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We herein report that the highly hydrophobic ether 4-MeTHP
constitutes a promising resource for the development of
sustainable synthetic methodologies grounded on the use of
organometallic reagents. The beneficial effects of 4-MeTHP as
reaction medium are illustrated in the organolithium-promoted
anionic ortho-Fries rearrangement of 1,1’-bi-2-naphthol (BINOL)-
based carbamates under bench-type conditions. The use of 4-
MeTHP induces a remarkable and unexpected stability of the
organolithiums species, enabling the efficient preparation of
chiral (bis)carboxamide catalysts. Furthermore, superior per-

formances of 4-MeTHP than other environmentally responsible
solvents are observed using the synthesized BINOL catalysts in
the asymmetric addition of organozinc reagents to aldehydes.
Spectroscopic studies in solution suggest that 4-MeTHP plays a
key role in these reactions by inducing the preferential
formation of a reactive monomeric dinuclear complex. This
methodology allows for the asymmetric assembly of enantioen-
riched secondary alcohols in good yields and high stereo-
selectivity, working at 0 °C and under air.

Introduction

Since the formulation of the twelve principles of Green
Chemistry,[1] many efforts have been devoted to the develop-
ment of more sustainable and eco-friendly synthetic strategies
to assemble structurally complex molecular scaffolds.[2] The use
of reagents in catalytic quantities,[3] the preferable choice of
highly atom-economy transformations, such as rearrangement
reactions,[4] and the possibility to perform these processes
under bench-type conditions (room temperature, under air)
using alternative and more sustainable reaction media, such as
water,[5] Deep Eutectic Solvents (DES),[6] 2-methyltetrahydrofur-
an (2-MeTHF)[7] or cyclopentyl methyl ether (CPME)[8] is of great
value in terms of efficiency and environmental sustainability.[9]

In this context, 4-methyltetrahydropyran (4-MeTHP) has recently
emerged as a new convenient alternative solvent owing to its
peculiar physico-chemical properties, such as high hydropho-
bicity and high boiling point, remarkable stability under acidic
or alkaline conditions, and similar solvency to THF and 2-
MeTHF.[10] Despite its promising applications in a series of
synthetic transformations, including radical reactions and
transition-metal catalyzed processes,[10–11] the use of 4-MeTHP in

polar organometallic chemistry is still rather unexplored (Fig-
ure 1, A).[10,12]

Among the multitude of rearrangement reactions, the
anionic ortho-Fries rearrangement (AoF) is a powerful synthetic
method to produce relevant functionalized (poly)aromatic
compounds. In particular, the AoF offers the possibility to
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Figure 1. a) State-of-the-art of the employment of 4-methyltetrahydropyran
(4-MeTHP) as reaction medium in synthetic transformations promoted by
organometallic reagents,[10–12] and b) aim of this work.
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introduce significant structural variations useful for a popular
class of naphthalene-based chiral ligands, the 1,1’-bi(2-naph-
thol) derivatives (BINOLs), especially at their C-3 and C-3’
positions.[13] This enables the straightforward preparation of
chiral ligands or catalysts with finely tuned stereochemical and
reactivity profiles.[14] Of these, 3,3’-(bis)carboxamide BINOL
derivatives are of particular synthetic interest owing to their
ability to form Lewis acid-Lewis base type-complexes with
dialkylzinc compounds, making them powerful chiral catalysts
for the asymmetric addition of organozinc reagents to
aldehydes.[15] Previously reported synthetic methods for their
preparation rely on a three-step reaction sequence starting
from BINOL (O-protection, ortho-metalation and carboxylation
followed by amidation)[15a] or to an AoF migration sequence
under strictly controlled Schlenk conditions (e.g. use of dry THF
at � 80 °C, need of highly pyrophoric s-BuLi in combination with
a stoichiometric amount of toxic TMEDA, long reaction time).[16]

Despite the recent significant advances in the aerobic
preparation of chiral BINOL catalysts,[17] some challenges still
need to be overcome, such as the use of toxic reagents/
solvents. In the course of our studies on the reactivity of alkali-
metal organometallic reagents under bench-type aerobic
conditions,[18] we recently demonstrated the possibility to
perform the anionic ortho-Fries rearrangement of O-aryl
carbamates with high chemo- and regioselectivity under more
eco-friendly and thermodynamic conditions, using CPME and
DES as sustainable reaction media, working at room temper-
ature, and under air/moisture.[19]

