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Despite growing interest in the reactivity and biological activity of phosphonate-containing molecules, the
application of a.-ketophosphonates in enantioselective formal [2 + 2] cycloadditions to generate B-lactones
bearing a pendant phosphonate group remains unreported. In this manuscript, a highly diastereo- and
enantioselective isothiourea-catalysed formal [2 + 2] cycloaddition of both alkyl- and aryl substituted
C(1)-ammonium enolates and a-ketophosphonates is established. This strategy allows a mild, practical

and scalable approach to highly enantioenriched C(3)-unsubstituted and C(3)-alkyl B-lactones bearing
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Accepted 5th March 2025 a phosphonate motif from their corresponding a.-silyl acids, via a desilylative pathway (30 examples, up

to 98%, >95:5 dr, >99:1 er). Alternatively, the use of (hetero)arylacetic acids allows the preparation of

DOI: 10.1039/d55c00322a C(3)-(hetero)aryl B-lactones to be accessed in high yields and stereocontrol (19 examples, up to 98%,
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Introduction

Over the last two decades, heterocyclic molecules containing
a phosphonic acid or related organophosphorus derivative have
drawn broad interest due to their versatile properties and
widespread biological activities, finding use as medicines,
herbicides, optoelectronic materials and flame retardants.*™*
Representative examples include the broad-spectrum antibiotic
fosfomycin, the herbicide glyphosate and optoelectronic mate-
rial benzo[b]phospholoxide (Fig. 1a)."* Given the significant
interest in these functionalities, a number of catalytic, enan-
tioselective processes have been developed to generate stereo-
defined products bearing the phosphonate functionality via the
use of a-ketophosphonates.>** In the same vein, pB-lactones are
versatile motifs which are prevalent in medicinal chemistry
both as synthetic building blocks and as warheads in several
biologically active compounds (Fig. 1a)."* Consequently, many
enantioselective protocols exist for their synthesis,”**® among
which the use of C(1)-ammonium enolates generated from
chiral tertiary amines (including the use of cinchona alkaloids,
planar chiral DMAP derivatives and isothioureas) have been
widely reported."”
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C(1)-ammonium enolates are powerful reactive intermedi-
ates that have been harnessed for enantioselective C-C and C-X
bond formation with a broad range of electrophiles. Classically,
catalyst turnover occurred through intramolecular cyclisation to
afford lactone or lactam products, however intermolecular
turnover can be provided using electron-poor phenoxides,
which has significantly broadened the scope of electrophiles
compatible with this approach.®?® Despite being widely
applied, until recently intermolecular reactions with electro-
philes involving C(1)-ammonium enolate formation from
carboxylic acid starting materials using isothiourea catalysts
(such as HyperBTM 1) was limited to (hetero)aryl-acetic acid
derivatives. This presumably reflects the acidity of the a-C-H
bond within an intermediate acyl ammonium ion pair for
deprotonation to occur (Fig. 1b). To broaden the utility of C(1)-
ammonium enolate reactivity to alkyl-substituted C(1)-
ammonium enolates, we recently harnessed a desilylative
approach from a-silyl carboxylic acids, expanding the scope of
substitution within C(1)-ammonium enolates to include benzyl,
alkyl and even acetic acid-derivatives (Fig. 1b).*!

In previous work, Chi et al. demonstrated the enantiose-
lective, NHC-catalysed formal [4 + 2] cycloaddition of o,p-
unsaturated aldehydes with a-ketophosphonates in the pres-
ence of a stoichiometric oxidant to give 2-pyranylphosphonates
(Fig. 1c).*> To the best of our knowledge enantioselective formal
[2 + 2] cycloadditions using a-ketophosphonates to access P-
lactones with a pendant phosphonate group remain unexplored
to date. Building on these precedents, we describe a mild and
highly enantioselective organocatalytic formal [2 + 2] cycload-
dition of both alkyl C(1)-ammonium enolates (formed via
a desilylative pathway) and (hetero)aryl C(1)-ammonium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a. organophosphorus compounds and B-lactones in industry
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b. C(1)-ammonium enolate formation using isothioureas

i-Pra, /Q
o
(28,3R)

O\)LLG
HyperBTM 1

O = (hetero)aryl
LG = OCOt-Bu

i-Pra,, ,@
—— S@
QP * O\HL(’%L
%)L AL NZ"N
LG (2s3R)-  RsSi o

=
C(1)-
Ph)\/elrmmonium

i-Pr enolate

SRs  HyperBTM 1 ph™ r LG
O =H, alkyl er
LG = OCOt-Bu a-silyl acyl ammonium
ion pair

c. [4+2] cycloadditions with a-ketophosphonates
o NHC precat.
OJVL 2 (20 mol%)
. H  NaoAc (1 equiv.)

