

Results and discussion

At the onset of the study, we focused on the preparation of the
new DACH-derived ligands to be screened L1–L14. First, we
developed an improved one-pot synthetic route for the prepa-
ration of L0–L3 from commercially available 1,2-DACH hydro-
chloride 4$HCl.15 The new route was designed to provide an
operationally simple and scaleable access to DACH-derived
ligands, by means of a shorter and more cost-effective
process, avoiding the need for N-protecting groups and the
purication of intermediates. Reductive amination of 4$HCl
with substituted salicylaldehydes 5a–d, followed by exhaustive
Eschweiler–Clarke methylation of intermediates 6a–d, effi-
ciently delivered ligands L0–L3 in two steps (Scheme 3, Route
(a)), signicantly shortening the previous four-step prepara-
tions.16 Next, we prepared the new biaryl ligands L7–L14. To get
quick access to a range of ortho-aryl substituted analogues,
a divergent route was designed involving the late-stage diversi-
cation of the common aryl bromide intermediate L6 (Scheme
3, Route (b)).17 A convenient one-pot sequence was optimized to
deliver halogenated intermediates L4–L6 via reductive amina-
tion of N-Boc-1,2-DACH 7 with halogenated salicylaldehydes 5e–
g (X ¼ F, Cl, Br), followed by deprotection and N-methylation,
without the need for purication. Subsequent palladium-
catalyzed cross-coupling of aryl bromide L6 with different aryl
boronic acids delivered the desired ligands L7–L14, obtained in
Chem. Sci., 2022, 13, 6262–6269 | 6263
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Scheme 3 Synthetic routes for the preparation of DACH-derived chiral ligands. Route (a) new two-step, one-pot synthesis of alkyl-substituted
ligands L0–L3. Route (b) preparation of halogenated ligands L4–L6 (X ¼ F, Cl, Br) and divergent synthesis of novel biaryl ligands L7–L14 via late-
stage diversification of the common intermediate L6 via cross-coupling arylation with aryl boronic acids.
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high overall yields over 2 steps (Scheme 3, Route (b)). With
ligands L1–L14 in hand, we proceeded with the screening of
their efficacy in the asymmetric Grignard reaction.

In line with our previous studies the addition of ethyl-
magnesium bromide to acetophenone 1a to produce chiral
tertiary alcohol 2a was used as a model reaction (Table 1).
Table 1 Screening of new biaryl ligands L1–L14 in the addition of
EtMgBr to acetophenonea

Entry (R,R)-ligand (S)-2a conversionb (%) (S)-2a eeb (%)

1 L0 55 78
2 L00 80 93
3 L1 77 23
4 L2 47 67
5 L3 43 67
6 L4 40 51
7 L5 53 63
8 L6 50 65
9 L7 50 81
10 L8 70 79
11 L9 50 85
12 L10 63 82
13 L11 40 78
14 L12 63 87
15 L13 70 81
16 L14 20 50

a Acetophenone 1a 0.5 M in dry toluene (0.1 mmol), ligand (R,R)-L0–L14
(0.11 mmol), EtMgBr 3.0 M in Et2O (0.22 mmol), in dry toluene (1.2 mL).
The Grignard reagent in Et2O was diluted with dry toluene (0.4 mL, ca.
1 : 6), see ESI for detailed procedures. b Conversion and ee determined
by HPLC analysis on chiral stationary phase of the crude reaction
mixture aer work-up. The crude mixture contained only product and
starting material.

6264 | Chem. Sci., 2022, 13, 6262–6269
Unlike ortho-alkyl substituted L1–L3 and ortho-halogenated L4–
L6 ligands, the introduction of a biaryl functionality in L7–L14
enhanced the efficiency of the transformation, with the 3,5-
bis(triuoromethyl)phenyl substituted ligand (R,R)-L12 result-
ing the most effective, delivering the desired tertiary alcohol (S)-
2a in 87% ee (Table 1, entry 14). The high selectivity achieved by
L12 in the model reaction prompted us to further investigate
the scope of the transformation. To our delight, the new ligand
provided high to excellent enantioselectivities over a range of
functionalized short-chain phenones (Table 2). With the aim to
overcome the selectivity issues we previously observed in the
addition of aryl Grignard reagents to ketones using ligand L0,18
Table 2 Asymmetric Grignard synthesis of chiral dialkyl-aryl tertiary
alcohols 2a–h mediated by (R,R)-L12a,b,c