As an extension of our methodology, we now exploit the
usefulness of the highly hydrophobic ethereal solvent 4-MeTHP
for the preparation of a series of 3,3’-(bis)carboxamide BINOL
derivatives by means of a double AoF rearrangement promoted
by LiTMP under bench-type aerobic conditions (Figure 1, B). The
herein described methodology is amenable to scale-up and
recyclability protocols, allowing the easy reuse of both the
solvent 4-MeTHP and the free amine 2,2,6,6-tetramethylpiper-
idine (TMP). To further highlight the potential of 4-MeTHP as
reaction medium in organometallic promoted transformations,
the synthesized BINOL derivatives have been employed as chiral
catalysts in the enantioselective alkylation of aldehydes, using
diethylzinc as model alkylating agent (Figure 1, B).[20] The
beneficial effect of 4-MeTHP on the catalytic activity of these
chiral ligands is herein compared with other environmentally
responsible solvents (2-MeTHF, CPME) and the classical VOCs
commonly employed in this transformation. Spectroscopic
insights into the constitution of the active BINOL-Zn(II) com-
plexes in these eco-friendly reaction media, using 1H DOSY NMR
solution-state techniques, are also provided.

Results and Discussion

We initially focused our efforts on the preparation of the BINOL
3,3’-(bis)carboxamides by the anionic ortho-Fries rearrangement
of carbamates under bench-type reaction conditions. We
started our preliminary investigations using the sterically
hindered bis(N,N-diisopropyl) O-aryl carbamate 1a, prepared by

carbamoylation of racemic BINOL, as a model substrate. On the
basis of our previous results,[19] the lithiation/AoF rearrangement
sequence was initially investigated using the sterically hindered
LiTMP as metalating agent and CPME as reaction medium.
Hence, a solution of compound 1a (0.2 mmol, 0.2 M) in CPME
was reacted with a freshly prepared 1 M solution of LiTMP in 2-
MeTHF, at room temperature and under air (Table 1, entry 1), in
the absence of an external electrophile. Aqueous quench of the
reaction mixture after 5 min released the desired BINOL 3,3’-
(bis)carboxamide 2a arising from two anionic 1,3-O-C carbo-
Fries rearrangements, albeit in low yield (22%). Under these
conditions, a considerable amount of mono-migrated byprod-
uct (42%) was detected in the crude reaction mixture (see
Supporting Information). Running the metalation/migration
sequence for 2 h had a little effect on the reaction yield
(entry 2), whereas increasing the amount of the metalating
agent (6 equiv, 3 equiv. for each ortho-metalation site) signifi-
cantly improved the yield of 2a to 50% within only 5 min
(entry 3). Full conversion of 1a into the desired 3,3’-
bis(carboxamide) 2a was then achieved under these metalation
conditions in good yield (72%) in 1 h (entry 4).

Under the same conditions, metalation of the less hindered
bis(N,N-diethyl) carbamate 1b was less effective, and the
corresponding bis-functionalized BINOL derivative 2b was
produced in a moderate 68% yield (entry 5). Running the ortho-
lithiation and AoF of 1a with the less basic LDA promoted the
formation of the Fries product 2a in a low 26% yield (entry 6),
whereas the use of alkyllithiums was ineffective due to the
predominant formation of SNAc (n-BuLi) or dearomatization (t-

Table 1. Anionic ortho-Fries rearrangement of carbamates 1 under differ-
ent reaction conditions.[a]

Entry Substrate R’Li (eq.) Solvent Time (min) 2 [%][b]

1 1a LiTMP (4) CPME 5 2a (22)

2 1a LiTMP (4) CPME 120 2a (33)

3 1a LiTMP (6) CPME 5 2a (50)

4 1a LiTMP (6) CPME 60 2a (72)

5 1b LiTMP (6) CPME 60 2b (68)

6 1a LDA (6) CPME 60 2a (26)

7 1a LiTMP (6) 2-MeTHF 60 2a (86)

8 1a LiTMP (6) 4-MeTHP 60 2a (92)[c]

