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Abstract: The catalytic generation of C(1)-ammonium
enolates from the corresponding α-silyl-α-alkyl substi-
tuted carboxylic acids using the isothiourea HyperBTM
is reported. This desilylative approach grants access to
α-unsubstituted and α-alkyl substituted C(1)-ammonium
enolates, which are typically difficult to access through
traditional methods reliant upon deprotonation. The
scope and limitations of this process is established in
enantioselective [2+2]-cycloaddition processes with per-
fluoroalkylketones (31 examples, up to 96% yield and
>99 :1 er), as well as selective [2+2]-cycloaddition with
trifluoromethyl enones (4 examples, up to 75% yield
and >99 :1 er). Preliminary mechanistic studies indicate
this process proceeds through an initial kinetic resolu-
tion of an in situ prepared (�)-α-silyl-α-alkyl substituted
anhydride, while the reaction process exhibits overall
pseudo zero-order kinetics.

Introduction

C(1)-Ammonium enolates are recognised as important and
useful synthetic intermediates that react with electrophiles
(such as a reactive ketone, enone or palladium-π-allyl
species) to generate stereodefined products with high
enantioselectivity.[1] These C(1)-ammonium enolate species
are traditionally derived from the reaction of Lewis basic
tertiary amines with either acid chlorides or ketenes (either
pre-formed or prepared in situ) as starting materials.[2] In
recent years, focus in this area has shifted to enable their use
from carboxylic acids (via an in situ formed mixed
anhydride[3] or ester derivative[4]), acyl imidazoles,[5] or
electron deficient aryl esters,[6] with isothioureas proving
particularly effective Lewis base catalysts.[7] Despite signifi-
cant advances, one common limitation within this area is the

restricted structural variation allowed within the α-substi-
tuted carboxylic acid derivative in intermolecular reactions.
A necessary constraint is that processes require an α-aryl-,
α-heteroaryl, or α-alkenyl-substituted derivative, with only
extremely limited exceptions within the literature (Fig-
ure 1A).[8] As C(1)-ammonium enolate generation using this
strategy requires initial formation of an acyl ammonium ion
pair, followed by deprotonation, this structural bias may be
due to these substituent patterns leading to increased acidity
and facilitating deprotonation. To address this limitation, an
alternative strategy applicable to the generation of a range
of unsubstituted and α-alkyl C(1)-ammonium enolates in a
one-pot protocol from carboxylic acids is reported. Circum-
venting deprotonation of an intermediate acyl ammonium
species, alternative pathways for the generation of the
desired C(1)-ammonium enolate were considered. In partic-
ular, the work of Chi and co-workers was invoked who used
silicon-based precursors to functionalise the benzylic posi-
tion within 2-[trimethylsilyl]methyl benzoates using the
combination of fluoride and NHC catalysts (Figure 1B).[9]

Building upon this work, herein the development of α-silyl-
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Figure 1. a) Traditional method of C(1)-ammonium enolate generation
from carboxylic acids. b) Chi’s desilylative functionalisation of benzylic
substituents. c) Proposed desilylative generation of C(1)-ammonium
enolates from carboxylic acids using isothioureas.
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α-alkyl substituted carboxylic acids as precursors to a range
of unsubstituted and α-alkyl substituted C(1)-ammonium
enolates, alongside an evaluation of their scope and
limitations in enantioselective [2+2]-cycloaddition processes
with perfluoroalkylketones and trifluoromethylenones is
demonstrated (Figure 1C).

Results and Discussion

Investigation of Optimal Reaction Conditions

The effective generation of an unsubstituted C(1)-
ammonium enolate from α-trimethylsilyl acid 1, and its
formal [2+2]-cycloaddition with trifluoromethyl ketone 2 to
give β-lactone 3, was chosen as the initial target for
optimisation. Limited catalytic methods for the generation
of such chiral acetyl enolate equivalents have been demon-
strated. NHC-catalysed approaches using α-functionalised
acetaldehydes or acetate esters are known,[10] while current
routes using tertiary amine catalysts rely on in situ ketene
generation from acetyl chloride.[11] Initial formation of the
corresponding mixed anhydride from acid 1 (2 equiv) and
pivaloyl chloride (3 equiv) in MTBE, prior to addition of
(2S,3R)-HyperBTM 4 (5 mol%) and ketone 2 (1 equiv) at
room temperature, gave the β-lactone 3 in excellent yield
and enantioselectivity (96% yield, 94 :6 er) (Table 1,
entry 1). Further experimentation indicated that reduced

