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Chiral phosphoric acids (CPAs) are an important class of chiral Brgnsted acid catalysts that can accomplish
highly effective enantioselective allylborations of aldehydes. However, traditional CPA-catalysed
allyboration has difficulty utilizing sterically hindered aldehydes, where the corresponding products of
enantioenriched secondary alcohols adjacent to a quaternary carbon are important moieties in
biologically active natural products. To overcome this issue, we employed a chiral phosphoramide
catalyst for allylation and crotylation reactions of the allyl boronic acid pinacol ester with sterically
hindered aldehydes to benefit from multiple hydrogen bonding interactions between the chiral
phosphoramide and substrates. As a result, not only the sterically hindered aldehydes, but the less
sterically hindered ones, could also be subjected to enantioselective allylboration using the chiral
phosphoramide catalyst by “interaction strategy”. Indeed, conventional CPAs were ineffective for the
reactions presented here, resulting in low conversions and enantioselectivities. Computational studies
revealed that the most stable transition state comprises weak attractive interactions between
phosphoramide and substrates. These interactions did not exist in traditional allylborations with chiral
phosphoric acids. In conclusion, the sum of weak interactions, including S=O---H-C and two C-F---H-
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Introduction

Enantioenriched secondary alcohols carrying sterically
hindered groups, such as a quaternary carbon adjacent to
a stereogenic centre, are important moieties in biologically
active natural products. For instance, many macrolides have
this structural feature in their enantioenriched form (Fig. 1).!
As these natural products have potent biological activities
and unique structures, numerous efforts have been made
toward their total synthesis, prompting tremendous advance-
ments in synthetic methods over the past decades.> For
example, the Kiyooka group reported an asymmetric aldol
reaction of aldehydes with ketene silyl acetal in the presence of
stoichiometric valine derivatives and BH; - THF; this reaction
produced corresponding aldol adducts possessing an enan-
tioenriched secondary hydroxyl group adjacent to a quaternary
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carbon in good yields with high enantioselectivities (Scheme
1a).® Flrstner's group initiated the enzyme-mediated kinetic
resolution of a racemic secondary alcohol next to a quaternary
carbon centre to furnish the corresponding chiral acetate in the
total synthesis of (—)-polycavernoside A (Scheme 1b).*
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Fig. 1 Natural product possessing enantioenriched secondary alco-
hols with neighbouring quaternary carbon.
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Scheme 1 Some select examples of the synthesis of enantioenriched
secondary alcohols with adjacent quaternary carbon.
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While these conventional methods are reliable, the interest in
catalytic and stereoselective carbon-carbon bond-forming reac-
tions has increased in green and sustainable chemistry.® For
instance, Carreira's group described a catalytic and enantiose-
lective allylation reaction of aldehydes with allyltrimethylsilane in
the presence of TiF, and BINOL complex (Scheme 2a).° This
method effectively generates the corresponding allylation
product adjacent to a quaternary carbon with good enantiose-
lectivity, despite a hygroscopic and reactive titanium catalyst
being required. In 2008, Krische's group published an elegant Ir-
catalysed enantioselective allylation reaction to reveal that 3-
(benzyloxy)-2,2-dimethylpropanal is an appropriate substrate to
obtain the desired product in good yield with excellent enantio-
selectivity. However, they did not investigate the substrate scope
of this methodology (Scheme 2b).”

Chiral Brensted acid catalysts, including chiral phosphoric
acids (CPAs),® are valuable tools for enantioselective reactions.
These organocatalytic reactions attract a lot of attention in the
context of practical and environmentally benign conditions.
Recently, we focused on several interactions of chiral Brgnsted
acid catalysts to develop the enantioselective intramolecular
Sx2' reaction and the intermolecular enantioselective Diels-

Catalytic allylation reactions using sterically hindered aldehydes
Carreira (1996, one example) (S)-BINOL (10 mol%)
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Scheme 2 Representative examples of catalytic and enantioselective
allylation reactions using sterically hindered aldehydes and those
presented in the Results and discussion section.

3866 | Chem. Sci., 2025, 16, 3865-3871

View Article Online

Edge Article

Alder reaction; both of these are challenging reactions to ach-
ieve via conventional methods.® Herein, we report chiral
phosphoramide-catalysed stereoselective allylation and croty-
lation reactions of allyl boronic acid pinacol ester that contains
sterically hindered and less hindered aldehydes, utilizing
multiple hydrogen bonding interactions between chiral phos-
phoramide and substrates (Scheme 2¢)."* We found that the
sum of weak interactions significantly impacts enantiose-
lectivity in the chiral phosphoramide-catalysed allylation
reaction.