[a] Reaction conditions: 1 (0.2 mmol), RLi, solvent (1 mL; CPME=cyclo-
pentyl methyl ether, 2-MeTHF=2-methyltetrahydrofuran, 4-MeTHP=4-
methyltetrahydropyran), room temperature, under air. [b] Determined by
quantitative 1H NMR using CH3NO2 as the internal standard. [c] Isolated
yield: 80%.
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BuLi)[21] byproducts (see Table S1 in Supporting Information). In
order to ameliorate the reaction yield, we next investigated the
use of more polar and coordinating solvents, which might
increase the stability and the reactivity of the lithiated species
in solution and prevent the protonolysis process.[22] Hence,
using the bio-based solvent 2-MeTHF the anionic Fries
rearrangement proceeded smoothly in 1 h, releasing 2a in 86%
yield (entry 7). Pleasingly, the best results have been obtained
when the emerging hydrophobic cyclic ether 4-MeTHP was
employed as reaction medium, and the desired double
rearranged product 2a was obtained in 92% yield working at
room temperature, and under air (entry 8). Noteworthy, the
stability of the metalating agent and/or of the generated ortho-
aryl (di)anion(s) of 1 is remarkable under these conditions. The
complete conversion of 1, together with the high reaction yield
observed in 4-MeTHP,[23] suggested that almost no protonolysis
of neither LiTMP nor lithiated 1 occurred, even working under
air for such unusual long reaction time (1 h). Whereas the
superior performances of 4-MeTHP than CPME in the formation
and reactivity of Grignard reagents have been recently
illustrated,[10] its role in the chemistry of organolithium com-
pounds remains hitherto almost unexplored. To the best of our
knowledge, this is the first experimental evidence of the
beneficial effect of this emerging eco-friendly solvent on the
stability of lithium amides, which might be ascribed to putative
coordinative and/or to hydrophobicity effects. However, further
studies are needed to fully understand this experimental
evidence.

With the aim to assess the robustness of this new synthetic
protocol, we investigated the scalability of the process. Hence, a
gram scale synthesis of 2a was carried out starting from 1.1 g
of 1a and 10 mL of 4-MeTHP under the optimized reaction
conditions (Scheme 1). The reaction proceeded smoothly in 1 h
at RT under air, releasing the racemic BINOL derivative 2a in
98% yield (1.06 g) after purification. Comparable results were
obtained using the racemic (bis)carbamate 1b as substrate
(81%), and the procedure was efficiently exploited for the
gram-scale preparation of chiral BINOL 3,3’-(bis)carboxamides
(R)-(+)-2a (88%), (S)-(� )-2a (99%), and (R)-(+)-2b (77%) with
excellent yields and chemoselectivity. Furthermore, we also
investigated the recyclability/reusability of both the solvent (4-
MeTHP) and the free amine 2,2,6,6-tetramethylpiperidine (TMP).
To this end, a 0.5 M solution of LiTMP in 4-MeTHP was freshly
prepared[24] and reacted with a solution of 1a (1.0 mmol,
540 mg) in 5 mL of 4-MeTHP under the optimized reaction
conditions. A facile acid-base workup procedure using 4-MeTHP
as extraction solvent allowed the recovery of TMP (78%,
Figure 2), and a fractional distillation of the combined organic
layers at atmospheric pressure allowed the easy recovery of the
4-MeTHP fraction (96%, Figure 2) without contamination of n-
hexanes. The racemic BINOL derivative 2a was recovered in
98% yield (529 mg) after purification. Remarkably, both the
recovered 4-MeTHP and TMP were reused in subsequent
recycling steps to increase the sustainability of the whole
process. As shown in Figure 2, nearly quantitative yields of 2a
were obtained for each recycling step, allowing the preparation

of 2.6 g of desired product, with an overall yield of 96% over
5 cycles.

Prior to investigations into the activity of BINOL 3,3’-
(bis)carboxamides as chiral ligands, efforts were made to obtain
solid-state structures of the functionalized BINOL derivatives 2.
Racemic (bis)carboxamide 2a was crystallized by the slow,
room temperature evaporation of a diethyl ether solution, into
the monoclinic P21/c space group. The X-ray crystal structure of
2a is shown in Figure 3, and compared with the racemic bis-
(N,N-diethyl)carboxamide 2b, which crystallized as a hydrate

Scheme 1. Gram-scale synthesis of BINOL 3,3’-(bis)carboxamides 2 by AoF
rearrangement of 1 under aerobic conditions. Reaction conditions: 1
(2 mmol), LiTMP (12 mmol, 1 M in 2-MeTHF), 4-MeTHP (10 mL), 1 h, RT, under
air. Reported yields refer to isolated products.