stoichiometry of pivaloyl chloride, base or HyperBTM still
led to high product enantiocontrol, but with reduced yield
even with extended reaction times (entries 2–4). The use of
alternative isothioureas 5 and 6 led to significantly reduced
reactivity (less than 10% conversion to product) (entries 5
and 6), while alternative solvents also gave lower yields and/
or enantioselectivity (entries 7–9).[12]

Scope and Limitations

With the optimal conditions (Table 1, Entry 1) established,
the generality of this protocol was investigated through
variation of both the α-silyl- and α-alkyl-substituents within
the carboxylic acid, alongside the aryl- and perfluoroalkyl-
substituents within the ketone (Table 2). Initially, the effect
of variation of the α-alkyl-substituents within the carboxylic
acid reaction component under the developed conditions
was investigated (Table 2A). Preparation of a range of α-
SiMe3-α-alkyl carboxylic acids, and their application under
the developed reaction conditions provided access to a range
of C(3)-alkyl substituted β-lactone products, with C(3)-
methyl, ethyl, n-propyl, allyl, prop-2-ynyl, (substituted)
benzyl and 2-naphthylmethyl substituents all successfully
incorporated, giving the corresponding β-lactones 7–15 in
good yields (up to 87%) and excellent enantioselectivity
(95 :5 to >99 :1 er). As a control experiment, α-phenyl-α-
trimethylsilyl carboxylic acid was used in this protocol,
giving the C(3)-Ph-β-lactone 16 in high dr and er. The
relative and absolute configuration within both 7 and 16
were proven by comparison with the literature, with that
within 16 identical to that prepared from the corresponding
phenylacetic acid.[13]

Further demonstration of the scope and limitations of
this process focused upon the reactivity of the unsubstituted
C(1)-ammonium enolate generated from α-trimethylsilyl
acid 1 through reaction with a range of perfluoroalkylke-
tones (Table 2B). Using the developed protocol, variation to
include perfluoroethyl and perfluorobutyl ketones was
tested, with the electronic nature of the aromatic substituent
of the ketone also varied. Electron-withdrawing substituents
(with positive Hammett σ-constants such as para-CF3, ortho-
CF3, meta-OMe), as well electron-neutral or weakly elec-
tron-donating groups (with negative Hammett σ-
constants)[14] were well tolerated, giving β-lactone products
17–24 in good to excellent yield and high enantioselectivity
(85 :15 to 94 :6 er). The absolute configuration of (S)-24 was
determined by single crystal X-ray crystallography, with all
other products assigned by analogy.[15] Further structural
variation focused upon demonstrating the reactivity of alkyl
substituted C(1)-ammonium enolates generated in this
method (Table 2C). Using α-trimethylsilyl-α-methyl acetic
acid as a standard, its reactivity with a range of perfluor-
oalkylketones was demonstrated, with the introduction of
both strongly electron-donating (such as para-OMe) and
electron-withdrawing substituents (such as para-CF3) toler-
ated, leading to the formation of β-lactones 25–33 in good to
excellent yield (53% to 95%) and with excellent diastereo-
and enantioselectivity (from 85 :15 to >95 :5 dr, up to

Table 1: Variation of reaction conditions.[a]

Entry Variation Yield[b] [%] er[c]

1 – 96 94 :6
2 Acid 1 (1 equiv) 36 90 :10
3 t-BuCOCl (2 equiv), i-Pr2NEt (2 equiv) 82 94 :6
4 As entry 3 but 24 hours 88 94 :6
5 (R)-BTM 5 (5 mol%) <10[d] –
6 (S)-tetramisole 6 (5 mol%) <10[d] –
7 MeCN (0.1 M) 55 71 :29
8 CH2Cl2 (0.1 M) 82 79 :21
9 toluene (0.1 M) 98 84 :16