PRbR oxidant
pP- (1 equiv.) 2 N
1 o 24 examples ' ®
fo) THF, 30 °C, 24 h up 0 991 er Mes
d. this work
Q O
o o or HyperBTM ..
1 (5 mol%)
O\HLOH . O)LP orR — oo
. 1 i-ProNEt (1 equiv.) _P=
HISIR; 0 MTBE, 25 °C, 16 h RO c')RO

O =H, alkyl, (hetero)aryl
O=aryl, alkyl R =alkyl

50 examples, up to 99%,
>95:5 dr, >99:1 er

Fig.1 (a) Importance of organophosphorus compounds; (b) previous
methods of generating C(1)-ammonium enolates using isothiourea
catalysts; (c) relevant background formal [4 + 2] cycloaddition with a-
ketophosphonates; (d) and this work.

enolates (formed by a deprotonation pathway) with a range of a-
ketophosphonates using the isothiourea (25,3R)-HyperBTM 1
(Fig. 1d). This methodology gives access to a range of stereo-
defined PB-lactones bearing two stereogenic centres, one of
which bears a pendant phosphonate group, in excellent
stereoselectivity.

Results and discussion

Investigation of optimal reaction conditions: reactivity of alkyl
substituted C(1)-ammonium enolates by desilylation

Using a-trimethylsilyl propionic acid 3 and dimethyl benzoyl-
phosphonate 4 as model substrates, several parameters were
screened to find optimal conditions, including acid, catalyst,
temperature and solvent (Table 1). Initially, using racemic acid
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Table 1 Variation of reaction conditions®

0 i) -BuCOCI (3.0 equiv.), Me, O
Me i-ProNEt (3.0 equiv.), -
OH MTBE (0.1 M), 0 °C, 10 min Phi-0
SiMe; - _
) ii. 25,3R)-HyperBTM 1 (5 mol%), 1o -F=0
(=)-3(20equiv.)  jpr,NEt (1.0 equiv.), 20 °C, 16 h OMe
+
5
acids
LA 0 0 .
P OMe Mej)]\ MG\HI\
H
~o “Son - me M,
4(1.0 equnv.) SiMe,Ph SiMePh,
(£)-6 (£)-7 8
isothioureas
(\ )\ Ph---(;l\ Ph-—(;l\w
PG N=¢ N=¢
(2S,3R)-HyperBTM 1 (R-BTM 9 (S)-TM-HCI 10
Entry Variation from standard Yield?/% dr” er?
1 None 80 >95:5 >99:1
2 Acid 6 72 >95:5 >99:1
3 Acid 7 — — —
4 Acid 8 — — —
5 Propionic anhydride’ — — —
6 (R)-BTM 9 — — —
7 (S)-TM-HCI 10 — — —
8 Acid 3 (1 equiv.) 35 >95:5 >99:1
9 25°C 98 >95:5 >99:1
10 CH,Cl,, 25 °C 75 89:11 94:6
11 CH;CN, 25 °C 78 8119 99:1
12 Toluene, 25 °C 80 >95:5 >99:1
13 THF, 25 °C 25 >95:5 79:21

¢ t-BuCOClI (1.2 mmol), i-Pr,NEt (1.2 mmol) and acid 3 (0.8 mmol) in
MTBE (4 mL, 0.1 M) was stirred at 0 °C for 10 min before the addition
of i-Pr,NEt (0.4 mmol), a-ketophosphonate 4 (0.4 mmol) and (2S,3R)-
HyperBTM 1 (5 mol%) at 20 °C for 16 h. Temperatures of 25 °C were
maintained using an oil bath. MTBE = methyl tert- butyl ether. BTM =
benzotetramisole. TM = tetramlsole Isolated yield. ¢ Determined by
'H NMR of crude reaction mixture. ¢ Determined by HPLC analysis on
a chiral stationary phase. ¢ propionic anhydride (1.0 mmol), i-Pr,NEt
(0.5 mmol), a-ketophosphonate 4 (0.4 mmol) and (2S,3R)-HyperBTM 1
(5 mol%) in MTBE (4 mL) at rt for 16 h.