Figure 2. Recyclability of 4-MeTHP and 2,2,6,6,–tetramethylpiperidine (TMP)
over 5 recycling steps. Yields of 2a refer to isolated products.
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from a methanol solution into the monoclinic space group P21/
c.[25] Analyses of the crystal structures of 2a and 2b revealed
the true racemic nature of the compounds, with the two
enantiomers positioned in specific sites of the crystal lattice.
The crystal structure of racemic 2a confirmed the expected
characteristic quasi-perpendicular arrangement of the naphthyl
rings, where the torsion angle at the positions bearing the
oxygen atoms is �106.6(3)°. The crystal structure of 2b shows a
similar quasi-perpendicular disposition of the two aromatic
rings, however with a smaller torsion angle of �74.8(11)°.
Conformationally, the two compounds also show different
torsion angles between the naphthalene scaffolds and the
amide group. This is due to the extended pattern of hydrogen
bonds between similar molecules for 2a or with water in 2b
(see Table S16 and Figure S27 in Supporting Information).

We next investigated the behaviour of chiral carboxamides
2 in the catalytic enantioselective addition of dialkylzinc to
aldehydes,[20,26] with the aim to design an eco-efficient process
focused on the use of unconventional, environmentally friendly
ethereal solvents under aerobic bench-type conditions. Consid-
ering the aforementioned remarkable performances of 4-MeTHP
with organolithium reagents, this solvent potentially represents
a valuable alternative to the common VOCs employed in this
organozinc-mediated transformation as reaction media, such as
THF,[15a] toluene,[27] and dichloromethane.[28]

We started our studies using chiral BINOL 3,3’-
(bis)carboxamide (R)-(+)-2a to promote the catalytic addition of
diethylzinc to 3-phenyl-2-propynal 3a at room temperature.
Aldehyde 3a was treated with Et2Zn (2 equiv, 1 M solution in
hexanes) in the presence of a catalytic amount of (R)-(+)-2a
(10 mol%), using 4-MeTHP as solvent, at room temperature and
under air. After 12 h, aqueous quench of the reaction mixture
afforded the desired secondary alcohol (R)-4a in 64% yield and
62% ee (Table 2, entry 1). The use of CPME was less effective,
releasing product (R)-4a in a moderate 32% yield and 70%
enantiomeric excess (entry 2), and comparable results were
obtained in 2-MeTHF (entry 3). When the temperature was
lowered to 0 °C, the enantioselectivity of the alkylation
improved using both 4-MeTHP (entry 4) and 2-MeTHF (entry 5)
as reaction media, with a superior yield of (R)-4a in 4-MeTHP
compared to 2-MeTHF (55% vs 37%, respectively).

Performing the alkylation at � 20 °C had a detrimental effect
on the reaction yield (entry 6), whilst compound (R)-4a was
obtained with a good enantioselectivity of 79%. Pleasingly,

running the reaction in 4-MeTHP at 0 °C for a longer time of
24 h released the product (R)-4a in 87% yield and a satisfactory
78% ee (entry 7). As expected, the use of (S)-(� )-2a as catalyst
(entry 8) delivered the enantiomer (S)-4a with the same
enantioselectivity and in comparable yield (90%). When the less
sterically hindered (R)-(+)-2b was used as chiral ligand under
these conditions, the enantioenriched alcohol (R)-4a was
obtained in comparable yield (84%), however with a consistent
loss in enantioselectivity (entry 9). Classical VOCs (entries 10–13)
were less effective than 4-MeTHP to promote the asymmetric
ethylation of 3a under these conditions. Unsatisfactory results
in terms of conversion and enantioselectivity were obtained
using non-ethereal solvents as DCM (entry 10) or toluene
(entry 11). On the other hand, the reaction proceeded in very
good yield (92%) using diethyl ether as solvent, however with
low enantioselectivity (57% ee, entry 12). Running the alkylation
in THF released the alcohol (R)-4a in a moderate 59% yield and
restored the enantioselectivity of the reaction to 80% ee
(entry 13). Overall, these results shown that 4-MeTHP represents
a promising alternative to conventional solvents for the
catalytic BINOL-Zn(II) complex-mediated enantioselective alkyla-
tion of aldehydes under bench-type reaction conditions, using

Figure 3. Single molecule crystal structures of racemic BINOLs 2a and 2b.
Thermal ellipsoids drawn at the 50% probability level. (R)-enantiomer is
shown for 2a and (S)-enantiomer is shown for 2b.