a Procedure as for Table 1, EtMgBr 3.0M in Et2O,MeMgBr 3.0M in Et2O.
b Isolated yields, unless otherwise stated. c Enantiomeric excess
determined by HPLC analysis on chiral stationary phase of the crude
reaction mixture aer work-up. d Absolute conguration determined
by comparison with literature. e Conversion determined by 1H-NMR
analysis of the crude reaction mixture. f Absolute conguration
determined by X-ray crystallographic analysis of the carbamate
derivative, see ESI for details.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Screening of biaryl ligands L7–L14 in the asymmetric 1,2-
addition of para-chlorophenylmagnesium bromide to acetophenonea

Entry (R,R)-ligand (R)-3a conversionb (%) (R)-3a eeb (%)

1 L0 51 21
2 L7 46 39
3 L8 38 43
4 L9 n.d. 31
5 L11 n.d. 36
6 L12 78c 89
7 L120 44 82
8 L14 n.d. 14

a Procedure as for Table 1, using para-chlorophenylmagnesium
bromide 1.0 M in Et2O.

b Conversion and ee determined by HPLC
analysis on chiral stationary phase of the crude reaction mixture aer
work-up. The crude mixture contained only product and returned
starting material. c Isolated yield. n.d. ¼ not determined.
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the new ligands L7–L14 were screened in the addition of para-
chlorophenylmagnesium bromide to acetophenone 1a (Table
3).19 While most of the new ligands failed to improve the
enantioselectivity of the process (Table 3, entries 1–5 and 8), the
use of (R,R)-L12 showed unprecedented enantiocontrol, deliv-
ering the product (R)-3a in 89% ee (Table 3, entry 6). Taking into
consideration the previously demonstrated positive effect
Table 4 Asymmetric Grignard synthesis of chiral diaryl-alkyl tertiary alco

a Procedure as for Table 1. b Isolated yields, unless otherwise stated. c Enan
of the crude reaction mixture aer work-up. d Absolute conguration
alternative order of addition optimized for the synthesis of clemastine
reaction mixture aer work-up.

© 2022 The Author(s). Published by the Royal Society of Chemistry
exerted by replacing the N-dimethyl group of ligand L0 with N-
pyrrole L00,12 we extended the investigation of (R,R)-L12 to the N-
pyrrole analogue (R,R)-L120 (Table 3, entry 7).20 Thus, a range of
substituted aryl Grignard reagents were reacted with function-
alized phenones in the presence of (R,R)-L12 and (R,R)-L120

(Table 4). Both ligands demonstrated a remarkable improve-
ment in asymmetric induction compared to the modest level of
stereocontrol of L0 and L00, providing access to diaryl-alkyl
chiral tertiary alcohols 3a–m in good to excellent enantiose-
lectivities (Table 4). Complementary behaviors were observed in
relation to the electronic demand of the aryl Grignard reagents
and the nature of the functional groups present on the aromatic
ring, as L12 gave better results in the case of electron with-
drawing groups, while L120 best performed in combination with
electron donating substituents (Table 4).21

The new biaryl ligands L12 and L120 for the rst time enabled
excellent asymmetric control over both alkyl and aryl Grignard
nucleophiles, and thus allowed the implementation of the
methodology in the preparation of novel classes of bioactive
targets, as shown by the synthesis of the previously inaccessible
highly enantioenriched alcohol (R)-3a, key intermediate in the
synthesis of the antihistamine drug clemastine (Scheme 4).22

Following a comprehensive screening of conditions, addition of
para-chlorophenylmagnesium bromide to acetophenone 1a, in
the presence of (R,R)-L12, delivered the product (R)-3a in 94% ee
and 73% isolated yield (Scheme 4, Route (c)).23 The newly
developed highly enantioselective formal synthesis of clemas-
tine further demonstrated the broad versatility and applicability
of the methodology to the preparation of valuable APIs, and its
compatibility with a wide range of structurally diverse ketone
substrates and Grignard reagents.24,25
hols 3a–m mediated by biaryl ligands (R,R)-L12 and (R,R)-L120a,b,c

tiomeric excess determined by HPLC analysis on chiral stationary phase
determined by comparison with previously reported results. e Using
, see ESI. f Conversion determined by 1H-NMR analysis of the crude

Chem. Sci., 2022, 13, 6262–6269 | 6265
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Scheme 4 Modular access to highly enantioenriched (R)-3a, key
intermediate in the synthesis of the antihistamine API clemastine.