Results and discussion
Initial attempts

We investigated the enantioselective allylation reaction using
a SPINOL-derived catalyst, (S)-3a (TRIP = 2,4,6-'Pr;-C¢H,), which
generally features the best results in the conventional enantio-
selective allylboration reaction, as reported by Hu's group
(Scheme 3).** However, the reaction of 1a with 2 in the presence
of (S)-3a at —75 °C afforded a product with low enantiose-
lectivity (40% ee), even though the chemical yield was good. The
reaction catalysed by BINOL-derived CPA (R)-3b, which also
used Antilla's allylboration' method, also gave an unsatisfac-
tory result, albeit with a slight improvement in enantiose-
lectivity (67% ee). These results show that conventional CPAs
are ineffective for sterically hindered aldehydes. Importantly,
when the acidic catalyst, (R)-3¢, rather than (S)-3a or (R)-3b, was
used, the reaction rate was sluggish, and both chemical yield
and selectivity dropped. This result suggests that high catalyst
acidity is unrelated to the activation of the allylation reaction.
Although various enantioselective allylation reactions using
CPA™ have been developed due to their importance and utility
in organic synthetic chemistry, enantioselective allylation
reactions of bulky aldehydes with allylboronic agents have yet to
be reported. Therefore, many challenges remain in the use of
sterically congested substrates in catalytic and enantioselective
allylborations.

The Goodman and Houk groups independently performed
intensive theoretical studies of the reaction mechanism in the
case of benzaldehyde." The most stable transition state (TS) in
the BINOL-derived (R)-CPA-catalyzed allylation reaction of
benzaldehyde with an allylboronic agent is shown in Fig. 2.

o catalyst 3 (5 mol%) OH
H © ? AN
A~B~g toluene (0.1 M), -75 °C
1a (R)-4a
TRIP CeFs
o OH zo “OH
TRIP CeFs
(S)-3a (R)-3b (R)-3¢

90%, 40% ee

80%, 67% ee 38%, 39% ee

Scheme 3 The initial attempt of chiral Brensted acid-catalyzed allyl-
boration of pivalaldehyde (1a) with 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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According to this TS model, the CPA catalyst, (R)-3b, does not
activate the carbonyl group of the benzaldehyde by protonation.
However, it stabilizes the six-membered TS through two-point
hydrogen bonding interactions with the axial oxygen of the
boronic ester (P-O-H---O-B) and the formyl hydrogen of the
benzaldehyde (P=0O---H-C). Notably, DFT calculations have
shown that the acidic proton of the CPA catalyst and the axial
oxygen atom (P-O-H---O-B) are approximately 1.5 A apart,
indicating that it is not protonation of the oxygen atom, but the
hydrogen bonding instead causing stabilization. From these
calculation studies, the unfavorable result observed for the CPA
(R)-3c is justifiable because high catalyst acidity is not neces-
sarily a crucial factor stabilizing TS (Re_A) during allylboration
reactions. Hence, we focused on chiral phosphoramides, rather
than CPAs, to stabilize TS in the major reaction pathway using
an “interaction strategy”.®®

Development of a new catalytic system through multiple
interactions

Through our previous work, we found that the phosphoramide
catalyst with a C4F5 group at the sulfonamide moiety yielded
favourable results.”® Thus, we first investigated the allylation
reactions of 1a with 2 using (R)-3d having a C¢F5SO,NH moiety
(Table 1, entry 1). To our delight, the reaction proceeded
smoothly to furnish the desired product in 98% yield with good
enantioselectivity (84% ee). When we investigated other substit-
uents on the N moiety of the catalyst, we found that the catalyst,
(R)-3e, containing a SO,CF; (Tf) group exhibited better reactivity
than (R)-3d, and thus, it helped obtain the desired product in
quantitative yield with higher enantioselectivity (95% ee) than
that (84% ee) observed using (R)-3d (entry 2). The absolute
configuration of compound 4a obtained in this reaction was
consistent with those obtained with CPA (R)-3b having the same
chiral backbone as phosphoramide (R)-3e. No reaction occurred
when the catalyst (R)-3f containing an SO,Me group was
employed (entry 3). The substituents on the sulfonamide moiety
of the catalyst significantly influenced both reactivity and enan-
tioselectivity. The reaction did not proceed when a more acidic
thiophosphoramide catalyst, (R)-3g, that was previously reported
by Yamamoto and co-workers,'* was used (entry 4). These results
suggest that high catalyst acidity is not essential in the allylation
reaction of aldehydes with allylboronic agents; this can also be
recognized from the TS model of Goodman (Fig. 2). SPINOL-
derived phosphoramide catalyst, (S)-3h, was ineffective in the