3 (2 equiv.), --BuCOCI (3 equiv.) and i-Pr,NEt (3 equiv.) in MTBE
to form the mixed anhydride in situ, followed by i-Pr,NEt (1
equiv.), (25,3R)-HyperBTM 1 (5 mol%) and a-ketophosphonate 4
(1 equiv.) at room temperature gave the desired B-lactone 5 in
80% yield with exceptional diastereo- and enantioselectivity
(>95:5 dr, >99:1 er) (entry 1). The use of alternative racemic
acid 6 led to reduced yield, albeit with retention of high dia-
stereo- and enantioselectivity (72%, >95:5 dr, >99: 1 er, entry
2), however further variation of the silyl group using racemic
acid 7 led to significantly reduced yield (<5%, entry 3). Control
reactions showed that the a-silyl-substituent is necessary for
reactivity in this process, as the use of propionic acid 8 (for
subsequent mixed anhydride formation, entry 4) or propionic
anhydride as starting material (entry 5) led to no formation of -
lactone 5. Changing to alternative isothiourea catalysts 9 and 10
led to no reaction (entries 6 and 7) and reducing the stoichi-
ometry of acid 3 led to a reduction in yield, although main-
tained high stereoselectivity (35%, >95 : 5 dr, entry 8). When the
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) o ) O,
o—O i. t-BuCOCI (3.0 equiv.), i-ProNEt (3.0 equiv.), i-Pr.,
O%OH P,o MTBE (0.1 M), 0 °C, 10 min o0 (\,I\
SiMe; ii. (2S,3R)-HyperBTM 1 (5-10 mol%), o-P=o0
(1.6-2.0 equiv.) (1.0 equiv.) FPraNEt (1.0 equiv.), 20-25°C, 16.h o) °y (2s 3R)-HyperBTM 1
O Scope
Me,, O (0] (¢] (o] (0]
off OF CF Oof OF of
_P=0 _P=0 P (0]
M E Pr-
=0 6!\/]9 DO OEI —/ Pr MeO e 6Et i O-/ Pr
5, 98% 11, 80% 122, 50% 13, 90% 14, 86% 152, 88%
>95:5 dr, >99:1 er >95:5 dr, >99:1 er >95:5 dr, >99:1 er 87:13 er 89:11 er 89:11 er
O Scope
Me,, O Me,, O Me,, O Me,, O
g i MeO . ;
ac—@---- o ¢ 0 >/._© o F@ 5
_P=0 _P=0 o _P=0 _P=0
MeO 6Me MeO 6Me MeO Me MeO Me
16", 88% 17, 72% (2R3R)18 18, 76% 19°, 90%
>05:5 dr, >99:1 er >95:5 dr, >99:1 er ’ >95:5 dr, >99:1 er >95:5 dr, >99:1 er
Me,, (o] Me,, (0] Br, Me,, (0] Me Me,, O MeO Me,, O
_P=0 .P=0 _P=0 _P=0 O
MeO (I)Me MeO' 6Me MeO' (I)Me MeO (I)Me MeO
20, 78% 21,67% 22,82% 23, 62% 24, 90%
>95:5 dr, >99:1 er >95:5dr, >99:1 er >95:5dr, >99:1 er >95:5dr, >99:1 er >05:5 dr, >99:1 er
MeO  Me, O C Me,, O Me,, O Me,, (0] Me,, O
.P=0 p= =/ p=0 =/ pz=0 P=0
MeO~ MeO~ MeO” MeO~ MeO”
MeO MY Gye 0 Ome 2 Ome 2 Ome e OMe
25, 80% 26°, 81% 27,68% 28, 82% 29, 61%
>95:5 dr, >99:1 er >95:5 dr, >99:1 er >95:5dr, >99:1 er >95:5 dr, >99:1 er >95:5 dr, >99:1 er
Scale up and derivatization Limitations
Me,, O Me, M
3 . G /\ o O e
8 i morpholine MeO, R OMe OMe | OMe
r MeO P o0 X~ ~p-OMe o p-OMe —> O p-OMe
,P:O rt, 16 h | n \ I 1] \ ’ n
MeO” 1 31d = (e} O
OMe 99%
° 32, 4-OMe 34 35
30, 76%, 1.06 g, >95:5 dr 33, 2-Me
>05:5 dr, >99:1 er >00:1 er ’