Fig. 1 Molecular structure of the ligand–Mg complex C1, precipitated
from toluene following deprotonation of (S,S)-L0 with EtMgBr in Et2O.
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Excited about the results delivered by the novel class
of N,N,O-tridentate ligands derived from 1,2-DACH, from the
early design of L0 and the following structural variations to L00,
to the most recent development of the biaryl analogues L12 and
L120 presented herein, we were curious to identify the source of
the enantioselectivity. At this point, we decided to step back and
consider possible mononuclear and dinuclear hexacoordinated
complexes involving the historical L0.11 While the original
rationale behind the design of the DACH tridentate ligands
invoked the dinuclear model, the formation of highly active
mononuclear ligand-magnesium species with the participation
of electron-donating Lewis basic and anionic functionalities,
i.e. N,N,O-tridentate ligand, halide, ethereal solvent and the
carbonyl of the ketone substrate, was an alternative worth
considering (Scheme 5).

In order to shed light on the nature of the chiral active
species involved in the asymmetric Grignard reaction, the
structure of the ligand–magnesium complex derived from L0
and EtMgBr solution in Et2O, was investigated. The X-ray crys-
tallographic analysis of the material obtained by deprotonation
of (S,S)-L0with EtMgBr, in toluene and in the absence of ketone,
indicated the presence of an unexpected pseudo-mirror
symmetrical trinuclear complex C1 (molecular structure
shown in Fig. 1, see ESI† for further details)26 whereby the two
hexacoordinated magnesium centres were bridged by bromide
Scheme 5 Proposed mononuclear ligand–Mg complex generated via
deprotonation of (R,R)-L0 with EtMgBr.

6266 | Chem. Sci., 2022, 13, 6262–6269
anions and featured the coordination with two separate
deprotonated L0 moieties. Careful examination of C1 reveals
that the stereochemical congurations of the benzylated chiral
nitrogens N1 of each L0 (“key nitrogens”), are opposite in such
a fashion that the hydroxylated aromatic groups on the two L0
moieties have the same orientation, pointing “up” from the
nominal plane of the DACH ring. Although the structure of
complex C1 crystallized from toluene may not be representative
of the executive active species operating in solution, it clearly
shows fac-coordination of the N,N,O-tridentate ligand L0 to the
hexacoordinated magnesium centre and the bridging halide, in
good agreement with our original hypothesis.11 The variability
of the key nitrogen N1 stereochemical conguration, however,
points towards potential equilibration of multiple ligand–
magnesium species in solution, owing to the molecular exi-
bility of the DACH-derived moieties. Indeed, 1H-NMR analysis
of the mixture resulting from the deprotonation of (R,R)-L0 in
toluene-d8, via treatment with 1.0 equivalent of EtMBr in Et2O,
clearly demonstrated the presence of multiple species deriving
from L0 in solution. The 1H–1H COSY correlations observed for
the non-equivalent benzylic methylene protons (N1–CH2Ar),
indicated the generation of at least ve L0-derived species
following deprotonation (see ESI† for details). Unfortunately, it
was not possible to get further structural information due to
extensive signal overlapping, further complicated by the pres-
ence of residual Et2O deriving from the Grignard reagent
solution.

These results suggested a substantially complex system
being at play in the ligand-mediated asymmetric Grignard
process, characterized by the concomitant presence of multiple
potentially active ligand–magnesium species. On the basis of
the ndings provided by the X-ray and NMR analyses, we
propose the establishment of an equilibrium in solution
involving several stereoisomeric ligand-magnesium mono-
nuclear complexes, along with possible dinuclear species. To
this end, a further DFT computational study of mononuclear
complexes C2, featuring magnesiated ligand (R,R)-L0 and Et2O
solvent molecules, showed that the arrangement of the bromide
anion opposite to the phenolic oxygen represents the energeti-
cally more stable orientation (Scheme 6). It also transpired that,
among the two trans-species in equilibrium, R(N1)-C2 and S(N1)-
C2, the S(N1) conguration of the key chiral nitrogen is more
stable than the R(N1) (ca. 2 kcal mol�1 at the 6-31G* level, see
ESI†), thus making complex S(N1)-C2 a potentially likely inter-
mediate in the stereoselective process (Fig. 2).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Proposed equilibrium involving diastereomeric mono-
nuclear ligand–Mg complexes C2, resulting from deprotonation of
(R,R)-L0 with EtMgBr in Et2O.