Goodman'’s transition state model
*

® o
/ T

O\//P—O\ ca.15A 1 OO TRIP !

o H ! o 0 |
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)\ ¥ : |
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~ B— ! :

v o : :
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re-face attack/axial coordination
most stable TS (Re_A)

Fig. 2 Goodman's transition state model.
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Table 1 Optimization of the reaction conditions using 1a and 2 cat-
alysed by chiral phosphoramide 3¢

Entry Catalyst Time (h) Yield of (R)-4a”/% ee/%
1 (R)-3d 72 98 84
2 (R)-3e 24 Quant. 95
3 (R)-3f 72 No reaction nd
4 (R)-3g 72 No reaction nd
5 (8)-3h 72 No reaction nd
6° (R)—Se 48 Quant. 95
TRIP TRIP
so2 : f T
TRIP TRIP
(R)-3d: R = C¢Fs (R13g
(R)-3e: R = CF3
(R-3f: R = Me

“ Unless otherwise specified, all reactions were carried out using
0.20 mmol of 1a, 0.24 mmol (1.2 eq.) of 2, and 0.010 mmol (5 mol%)
of catalyst. ” Isolated yield. ¢ Catalyst loadlng was 0.5 mol%, and 2 g
of pivalaldehyde was employed. TRIP = 2,4,6-'Pr;-C¢H,, nd not
determined.

present reaction, probably because of a narrow reaction space
(entry 5).*° After comprehensively investigating reaction condi-
tions, including the solvent, temperature, and concentration, the
experimental condition that uses (R)-3e (entry 2) was found to be
the best (see ESIt). Finally, catalyst loading could be reduced to
0.5 mol% in a large-scale experiment. The product was quanti-
tatively formed on a 2 g scale by extending the reaction time
without losing enantioselectivity (entry 6).

Transition state analysis

After investigating the optimum conditions of phosphoramide-
catalysed allylboration reaction with pivalaldehyde, we per-
formed DFT computational studies to gain mechanistic insights
into the present reaction system. As the present reaction of
pivalaldehyde (1a) afforded (R)-product 4a in the presence of the
catalyst, (R)-3e, the TS in the re-face attack had a lower energy
barrier than that in the si-face attack.

We calculated four TSs for the re-face and the si-face attacks,
considering the axial and equatorial coordination models,
respectively (Fig. 3)."* DFT calculation was performed using
Gaussian 16 in the M06-2X/6-31G(d) level of theory."” As a result,
TS Re_A, namely, re-face attack and coordination to the axial
oxygen of boronic ester, produced the lowest energy. Resem-
bling CPA-catalysed allylborations, two-point interactions were
produced through the hydrogen bonding of the phosphoryl
oxygen of the catalyst with the proton of the formyl group (2.43
A); hydrogen bonding was observed between the axial boronate
oxygen and the hydrogen atom (N-H) of the catalyst (1.57 A) in
Re_A. We also found that the TS of the major reaction pathway
(major-TS) was preferred over the TS of the minor reaction
pathway (minor-TS), namely Si_E, by 4.2 kcal mol . Single-
point energies were conducted with the MN15/6-31G(d)+SMD

Chem. Sci,, 2025, 16, 3865-3871 | 3867
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Si_E 4.2 (3.0)

Fig. 3 Optimized transition states of Re_A, Re_E, Si_A, and Se_E at the M06-2X/6-31G(d) level of theory. Bond lengths are given in A. Values
enclosed in parentheses are energies relative to “Re_A" calculated by MN15/6-31g(d)+SDM (toluene). Energy differences are given in kcal mol™.

See the ESIT on page S38 in detail.