Table 2. Enantioselective alkylation of 3a with diethylzinc and (R)-(+)-2a
under different reaction conditions.[a]

Entry Solvent Time (h) T (°C) 4a yield [%][b] e.e. (%)[c]

1 4-MeTHP 12 25 (R)-4a (64) 62

2 CPME 12 25 (R)-4a (32) 70

3 2-MeTHF 12 25 (R)-4a (32) 68

4 4-MeTHP 12 0 (R)-4a (55) 72

5 2-MeTHF 12 0 (R)-4a (37) 78

6 4-MeTHP 12 � 20 (R)-4a (20) 79

7 4-MeTHP 24 0 (R)-4a (87) 78

8[d] 4-MeTHP 24 0 (S)-4a (90) 78

9[e] 4-MeTHP 24 0 (R)-4a (84) 50

10 DCM 24 0 (R)-4a (24) 46

11 Toluene 24 0 –[f] –

12 Et2O 24 0 (R)-4a (92) 57

13 THF 24 0 (R)-4a (59) 80

[a] Reaction conditions: 3a (0.2 mmol), Et2Zn (0.4 mmol, 1.0 M in hexanes),
solvent (3.3 mL), under air. [b] Determined by quantitative 1H NMR using
CH3NO2 or n-heptane as the internal standard. [c] Compared to racemic
samples generated using EtMgBr. The absolute configuration was assessed
by comparison of the optical rotation of 4a with data reported in the
literature and was determined as (R). The ee values (%) were determined
by chiral HPLC analyses (see Supporting Information). [d] (S)-(� )-2a was
used as ligand. [e] (R)-(+)-2b was used as ligand. [f] Aldehyde 3a was
recovered unreacted.
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BINOL-derived (bis)carboxamides 2 as chiral ligands, at 0 °C and
under air.

With satisfactory conditions in place, the scope and
limitations of this transformation were evaluated for a series of
functionalized aromatic aldehydes 3 using the chiral BINOL
derivative (R)-(+)-2a (Scheme 2). Pleasingly, the reaction pro-
ceeded smoothly en route to a variety of chiral secondary
alcohols 4a–w in good yields and excellent enantioselectivities.
Using benzaldehyde 3b as substrate, the resulting chiral benzyl
alcohol (R)-4b was delivered in 63% yield and 88% ee. The
alkylation of substituted aromatic aldehydes released a series of
enantioenriched benzyl alcohols bearing electron-donating
(4c–e), neutral (4f–g), electron-withdrawing (4h–i), and bromi-
nated (4 j) groups on the aromatic ring with superior yields (73–

92%) and enantioselectivities (82–94%) after workup. Compara-
ble yields and enantioselectivity were obtained when aldehydes
3d and 3 i were reacted with diethylzinc in the presence of (S)-
(� )-2a, allowing the formation of the corresponding (S)
enantiomers of alcohols 4d and 4 i in 87% and 94% ee,
respectively. Our methodology also allowed the chemo- and
enantioselective preparation of chiral alcohols bearing unsatu-
rated substituents (4k–l, 4o), amide (4m) and ester (4n)
functionalities on the aromatic ring, with less satisfactory yields
for compounds 4m (45%) and 4n (66%), however in a
satisfying stereoselective fashion. Polycyclic β-napththyl (3p) or
biphenyl (3r) carboxaldehydes also performed as well, whereas
ethylation of the bulkier 9-anthraldehyde 3q proceeded with
an unexpected low enantioselectivity (22% ee).[29] Alkylation of
the α,β-unsaturated cinnamic aldehyde proceeded toward the
chiral allyl alcohol 4s with a non-negligible decrease of the
enantioselectivity of the reaction (60% ee) despite the good
yield (84%). The use of the less sterically hindered catalyst (R)-
(+)-2b slightly ameliorated the asymmetric ethylation of trans-
cinnamaldehyde (70% ee), albeit 4s was produced in a lower
yield (62%).[30] Assorted heteroaromatic and aliphatic aldehydes
served as competent partner as well, releasing the desired chiral
alcohols 4t–w in good yields and enantioselectivities. Attempts
with other linear aliphatic aldehydes, such as 3-phenylpropanal,
hexanal and dodecanal, were however unsuccessful, affording
complex reaction mixtures with trace amounts of addition
products.[31]