O Scope

36, 98%
>95:5 dr, >99:1 er

41, 79%
>95:5 dr, >99:1 er

37, 90%
>95:5 dr, >99:1 er

MeO OMe

42, 82%
>95:5 dr, >99:1 er

38, 77%
>95:5 dr, >99:1 er

=0
MeO OMe

43, 80%
>95:5 dr, >99:1 er

-, O,
O —Of

39, 74%
>95:5dr, >99:1 er

40, 76%

>95:5 dr, >99:1 er

Limitation
O )
O e
=/ _p=0 SiMes
44, 40% 45

90:10 dr, 99:1 er

Fig. 2 Scope and limitations of the formal [2 + 2] cycloaddition of a-silyl acids with a-ketophosphonates. All yields are isolated yields, dr
determined by 'H NMR of crude reaction mixture, er determined by HPLC analysis on a chiral stationary phase, reaction scale 0.4 mmol, 25 °C
maintained using an oil bath. 210 mol% HyperBTM 1 used; °1.6 equiv. of acid used, performed at 20 °C; €initial reaction carried out on 0.4 mmol

scale, scale up reaction carried out on 4.0 mmol scale, both gave 31 in 76% yield, >95:5dr, >99 : 1 er;

conversion to B-lactone 31, 20 °C, 16 h.
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temperature was increased to 25 °C (entry 9) B-lactone 5 was
obtained in 98% yield, with exceptional stereocontrol (>95 : 5 dr,
>99: 1 er). Variation of the solvent at 25 °C saw no improvement
upon these conditions (entries 10-13). Hence, entry 9 was
chosen as the optimal reaction conditions.

Scope and limitations

With optimised conditions in hand, the scope and limitations
of the developed process were investigated through variation of
the phosphonate alkyl group under the standard reaction
conditions (Fig. 2). Increasing substitution of the phosphonate
group from methyl to ethyl and iso-propyl gave B-lactones 11
and 12 in reduced yield (80% and 50% respectively) compared
to 5 but with exceptional stereocontrol (both >95:5 dr, >99:1
er). Conversely, taking unsubstituted a-silyl acetic acid with o-
ketophosphonates of increasing substitution gave C(3)-
unsubstituted B-lactones 13-15 in high yields (86-99%) but
reduced enantioselectivity (87 : 13-89: 11 er).

Subsequent work varied the steric and electronic nature of
the aryl substituent within the benzoylphosphonate. The
incorporation of electron-withdrawing groups in the 4-position
were tolerated well, with compounds 16-19 (4-F;CC¢H,-, 4-
CO,MeCgHy,, 4-CIC¢H, and 4-FC¢H,) prepared in good to high
yields (72-90%) with exceptional stereoselectivity (all >95: 5 dr,
>99:1 er). Other aryl C(4)-substituents within the benzoyl-
phosphonate were also well-tolerated, giving 4-Me B-lactone 20
and 4-Ph B-lactone 21 in good yields and stereoselectivities (67-
78%, both >95:5 dr, >99:1 er). Further substitution patterns
and groups were also compatible, with 3-MeOC¢H,, 3-BrCsHy, 3-
MeCgH, and 3,5-(MeO),CsH; all providing efficient access to the
corresponding pB-lactones 22-25 with high diastereo- and
enantioselectivity (62-90%, all >95:5 dr, >99:1 er).