(toluene) to result in a 3.0 kcal mol " energy difference.'® These
calculation results are in relatively good agreement with the
experimentally observed enantiomeric excess of (R)-3e (95% ee,
theoretically ca. 2.2 kcal mol™')." In the major-TS (Re_A), the
distance for N-H---O-B hydrogen bonding was 1.57 A, which
remained almost unchanged from the calculation result in the
CPA-catalysed allylboration.”* This suggests that the high
acidity of the phosphoramide catalyst does not enhance the N-
H---O-B hydrogen bonding in this system because the hydrogen
bond is not shortened. Interestingly, not only the hydrogen
bonding between the sulfonyl moiety and the olefin C-H (S=
0---H-C, 2.47 A) but also the two weak interactions between
a fluorine atom of the CF; group and the hydrogen atoms of the
pinacol Me group (C-F---H-C, 2.25 and 2.57 A) were found in
addition to the major two-point hydrogen bonding interactions
in Re_A. Conversely, in the minor-TS (Si_E), the P=0:---H-C
(formyl) interaction and C-F---H-C interactions are not present.
Similarly, the C-F---H-C interactions were not observed in the
minor-TSs (Re_E and Si_A). These observations indicate that the
minor-TSs were less stable than Re_A. This was not due to the

3868 | Chem. Sci., 2025, 16, 3865-3871

steric congestion but due to the lack of multiple forces of
attraction.”® The sum of the multiple hydrogen bonding inter-
actions, including the relatively weak S=0---H-C and C-F---H-
C hydrogen bonding interactions, which are not present in
conventional CPA-catalysed allylation reactions, is considered
to effectively stabilize the major-TS to give the desired product
with excellent enantioselectivity. As the catalyst does not occupy
the space around the ‘Bu group in Re_A, we envisioned that
various substituents could be introduced to aldehydes. Based
on the DFT calculation results, we proceeded to investigate the
substrate scope.

Substrate scope

After rationally elucidating the high enantioselectivity of the
present allylation reaction under optimal reaction conditions,
we explored the substrate scope of the present reaction toward
aldehydes with a quaternary centre at the a-position (Scheme 4).
Various functional groups at the B-position of the formyl group
were found to be suitable for the allylation reaction. They could

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively furnish the corresponding homoallyl alcohols in
excellent yields with good enantioselectivities (4b-4d). In
contrast, the SPINOL-derived catalyst, (S)-3a, was ineffective for
these substrates, resulting in low conversions and enantiose-
lectivities.*'“ Aldehydes with sensitive functional groups, such
as a Ts group, an o,B-unsaturated ester, and an enone, were also
tolerated and they produced the corresponding products with
a quantitative yield of up to 95% ee (4e-4g). Next, the scope of
less hindered aldehydes, such as cyclohexane carboxaldehyde
and benzaldehyde, was investigated. The corresponding prod-
ucts were obtained in good yields with high enantioselectivities
(4h, 4i). Unfortunately, the allylboration of benzaldehyde was
inferior to that of the CPA-catalysed reactions using (S)-3a and
(R)-3b (99% ee and 98% ee, respectively), whereas the enantio-
selectivity of the reaction using cyclohexane carboxaldehyde
was similar to that with (S)-3a (91% ee) and superior to that with

TRIP 5 molo)