To gain more structural and mechanistic insights into the
BINOL 3,3’-(bis)carboxamide-assisted asymmetric alkylation of
aldehydes, we carried out spectroscopic investigations to
evaluate the constitution of the BINOL-Zn(II) complexes formed
in solution using the selected environmentally responsible
solvents. Previously reported studies disclosed a significant
solvent dependence on the structure of these complexes. X-ray
studies of a (R)-(+)-2b/Zn(II) complex, obtained by crystalliza-
tion of a 1 :1 solution of (R)-(+)-2b and Et2Zn in DCM/hexane,
revealed the formation of a C2-symmetric trimeric structure,
inactive as catalyst, which is presumably retained in solution, as
observed by 1H NMR studies in CD2Cl2. However, the trimer
promptly converts into a monomeric complex upon coordina-
tion of an extra Et2Zn molecule in the presence of an excess of
diethylzinc.[15a] By contrast, a similar 1H NMR analysis in THF-d8

indicated the possible presence of different isomers (both
monomeric and trimeric) in solution, in which the solvent
coordinated to the Lewis acidic Zn(II) ion might play a
significant role both in the formation and in the evolution of
the reaction intermediate.[15a] However, the behaviour in
solution of these BINOL 3,3’-(bis)carboxamides-Zn(II) complex
still remains rather unexplored.

In order to better understand the constitution of these
complexes in solution, a 1H DOSY NMR solution-state study has
been carried out using the Internal Calibration Curve method
(ICC).[32] Hexaphenylbenzene (HPB), phenanthrene (Phe) and the
solvent used in the experiments were employed as internal
standards. Solutions of (R)-(+)-2a and Et2Zn at the same molar
ratio employed for the reactivity studies (1 : 20) in the selected
solvents (4-MeTHP, 2-MeTHF or CPME, 0.4 mL) were analysed by

Scheme 2. Enantioselective addition of diethylzinc to aldehydes with (R)-
(+)-2a under aerobic conditions. Reaction conditions: 3 (0.5 mmol, 0.15 M in
4-MeTHP), Et2Zn (1.0 mmol, 1.0 M in hexanes), (R)-(+)-2a (0.05 mmol,
10 mol%), 24 h, 0 °C, under air. Reported yields refer to isolated products.
The absolute configuration was assessed by comparison of the optical
rotation with data reported in the literature and was determined as (R). The
ee values (%) were determined by chiral HPLC analyses (see Supporting
Information). [a] (S)-(� )-2a (0.05 mmol, 10 mol%) was used as ligand. Yields
and ee values (%) refer to the (S)-4 enantiomer. [b] (R)-(+)-2b (0.05 mmol,
10 mol%) was used as ligand.
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1H DOSY NMR, and the molecular weight of the new species
formed in solution were experimentally determined by ICC
(Table 3, see Supporting Information for details). The results
were compared with a series of monomeric BINOL-Zn(II)
complexes I–V, the putative active species generated in the
presence of an excess of Et2Zn under normal catalytic
conditions, according to previously reported literature
studies.[15,33]

We first focused our analysis on 4-MeTHP, the most
performant solvent in the above-described enantioselective
alkylation reactions. Analysis of the 1H DOSY NMR spectra
revealed the formation in solution of a new species with
MWexp=928.24 g mol� 1, as calculated from the diffusion
coefficient (D=6.296×10� 10 m2 s� 1, see Supporting Information).

This result revealed the preferential formation of the smaller
monomeric dinuclear complex I (ΔMW= <0.1%, Table 3) in 4-
MeTHP solution, with two molecules of solvent coordinated to
the Lewis acidic Zn(II) ion and a diethylzinc unit anchored to
the Lewis basic amide carbonyl.[15a] An analogous fit was found
in CPME solution (D=8.001×10� 10 m2 s� 1, MWexp=911.84 g
mol� 1), where the constitution of the dinuclear disolvated
aggregate I seems preferred over other higher aggregates
(ΔMW= � 2%). These results show that in polar reaction media,
such as 4-MeTHP and CPME,[34] and in the presence of a large
excess of diethylzinc, only monomeric adducts are formed in
solution, and no higher oligomeric species were detected by

analysis of the diffusion coefficients. These findings are in good
agreement with the previous work by Katsuki and co-workers,
which speculated the formation of Zn(II) adduct I to explain the
observed asymmetric induction in the alkylation reaction.[15a]

The presence of complex I suggested in fact a catalysis by a
flat, conjugated BINOL-Zn(II) complex, conformationally stabi-
lized by metal-chelation (Figure 4, a). The constitution of I might
in fact results in the formation of a transition state in which the
electrophile (the aldehyde) replaces one of the solvent mole-
cules coordinated to the Lewis acidic central Zn(II) ion (Figure 4,
b), while chelation of the diethylzinc by the Lewis basic amide
carbonyl and the phenolic oxygen directs one of the ethyl
group toward the re-face of the electrophile.