Reduced acid stoichiometry (1.6 equiv.) was used with a 2-
naphthoylphosphonate, facilitating access to the corresponding
B-lactone 26 in 81% yield with exceptional stereoselectivity
(>95:5 dr, >99:1 er). In addition to substituted benzoyl-
phosphonates, heterocyclic a-ketophosphonates were also well-
tolerated, providing C(4)-3-furyl and 3-thiophenyl B-lactones 27
and 28 in high yields and stereoselectivities (68-82%, both >95 :
5dr, >99: 1 er). Single crystal X-ray diffraction of both 18 and 26
allowed confirmation of their relative and absolute configura-
tion, which is consistent with the stereochemical rationale
previously identified within the group for other formal [2 + 2]-
cycloadditions using C(1)-ammonium enolates.>® Pleasingly,
when dimethyl acetylphosphonate was employed, -lactone 29
bearing a C(4)-methyl substituent was formed in 61% yield, with
>95:5 dr and >99:1 er.

The reaction was scaled up, and B-lactone 30 was formed on
gram scale with no erosion of stereoselectivity (76%, >95: 5 dr,
>99:1 er). Furthermore, treatment of 30 with excess morpho-
line under ambient conditions provided ring-opened o-
hydroxyl-B-amidylphosphonate 31 bearing two contiguous
stereocentres in high yield, with no detriment to the diastereo-
or enantioselectivity (94%, >95 : 5 dr, >99 : 1 er). The limitations
of this protocol were discovered throughout the course of these
investigations. Strongly electron-donating groups on the aryl

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phosphonate component were not well-tolerated, with for
example 4-MeOC4H, substituted a-ketophosphonate 32 leading
to less than 5% conversion to the corresponding B-lactone.
Furthermore, 2-methylbenzoyl phosphonate 33 was signifi-
cantly less reactive than its 4-methyl counterpart, leading to
<5% conversion of the starting material. While use of 3-furo-
ylphosphonate gave B-lactone 27 in good yield and the product
was bench stable, the 2-furoylphosphonate 34 gave no p-lactone
product, but instead alkene 35 was obtained in 58% yield,
which presumably arises from decarboxylation of the initially
formed B-lactone product.**

Further investigations focused on the scope of the a-silyl
carboxylic acid. A variety of alkyl (Me, Et), as well as allyl and
propargyl groups were well-tolerated, giving the corresponding
B-lactones 36-39 in high yields (77-98%) and exceptional dia-
stereo- and enantioselectivity (all >95:5 dr, >99:1 er). Benzyl-
derived acids, including those bearing 4-MeCgH, and 4-FCsH,
substituents, also showed excellent reactivity, affording B-
lactones 40-42 in good yields (76-82%) with consistently high
stereocontrol (all >95:5 dr, >99:1 er). Furthermore, 3-
(naphthalen-2-yl)propanoic acid delivered the corresponding p-
lactone 43 in 80% yield, with >95:5 dr and >99:1 er. The
reaction of a-trimethylsilyl phenylacetic acid was also investi-
gated, which provided B-lactone 44 in only a moderate yield and
with a noticeable decrease in diastereoselectivity, although high
enantioselectivity was maintained (40%, 90:10 dr, 99:1 er).
Disappointingly, branched iso-propyl a-silyl acid 45 showed no
reactivity under the reaction conditions.

Probing double stereodifferentiation: matched and
mismatched reaction pairings with enantioenriched
anhydride

As a control, rather than (+)-a-alkyl-a-silyl mixed anhydride, the
use of enantioenriched a-silyl acid 6 (89 : 11 er) was investigated
upon reaction with the enantiomers of HyperBTM 1 (Fig. 3).
Using (25,3R)-1 gave full conversion to (2R,3R)-30 within 10
hours in 72% yield and excellent stereocontrol (>95 : 5 dr, >99: 1
er). However, the use of enantiomeric (2R,35)-1 gave (25,35)-30
with identical stereocontrol (>95:5 dr, >99:1 er) but took 20

Probing double stereodifferentiation

Me, O
o
(@S3R}2 4 l:{/
me 10h o
Y OH — MeO'E:O
SiMezPh i BucOCI (3.0 equiv.) OMe
(R)-6 (2.0 equiv.)  i-ProNEt (3.0 equiv.), (2R,3R)-30, 72%
89:11 er MTBE (0.1 M), >95:5 dr, >99:1 er
0°C, 10 min
.
ii. HyperBTM 2
o] OMe (5 mol%), -PraNEt Me 0O
Ar .F.VOMe (1.0 equiv.), 25 °C Ar | o
°o ‘ > Meo hs0
46 (1.0 equiv.) (2R,35)-2 OMe
Ar = 4-BrPh 20 h