Fig. 2 DFT calculated molecular structures of R(N1)-C2 (a) and S(N1)-
C2 (b).
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The following step of the mechanism may involve coordi-
nation of the ketone substrate to the magnesium centre of C2
with replacement of one Et2O molecule, leading to diastereo-
meric ligand–Mg–ketone intermediates whose stability is
directly dictated by the sterics of the large ortho-tert-butyl
functionality present in L0. Subsequent attack by external
Grignard nucleophile, via asymmetric 1,2-addition to the Mg-
coordinated ketone, would then produce the intermediate tert-
alkoxide products in unequal stereochemical ratio. A more
dedicated computational study of the mechanistic aspects
underpinning the asymmetric Grignard synthesis of chiral
tertiary alcohols, aimed at elucidating the possible intermediate
species participating in the reaction mechanism, is currently
underway and will be reported in due course.
Conclusions

In conclusion, we have developed a new class of N,N,O-
tridentate chiral ligands for single-metal controlled asym-
metric addition of Grignard reagents to ketones. The design
methodology involves the introduction of a biaryl fragment in
the ligand's structure, crucial for the control of stereoselectivity.
The new biaryl ligands L7–L14 have been derived from 1,2-
DACH through a divergent synthetic route involving efficient
late-stage diversication of the common aryl bromide precursor
L6 via palladium-catalyzed cross-coupling with a range of aryl
boronic acids. The biaryl analogues L12 and L120, featuring an
ortho-3,5-(bis-triuoromethyl)phenyl substitution, emerged as
new efficient and versatile chiral ligands, providing high to
excellent enantioselectivities in the asymmetric 1,2-addition of
alkyl Grignard reagents to ketones. Most crucial, L12 and L120
© 2022 The Author(s). Published by the Royal Society of Chemistry
resulted equally effective in promoting the addition of chal-
lenging aromatic Grignard nucleophiles, as opposed to the
limited success characterizing the previous attempts with
ligands L0 and L00. These ndings enabled, for the rst time,
the implementation of aromatic organomagnesium reagents in
our asymmetric Grignard methodology and, in turn, to expand
its scope to previously inaccessible targets. The optimization of
the ligands preparation completed the method's development,
by means of new one-pot synthetic sequences featuring
improved yields and step-economy, together with easier proce-
dures and faster operations. The new routes make use of cheap
and widely available materials, ensuring the straightforward
and cost-effective preparation and application of the DACH-
ligands. The present study marks the nalization of the stoi-
chiometric version of our asymmetric Grignard method. The
performances achieved herein establish it as a general and
broadly applicable strategy for the synthesis of chiral tertiary
alcohols, enabling the modular and highly enantioselective
construction of challenging tetrasubstituted stereocenters
without the need for additional metal catalysts or additives. It is
our belief that the asymmetric Grignard approach will facilitate
the preparation of valuable bioactive targets and foster the
underdeveloped use of chiral tertiary alcohols as versatile
substrates and synthetic intermediates. Further studies are
currently underway for the development of an effective catalytic
version of the method.
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and optical rotation data reported in the literature, Tables 2
and 4), showed the asymmetric induction of the new biaryl
ligands L12/L120 to be consistent with the outcomes
provided by the parent DACH-ligands L0 and L00, thus
substantiating the previously proposed selectivity model
(see ref. 12–14). In addition, the study validated the use of
the method we previously developed for the determination
of the absolute conguration of challenging chiral tertiary
alcohols, via X-ray analysis of 13, solid para-bromophenyl
© 2022 The Author(s). Published by the Royal Society of Chemistry
carbamate O-derivative of alcohol 2h, see ESI† for further
details. For the early development of the chiral tertiary
alcohol O-derivatization strategy, see ref. 14.
Crystallographic data for (R)-13 have been deposited with
the Cambridge Crystallographic Data Centre [CCDC
2158994].

26 Crystallographic data for C1 have been deposited with the
Cambridge Crystallographic Data Centre [CCDC 2158472].
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