A good correlation was also observed for the monosolvated
trinuclear complex III both in 4-MeTHP (ΔMW= � 3%) and in
CPME (ΔMW= � 4%) and for the unsolvated tetranuclear Zn(II)
complex V in 4-MeTHP (ΔMW= � 5%), whereas the trinuclear (II)
and tetranuclear (IV) complexes[33] are presumably not formed
despite the large excess of diethylzinc present in solution
(Table 3). By contrast, 1H DOSY NMR experiments in 2-MeTHF
suggested the preferential formation of the monosolvated
trinuclear-type complex III (D=8.712×10� 10 m2 s� 1, MWexp=

932.42 gmol� 1, ΔMW= � 0.5%). The constitution of a single-
solvated adduct could rationalize the low yields observed for
the alkylation of 3a when 2-MeTHF was used as reaction
medium in place of 4-MeTHP (see Table 2, entries 4–5).
Assuming that the solvation of the Lewis acidic Zn(II) ion
prevents the aggregation of the complex in solution, the lower
degree of solvation of III might result in a decrease of the
catalytic activity, however with preserved enantioselectivity
owing to the formation of a conformationally stable O� Zn� O
chelated species.

Conclusions

In summary, our report discloses that the highly hydrophobic
ether 4-MeTHP constitutes a promising and convenient alter-
native to the classic organic solvents for the development of
sustainable synthetic methodologies grounded on the use of
organometallic reagents. The beneficial effects of 4-MeTHP as

Table 3. 1H DOSY NMR solution-state studies of (R)-(+)-2a and Et2Zn using
an ICC in 4-MeTHP, 2-MeTHF and CPME.[a]

MWexp

(g/mol)
I
ΔMW

II
ΔMW

III
ΔMW

IV
ΔMW

V
ΔMW

4-MeTHP 928.24 <0.1% 9% � 3% � 12% � 5%

2-MeTHF 932.42 4% 9% � 0.5% � 9% � 4%

CPME 911.84 � 2% 7% � 4% � 14% � 7%

[a] Selected structures of mono- (III), di- (I, IV) or unsolvated (II, V) BINOL-
Zn(II) complexes are shown. Molecular weights were determined by 1H
DOSY NMR experiments using the Internal Calibration Curve method (ICC)
with hexaphenylbenzene (HPB), phenanthrene (Phe) and the solvent as
internal standards. Experimental conditions: (R)-(+)-2a (0.013 mmol), Et2Zn
(0.26 mmol, 1 M in hexanes), solvent (0.4 mL). Percent differences between
the determined molecular weight (MWexp) and the calculated MW of
complexes I-V are reported. See Supporting Information for details.

Figure 4. a) π-conjugated, flat metal-chelated conformation of I and b)
proposed transition state model for the asymmetric alkylation of aldehydes
catalysed by BINOL-Zn(II) dinuclear complex I.[15]
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reaction medium have been first highlighted in the anionic
ortho-Fries rearrangement of BINOL-derived carbamates pro-
moted by a lithium amide at room temperature, in the presence
of air and moisture.

The use of 4-MeTHP induced a remarkable and unexpected
stability either of the metalating agent and/or of the generated
aryllithiums even for 1 h, an unusual long reaction time for
organolithium-promoted transformations under aerobic condi-
tions. This protocol allowed the gram-scale preparation of a
class of chiral BINOL-based ligands, the 3,3’-(bis)carboxamide
derivatives, also allowing the easy recyclability of both the
solvent 4-MeTHP and the free amine TMP, which are of great
value in terms of efficiency and environmental sustainability.

Furthermore, superior performances of 4-MeTHP than CPME
and 2-MeTHF have been observed when the synthesized chiral
BINOL-3,3’-(bis)carboxamides have been employed as chiral
catalysts in the asymmetric addition of organozinc reagents to
aldehydes. Our results clearly indicate that 4-MeTHP represents
a promising alternative to the conventional solvents (THF,
toluene, dichloromethane) commonly employed for the cata-
lytic BINOL-Zn(II) complex-promoted alkylation of aldehydes.
The methodology allowed for the assembly of a series of
enantioenriched secondary alcohols in good yields and high
stereoselectivity, working at 0 °C and under air. Solution-state
1H DOSY NMR studies suggest that 4-MeTHP plays a key role in
these reactions by inducing the preferential formation of a
monomeric BINOL-Zn(II) dinuclear complex, in which the
disolvation of the Lewis acidic metal ion centre might prevent
aggregation of the catalyst, and consequent loss of reactivity.