(2S,35)-30, 90%
>95:5 dr, >99:1 er

Fig. 3 Probing double stereodifferentiation. All yields are isolated
yields, dr determined by *H NMR of crude reaction mixture, er deter-
mined by HPLC analysis on a chiral stationary phase.
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hours to reach completion. This is consistent with the previ-
ously observed kinetic resolution of the a-silyl anhydride taking
place upon acylation in this protocol.*

Re-optimisation of reaction conditions: (hetero)aryl
substituted C(1)-ammonium enolates by deprotonation

Since the synthesis of B-lactone 44 from an aryl substituted-silyl
acid had proceeded with reduced yield and diastereoselectivity
compared to C(3)-alkyl or benzyl substituents, further work
considered the propensity for formation of B-lactones bearing
a C(3)-aryl substituent via a deprotonation route (Table 2).
Building upon previous work that demonstrated the ability of
phenylacetic anhydrides (either isolated or prepared in situ) to act
as ammonium enolate precursors,” the corresponding pivalic
anhydride was prepared in situ from phenylacetic acid 47, with
addition of a-ketophosphonate 4 leading to B-lactone 44 in 39%
yield, 90:10 dr and 98: 2 er (entry 1). Reducing the equivalents of
base in the generation of the mixed pivalic anhydride led to
a modest increase in yield, whilst maintaining high stereo-
selectivity (entry 2). Further variation in stoichiometry (see Tables
S7 to S107) led to an optimal ratio of 3:3:3 of acid 47:¢
BuCOCI : i-Pr,NEt. Further optimisation showed that varying the
rate of acid had a significant impact on the reaction yield (entries
3-6), with addition of the acid over 5 min optimal, giving B-
lactone 44 in an isolated yield of 74% with 90:10 dr and 96 : 4 er.

Probing in situ epimerisation of C(3)-aryl B-lactones under
reaction conditions

During the optimisation of this reaction, significant variation in
product diastereoselectivity was observed and it was considered

Table 2 Variation of reaction conditions®

Q i) -BuCOCI (3.0 equiv.)
Ph \)LOH i-ProNE (3.0 equiv.), Ph, 0
) MTBE (0.1 M), 0 °C, 15 min
47 (2.0 equiv.) >  Ph[—0
o P, MeO,Z;IO
A e PN “
Ph” ~P-OMe PR N TS
o] ii. (2S,3R)-HyperBTM 1 (5 mol%),
4 (1.0 equiv.) i-ProNEt (1.0 equiv.), 25 °C, 16 h
Entry  Variation vield’/%  dr° er’
1 None 39 90:10 98:2
2 2 equiv. of i-Pr,NEt in (i) 55 93:7 99:1
3° 3 equiv. 47, added over 1 min 72 87:13 96:4
4 3 equiv. 47, added over 5 min 74 90:10 96:4
5be 3 equiv. 47, added over 15 min 56 88:12 96:4
6 (25,3R)-HyperBTM (2.5 mol%) 38 82:18 83:17

¢ t-BuCOCl (0.6 mmol), i-Pr,NEt (0.6 mmol) and acid 47 (0.4 mmol) in
MTBE (2 mL, 0.1 M) was stirred at 0 °C for 10 min, then i-Pr,NEt (0.2
mmol), a-ketophosphonate 4 (0.2 mmol) and (2S,3R)-HyperBTM 1
(5 mol%) at 25 °C for 16 h. * 1.6 mL MTBE used in (i), then 0.4 mL
added in (ii) to ensure all components rinsed into flask.  Rate of
addition controlled using syringe pump, 0.32 mL min~" for 5 min or
0.11 mL min~" for 15 min. ¢ Isolated yield. ¢ Determined by "H NMR
of crude reaction mixture./ Determined by HPLC analysis on a chiral
stationary phase.
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epimerisation of diastereoisomers under basic conditions
Ph,, 0 Ph, O

i-ProNEt (20.0 equiv.) thl 0

Ph—0O
P~ MTBE (0.2 M), 25°C,2h P=,
'S0 -0
MeO 6Me MeO (I)Me
()-anti-44 ()-anti-44
94:6 dr 82:18 dr
Ph O Ph (o]

i-Pr,NEt (20.0 equiv.)
MTBE (0.2 M), 25 °C, 2h

Ph:]:(f Ph---l—_g

P= P=
M - \O M - ~O
20 (I)Me e0 (I)Me
(z)-syn-44 ()-anti-44
90:10 dr 68:32 dr

Fig. 4 Epimerisation studies.