[a] t-BuCOCl (1.2 mmol), i-Pr2NEt (1.2 mmol) and acid 1 (0.8 mmol)
in MTBE (4 mL, 0.1 M) was stirred at 0° C for 10 minutes before
addition of i-Pr2NEt (0.4 mmol), ketone 2 (0.4 mmol) and (2S,3R)-
HyperBTM 4 (5 mol%) at r.t. for 16 h. [b] Isolated yield. [c] Determined
by HPLC analysis on a chiral stationary phase. [d] Determined by 1H
NMR analysis of the crude reaction product. MTBE=methyl tert-butyl
ether. r.t.= room temperature. HyperBTM=3-isopropyl-2-phenyl-3,4-
dihydro-2H-benzo[4,5]thiazolo[3,2-a]pyrimidine. BTM=benzotetrami-
sole. TM= tetramisole.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, e202208800 (2 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



>99 :1 er). The preparation of 34 was performed on gram
scale, giving β-lactone 34 (1.2 g) in 95% yield, >95 :5 dr and

>99 :1 er. Further extension of this protocol to the
generation of C(3)-benzyl- and C(3)-2-naphthylmethyl sub-

Table 2: Scope and limitations of the enantioselective [2+2]-cycloaddition using (�)-α-silyl-α-alkyl-carboxylic acids as C(1)-ammonium enolate
precursors.[a,b]

[a] Isolated yield; [b] dr determined by 1H NMR analysis of the crude reaction product; er determined by HPLC analysis on a chiral stationary
phase; [c] 29 (1.0 equiv), NH2Bn (2.0 equiv) CH2Cl2 (0.5 M), r.t., 16 h; [d] 34 (1.0 equiv), DIBAL (2.0 equiv), CH2Cl2 (0.1 M), � 78 °C, 90 min; [e] 34
(1.0 equiv), NaOMe (5.0 equiv), MeOH, � 4 °C, 16 h.
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stituted perfluorobutyl substituted β-lactones was successful,
generating 35 and 36 in good to excellent yield and
enantiocontrol (85 :15 to 90 :10 dr, >99 :1 er).

Further studies probed variation of the silyl-substituent
(Table 2D). The incorporation of α-SiMe3, α-SiMe2Ph and α-
SiMePh2 groups within the carboxylic acid were all shown to
be effective C(1)-ammonium enolate precursors. Using the
corresponding unsubstituted α-silyl acids gave β-lactone 3 in
good yields in each case, although reduced er was observed
using the α-SiMePh2 substituent. Extending this protocol to
the corresponding α-methyl-α-silyl-carboxylic acids showed
that α-SiMe3, α-SiMe2Ph and α-SiMePh2 groups were
tolerated, each giving C(3)-Me-β-lactone 7 in >95 :5 dr and
excellent enantiocontrol (up to >99 :1 er). Facile derivatisa-
tion of the β-lactone products 29 and 34 to the correspond-
ing amide 37 (from 29), as well as alcohol 38 or ester 39
(from 34) was also demonstrated (Table 2E) with exclusive
ring-opening at C(2) observed as confirmed by single crystal
X-ray crystallography.[15]

The scope and limitations of this methodology was then
investigated through its application to reaction with
trifluoromethyl enones (Table 3). These enones have been
previously used in a range of enantioselective [4+2]-cyclo-
addition methodologies with enolate equivalents, for exam-
ple using NHCs, secondary amines via enamine catalysis,
and isothioureas via C(1)-aryl substituted ammonium
enolates.[16] Interestingly, the application of α-trimethylsilyl
carboxylic acid 1 in the reaction with CF3 enone 40 resulted
in exclusive [2+2]-addition, giving the β-lactone 42 in 92 :8
er. The use of an α-methyl-α-trimethylsilyl-carboxylic acid
with enone 40 gave preferential [2+2]-cycloaddition over [4
+2]-cycloaddition (90 :10 ratio), with C(3)-Me-β-lactone 43
isolated in 75% yield, with excellent stereocontrol (>95 :5
dr and 99 :1 er). The incorporation of an α-Me-substituent
within the trifluoromethylenone 41 led to exclusive [2+2]-
cycloaddition in reaction with α-methyl-α-trimethylsilyl-
carboxylic acid, giving C(3)-Me-β-lactone 44 in 65% yield,