o, 0

RS TE
o N
H
o OH
0J§< TRIP(R)-3e H

4 ! X
R® R Bo toluene, 75 °C R me
1 2 4
R*=H, Me

sterically hindered substrates

OH BnO OH BzO OH
SISO Y O

4a: quant., 95% ee °4b: 85%, 90% ee 4c: 95%, 92% ee  °4d: quant., 92% ee

TsO OH [e) OH

S N

C4f: quant., 95% ee

o OH

°4e: 75%, 87% ee 4g: 81%, 95% ee

sterically less hindered substrates

OH OH
OH OH
Ph N B0 T

°4h: 91%,89% ee  °4i: 90%, 90% ee  °4j: 85%, 85% ee 4k: 96%, 83% ee

PMBO OH PMBO  OH

PMBO  OH PMBO OH

X X N N
41: 95%, dr=10:1 °4m: 94%, dr= 13:1 °4n: 90%, dr=5.3:1 40: 89%, dr=7.1:1

crotylation reactions

PMBO  OH PMBO OH PMBO  OH PMBO  OH

4p: 85%, dr= 18:1 °4q: 70%, dr= 11:1 4r: 72%, dr=4:1 4s: 80%, dr=4:1

BzO  OH

OH OH 0

4t: 98%, 96% ee °4u: 85%, 93% ee
dr=10:1 dr=8:1

4v: no reaction

Scheme 4 “ZUnless otherwise specified, all reactions were carried out
using 0.20 mmol of 1a, 0.24 mmol (1.2 eq.) of 2, and 0.010 mmol
(5 mol%) of catalyst. Plsolated yield. €(S)-3e was used instead of (R)-3e.
TRIP = 2,4,6-'Prs-CgH,. Chiral phosphoramide-catalysed allylation
and crotylation of aldehydes.??
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87%, dr = >20:1
1) _acryloyl chloride (1.2 eq.)
PMBO OH 'Pr,NEt, DCM

N 2

2) Hoveyda-Grubbs Il (2 mol%)
toluene, 80 °C

4q 6

91% (2 steps)

Fig. 4 Derivatization of products.

(R)-3b (73% ee).'™'* Next, we applied less sterically hindered
alkyl aldehydes to our system, and found that these afforded 4;j
and 4k in good yields and ee values (85% ee and 83% ee,
respectively). A similar tendency to reduce enantioselectivities
in the case of less hindered aldehydes was observed in our
reaction. Diastereoselective allylation reactions of enantioen-
riched aldehydes with substituents at the - or f-position under
optimized conditions produced the desired products in excel-
lent yields with moderate to high diastereoselectivities (41-40).
In contrast, the conventional CPA-catalysed reactions produced
4n and 4o with low diastereoselectivities.?”” Subsequently, we
extended this protocol to crotylation reactions using diverse
aldehydes, including those having a stereogenic centre. Various
enantioenriched substrates worked well and afforded products,
4p-4s, in good yields and moderate to reasonably high diaste-
reomeric ratios (drs). Notably, the anti-selective crotylation
products, 4p and 4q, with three continuous stereogenic centres,
commonly found in natural products, such as marine macro-
lides, were obtained with excellent diastereoselectivities. Not
only the enantioenriched aldehydes but also simple aldehydes,
such as benzaldehyde and 3-phenylpropionaldehyde, were
suitable crotylation, furnishing corresponding anti-products in
good yields (4t and 4u). In contrast, sterically hindered 3-
(benzoyloxy)-2,2-dimethylpropanal did not yield the desired
product, and there was no reaction even when the temperature
was elevated to 0 °C (4v).

Derivatization

A derivatization of products was attempted to show the synthetic
utility of the present allylation and crotylation reactions to
construct functional chiral building blocks (Fig. 4). The enan-
tioenriched alcohol 4g was treated with p-nitrobenzaldehyde in
the presence of catalytic trifluoromethanesulfonic acid (TfOH) to
afford sterically congested 1,3-syn-dioxane derivative 5 with 87%
yield and excellent diastereoselectivity (eqn (1)).>* Alternatively,
the esterification of compound 4q using acryloyl chloride, fol-
lowed by ring-closing metathesis, produced functionalized o,p-
unsaturated lactone 6 in 91% yield in two steps (eqn (2)).

Conclusions

We have developed an enantio- and diastereoselective allylbo-
ration of sterically hindered aldehydes that utilize multiple

Chem. Sci., 2025, 16, 3865-3871 | 3869
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hydrogen bonding interactions between the chiral phosphor-
amide catalyst and substrate to furnish synthetically useful
secondary alcohols with a quaternary carbon adjacent to a ster-
eogenic centre. Computational studies suggest that the major-
TS is stabilized by weak attractive interactions, including S=
O---H-C and two C-F---H-C hydrogen bonding interactions. In
contrast, minor-TSs lack some of these multiple interactions.
Hence, the sum of weak interactions substantially impacts the
enantioselectivity in the allylboration of sterically hindered
aldehydes. Using phosphoramide 3e as a multiple interaction
catalyst, 0.5 mol% catalyst loading is sufficient to complete the
allylboration of pivalaldehyde on a gram-scale. The present
allylation and crotylation reactions can be applied to both
sterically hindered and less hindered aldehydes to obtain the
corresponding homoallylic alcohols in excellent yields and high
enantioselectivities. Further studies on the efficient synthesis of
important natural products using the present methodology are
in progress in our laboratory.
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