that this may be due to epimerisation of the B-lactone product.
To evaluate the potential epimerisation of B-lactone 44 under
the reaction conditions, isolated diastereomerically enriched
samples of (£)-anti- and (£)-syn-44 (94:6 and 10:90 drgu.epn
respectively) were exposed to i-Pr,NEt (20.0 equiv.) in MTBE, at
25 °C for 2 h (Fig. 4). After this time the diastereomeric ratio of
anti-44 was reduced from 94 : 6 to 82 : 18 dryus.syn, While anti-44
(68:32 drgp.sy,) Was also favoured starting from syn-p-lactone
44 (90 : 10 dryyy.qn). Consistent with previous observations, it is
likely that the observed epimerisation occurs through base-
mediated enolisation at the B-lactone C(3)-position, then
reprotonation.>*#

Scope and limitations

With optimised conditions in hand, the generality of this
methodology was investigated through variation of the aryl-
acetic acid component (Fig. 5). Electron-donating groups in the
aryl C(4)-position were well tolerated, giving B-lactones 48 and
49 in good yields, with high diastereo- and enantioselectivity
(70-74%, 91:9->95:5 dr, both 95:5 er). Halogens were also
well-tolerated in this position (61-84%, 94:6-95:5 er),
although B-lactones 50 and 51 were isolated with reduced dia-
stereoselectivity (82:18-84:16 dr), which may be due to the
increased susceptibility towards epimerisation at this stereo-
centre under the reaction conditions. Further variation around
the aryl ring was also successful, with 3-OMe, 3,5-OMe and even
3-CF; B-lactones 52-54 formed in synthetically useful yields,
with good diastereo- and enantioselectivities (41-73%, 86 : 14—
89:11 dr, 90:10-95:5 er). Pleasingly, heteroaryl substituents
were also well-tolerated, with B-lactones 55-57 prepared in good
to high yields with high diastereo- and enantioselectivity (69-
90%, 86:14-89:11 dr, 90:10-98:2 er). Single crystal X-ray
analysis of 55 confirmed the relative and absolute configura-
tion, which aligns with that within the C(3)-alkyl scope. Subse-
quent investigations focused on the scope of the a-
ketophosphonate. Incorporation of the electron-withdrawing 4-
F3;CCgH, substituents gave a disappointing 48% yield of B-
lactone 58, although good diastereoselectivity and excellent
enantioselectivity were observed (89 : 11 dr, 99 : 1 er). Pleasingly,
the reaction of both 4-tolylacetic acid and 3-thiophenylacetic
acid with 4-CIC¢H 4~ and 4-FC¢Hs-substituted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Scope and limitations of formal [2 + 2] cycloaddition of (hetero)arylacetic acids with a-ketophosphonates. All yields are isolated yields, dr
determined by IH NMR of crude reaction mixture, er determined by HPLC analysis on a chiral stationary phase. *a-ketophosphonate starting

material showed dimerization over time (see ESI¥).

benzoylphosphonates worked well, giving B-lactones 59-62 in
high yields, with high diastereoselectivity and excellent enan-
tioselectivity (77-98%, 83 :17->95:5 dr, 95:5-98: 2 er).
Electron-withdrawing groups in other positions were also
well-tolerated in this methodology with B-lactones 63-65
prepared in good yields with good diastereoselectivity and
excellent enantioselectivity throughout (57-91%, 86 :14-89: 11
dr, 95:5-99 : 1 er). Interestingly, although aryl C(2)-substituents
had not been tolerated in the a-ketophosphonate scope in the
reaction with a-silyl acids (Fig. 2) or in the arylacetic acid scope
(Fig. 5), 2-FC¢Hs B-lactone 66 was prepared in a synthetically
useful 34% yield, with modest diastereoselectivity (82:18 dr)
but excellent enantioselectivity (96:4 er). Unfortunately,
strongly Hammett electron-withdrawing 4-F;CCgH,-phenyl-
acetic acid 67 showed low reactivity under the reaction condi-
tions, which may be due to reduced nucleophilicity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