>95 :5 dr and >99 :1 er. Application of this method using α-
phenyl-α-trimethylsilyl-carboxylic acid led exclusively to [4
+2]-cycloaddition, giving 45 in 70% yield, 92 :8 er and 96 :4
er. The relative and absolute configuration within 45 was
confirmed by comparison with the literature and is identical
to that prepared from the corresponding phenylacetic
acid.[16e] These results indicate that the C(1)-substituent of
the ammonium enolate generated using isothioureas plays a
significant role in dictating [2+2] or [4+2] cycloaddition in
reactions with trifluoromethylenones. C(1)-alkyl/unsubsti-
tuted enolates favour [2+2]-cycloaddition, while aryl-sub-
stituents give [4+2]-cycloaddition.

Preliminary Mechanistic Investigations

Further investigations focused on developing mechanistic
insights. Control studies demonstrated the significant benefi-
cial effect of the incorporation of an α-silyl substituent
within the carboxylic acid (Table 4A). Treatment of either
acetic acid or acetic anhydride under the developed con-
ditions gave the β-lactone 3 in significantly decreased
product yields (32% and 36% respectively) but similar
enantioselectivity to the corresponding α-trimethylsilyl car-
boxylic acid. Similarly, the use of propionic acid or propionic
anhydride as starting material also led to significantly
reduced yields (10% and 16%) of β-lactone 7.

The role of using racemic α-alkyl-α-silyl-carboxylic acids
as starting material in this process and any potential
enantiodiscrimination was studied. Using the generation of
β-lactone 7 from (�)-α-methyl-α-dimethylphenylsilyl-carbox-
ylic acid 46 as a model, direct in situ temporal reaction
monitoring by 19F{1H} NMR spectroscopy proved difficult as
the generation of i-Pr2NEt·HCl during the formation of the
intermediate mixed anhydride led to a heterogeneous
reaction mixture. Instead, samples were taken throughout
the reaction, and analysis of these by HPLC, 1H and

Table 3: [2+2]- versus [4+2]-formal cycloaddition using α-silyl-carboxylic acids as C(1)-ammonium enolate precursors.[a,b]

[a] Isolated yield; [b] dr determined by 1H NMR analysis of the crude reaction product; er determined by HPLC analysis on a chiral stationary
phase.
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19F{1H} NMR, after filtration and work up, allowed repro-
duceable datasets to be collected. These data allowed the
concentration of ketone 2 and product β-lactone 7 to be
monitored quantitatively throughout the reaction (Ta-
ble 4B). Notably, the formation of β-lactone 7 correlated
directly with the consumption of ketone 2 throughout the
reaction. Monitoring consumption of the mixed anhydride
46 showed that its concentration deviated significantly from
that expected based on the concentration of β-lactone 7 and

ketone 2, with the silanol (HOSiPhMe2) and siloxane
(O(SiPhMe2)2) the only observable by-products.[12,17] HPLC
analysis on a chiral stationary phase allowed the er of both
the lactone 7 and the mixed anhydride 46 to be measured as
the reaction proceeded. Using (2R,3S)-HyperBTM, these
studies indicated that the er of β-lactone 7 (99 :1 er) was
independent of product conversion, while the mixed anhy-
dride 46 became progressively enriched in the (R)-enantiom-
er, reaching 61 :39 er after 480 minutes (at 46% conversion

Table 4: Mechanistic control studies and proposed outline mechanism for desilylative generation of α-alkyl C(1)-ammonium enolates.[a,b]

[a] Isolated yield; [b] dr determined by 1H NMR analysis of the crude reaction product; er determined by HPLC analysis on a chiral stationary
phase; [c] determined by 19F NMR analysis of the crude reaction product with respect to conversion of ketone 2 to product 7.
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of ketone to β-lactone 7), and 84 :16 er at 86% conversion
to product. Notably a linear relationship between product
concentration and time was observed, indicating that the
reaction exhibits overall pseudo zero-order reaction
kinetics.[18,19] Intrigued by these observations, enantiomeri-
cally enriched (R)-anhydride 46 (89 :11 er) was prepared,[20]