Experimental Section
SAFETY NOTE. Organolithiums were handled under an inert
atmosphere (Schlenk techniques) until the point at which they
were mixed with a solution of the substrate in CPME, 2-MeTHF and
4-MeTHP under an air atmosphere and with vigorous magnetic
stirring. No problems were experienced during the addition.
Organolithiums, however, are notoriously prone to ignition in air,
and caution should be exercised in adopting the recommended
procedure, especially on a larger scale.

Preparation of lithium 2,2,6,6-tetramethylpiperidine (LiTMP) sol-
ution in 2-MeTHF (1 M) or in 4-MeTHP (0.5 M). In a Schlenk tube
under a positive argon pressure, n-BuLi (2.5 M in hexanes,
4.0 mmol, 1.0 eq.) was added to a precooled (0 °C) stirred solution
of 2,2,6,6-tetramethylpiperidine (TMP) (4.4 mmol, 1.1 eq., 0.75 mL)
in dry 2-MeTHF (1.65 mL) or dry 4-MeTHP (5.65 mL). The mixture
was stirred at 0 °C for 10 min to yield a clear yellowish solution of
LiTMP that was used without further purification.

General procedure for the gram-scale synthesis of 2a–b by
anionic ortho-Fries rearrangement of 1a–b. Reactions were
performed under air at room temperature. In a round bottom flask,
the appropriate carbamate 1a–b (2 mmol, 1 eq.) was dissolved in 4-
MeTHP (10 mL, 0.2 M) and the mixture was vigorously stirred for 5
minutes. LiTMP (12 mmol, 1 M in 2-MeTHF, 12 mL, 6 eq.) was rapidly
spread over the mixture, which was kept under vigorous stirring for
1 h and then quenched with aqueous 1 M HCl. The mixture was
extracted with EtOAc (3×15 mL). The combined organic extracts
were dried over Na2SO4, and the solvent removed under reduced

pressure. The crude products were purified by flash column
chromatography on silica gel.

Recycle of 4-MeTHP and 2,2,6,6-tetramethylpiperidine (TMP).
Reactions were performed under air at room temperature. A 0.2 M
solution of 1a (1.0 mmol, 540 mg) in 4-MeTHP (5 mL) was treated
with a freshly prepared solution of LiTMP in 4-MeTHP (0.5 M,
6 mmol, 12 mL, 6 eq.) under the optimized reaction conditions.
After 1 h the reaction was quenched with aqueous 1 M HCl. The
crude mixture was extracted with 4-MeTHP (3×10 mL) and the
combined organic extracts (A) were dried over Na2SO4. The acidic
aqueous layer, containing 2,2,6,6-tetramethylpiperidine
hydrochloride, was treated with aqueous 1 M NaOH solution until
pH=10, and then extracted with 4-MeTHP (3×10 mL). The
combined organic layers were dried over Na2SO4 (B). The dried
organic extracts A were transferred to a Claisen distillation
apparatus fitted with a 20 cm Vigreux column and fractionally
distilled at 760 mmHg. This allowed the recovery of the 4-MeTHP
fraction without contamination of n-hexanes. The residual non-
volatile fraction recovered from the distillation apparatus, contain-
ing the racemic BINOL derivative 2a, was directly purified by flash
column chromatography to give pure 2a in 98% yield (529 mg).
The dried organic extracts B were transferred to a Claisen
distillation apparatus fitted with a 20 cm Vigreux column and
fractionally distilled at 760 mmHg. This allowed the recovery of the
4-MeTHP fraction and the pure 2,2,6,6-tetramethylpiperidine (TMP)
as pale-yellow liquid (661 mg, 78%).

General procedure for the enantioselective addition of dieth-
ylzinc to aldehydes. Reactions were performed under air at 0 °C. A
solution of (R)-(+)-2a (27 mg, 0.05 mmol, 0.1 eq.) in 4-MeTHP
(2 mL) was stirred in an open screw cap vial. Et2Zn (1.0 M in
hexanes, 1 mmol, 1 mL, 2 eq.) was added to the solution and the
mixture was stirred for 30 min. A solution of the appropriate
aldehyde 3 (0.5 mmol, 1 eq.) in 4-MeTHP (1.3 mL) was then added.
The resulting mixture was stirred for 24 h. After quenching with
satd. NH4Cl aqueous solution, the product was extracted with
diethyl ether (3×10 mL), the combined organic extracts were dried
over Na2SO4, and the solvent removed under reduced pressure. The
crude products 4 were purified by flash column chromatography
on silica gel. The enantiomeric ratios were determined by analytical
HPLC on chiral column.
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