intermediate C(1)-ammonium enolate species. Sterically
hindered acids 68 and 69 were also not tolerated. Disappoint-
ingly, the incorporation of an electron-donating methyl group
in either the 4- or 2-position of the aryl-substituent of the
phosphonate (70 and 32) showed no conversion to the desired
B-lactone products, which presumably reflects the reduced
electrophilicity of the carbonyl carbon, and/or steric hindrance
in the case of the 2-MeC¢H; substituent.

Proposed mechanism

Based upon these observations and following established
precedent, a catalytic cycle for the enantioselective formal [2 + 2]
cycloaddition of C(1)-ammonium enolates and a-ketophosph-
onates is presented (Fig. 6a) with the method of C(1)-
ammonium enolate generation dependent upon the starting
material. When (hetero)arylacetic mixed anhydrides 71 are used

Chem. Sci., 2025, 16, 6828-6836 | 6833
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a. proposed catalytic cycle
Q 0
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P=0

MeO”
> OMe

Pr.,

i (\N/Q
RN

(25,3R)-HyperBTM 1

catalyst release

N-acylation

(X=H)

Ph
a-ketophosphonate iPr
C(1)-ammonium enolate
75

Fig. 6 Proposed mechanism and stereochemical rationale.

(X = H), N-acylation of (2S,3R)-HyperBTM 1 occurs reversibly to
generate acyl ammonium ion pair 73, with deprotonation at the
a-position generating the corresponding (Z)-C(1)-ammonium
enolate 75. When an excess of (4)-a-alkyl-a-silyl mixed anhy-
dride 72 is used, following our previous work preferential acyl-
ation of the (R)-enantiomer of 72 in a kinetic resolution process
is assumed to lead to acyl ammonium ion pair 74 and enan-
tioenriched anhydride 72. Desilylation to generate the corre-
sponding C(1)-ammonium enolate 75 occurs, which may be
promoted by the pivalate counterion or an alternative nucleo-
phile such as a chloride anion, or through a Brook-type C- to O-
silyl rearrangement followed by O-desilylation.?* In both cases,
key to the observed stereochemical outcome is formation of the
(2)-ammonium enolate and a stabilizing 1,5-O---S chalcogen
bonding interaction (no—mg ) which ensures coplanarity
between the 1,5-O and S-atoms and provides a conformational
bias.”*** The relative and absolute configuration observed
within the major diastereoisomer of the B-lactone products is
consistent with that previously observed in related formal [2 + 2]
cycloadditions of C(1)-ammonium enolates with tri-
fluoromethylketones,” isatins® and pyrazolones® and so by
analogy a similar concerted asynchronous formal [2 + 2] cyclo-
addition pathway via transition state assembly 78 to give 77 is
proposed. Following precedent,”*'>* we speculate that this
transition state assembly can be stabilised a non-classical CH:--
O interaction between the acidic a-C-H of the substrate-bound
catalyst and the carbonyl C=0 (Fig. 6b).>* Subsequent catalyst
release via collapse of the spirocyclic tetrahedral intermediate
76 generates the f-lactone 77 in high diastereo- and
enantioselectivity.

Conclusion

This manuscript reports the development of a highly diastereo-
and enantioselective formal [2 + 2] cycloaddition of o-
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b. stereochemical rationale
generated in situ
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unsubstituted, o-alkyl and o-(hetero)aryl-substituted C(1)-
ammonium enolates with o-ketophosphonates using the iso-
thiourea catalyst (2S,3R)-HyperBTM 1. The scope and limita-
tions of this process have been explored, with good yields and
high stereoselectivity observed across a broad range of substrate
derivatives incorporating varied substitution at the C(3)- and
C(4)-positions as well as the phosphonate group. This cycload-
dition procedure is also amenable to scale up using bench grade
solvents and reagents, with effective conversion on a 1 g scale
demonstrated. The further application of this methodology
towards unsymmetrical phosphonates is currently underway
within our laboratory.
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