with the effect of using both (2R,3S)- and (2S,3R)-
enantiomers of HyperBTM catalysts under the developed
conditions investigated (Table 4C). In each case, the corre-
sponding enantiomeric β-lactones were prepared in >95 :5
dr and >99 :1 er (independent of conversion) but at
markedly different rates, consistent with a stereochemically
matched and mismatched reactant pairing. Using (2R,3S)-
HyperBTM a concurrent enrichment in the er of remaining
anhydride (R)-46 (to 92 :8 er at 29% conversion to β-lactone
7 after 480 mins) was observed, with a corresponding
depletion in the er of the (R)-anhydride 46 when using
(2S,3R)-HyperBTM (to 82 :18 er at 82% conversion to β-
lactone 7 after 480 mins). Control studies showed that
treatment of enantiomerically enriched anhydride 46 (89 :11
er) with i-Pr2NEt with either enantiomer of HyperBTM
returned anhydride 46 with unchanged enantiomeric ratio.

Building upon these observations a tentative mechanism
for the developed process is suggested (Table 4D). Catalysis
is initiated by acylation of the isothiourea catalyst (2S,3R)-
HyperBTM 4 by the (�)-α-alkyl-α-silyl mixed anhydride,
with preferential acylation of the (R)-enantiomer leading to
kinetic resolution, furnishing enantioenriched (S)-anhydride
and acyl ammonium ion pair I. Desilylation to generate the
corresponding (Z)-ammonium enolate II is hypothesised to
be promoted either through direct substitution (either by
the pivalate counterion or an alternative nucleophile such as
chloride, water), or through a Brook-type C- to O-silyl
rearrangement followed by pivalate or nucleophile pro-
moted O-desilylation.[21] Although the silyl ester of pivalic
acid could not be observed, the corresponding silanol
(HOSiPhMe2) and siloxane (O(SiPhMe2)2) were identified
and isolated in the reactions of 46 outlined in Table 4C. Key
to the observed stereochemical outcome is a stabilizing 1,5-
O···S chalcogen bonding interaction (nO to σ*S� C)[22–25] that
provides a conformational bias and ensures coplanarity
between the 1,5-O- and S- atoms within the (Z)-enolate,
with preferential addition anti- to the stereodirecting phenyl
substituent within the catalyst. The observed relative and
absolute configuration within the β-lactone products is
consistent with that observed in the previously reported [2
+2]-cycloaddition of aryl-substituted C(1)-ammonium eno-
lates and trifluoromethylketones.[13] By analogy, a similar
concerted asynchronous [2+2]-cycloaddition pathway via
transition state assembly III, that allows for a stabilizing
non-classical CH···O interaction between the acidic C� H α-
to the positively-charged ammonium ion and the carbonyl O
is proposed.[26] Subsequent catalyst release generates the
observed β-lactone.

Conclusion

To conclude, an approach for the catalytic generation of
alkyl substituted C(1)-ammonium enolates from (�)-α-silyl-
α-alkyl substituted carboxylic acids using the isothiourea
HyperBTM has been developed. The scope and limitations
of this process has been evaluated in enantioselective [2+2]-
cycloaddition processes with perfluoroalkylketones (31 ex-
amples, up to 96% yield and >99 :1 er), as well as selective
[2+2]-cycloaddition with trifluoromethyl enones (4 exam-
ples, up to 75% yield and >99 :1 er). Mechanistic studies
indicate this process proceeds through an initial kinetic
resolution of an in situ generated (�)-α-silyl-α-alkyl sub-
stituted anhydride. Further applications of this methodology
and its demonstration in further C(1)-ammonium enolate
transformations is currently under investigation.[27]

Acknowledgements

The research leading to these results has received funding
from the CSC-St Andrews PhD Scholarship Scheme (Y.W.),
the Newton Fellowship Programme (H.L.) and the Engi-
neering and Physical Sciences Research Council, University
of St Andrews, and the EPSRC Centre for Doctoral Train-
ing in Critical Resource Catalysis (CRITICAT) for financial
support [Ph.D. studentship to W. H.; Grant code: EP/
L016419/1].

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly
available in PURE at https://doi.org/10.17630/941e041b-
bfd5-4ccf-ba56-0c72af3eceee, reference number 1.

Keywords: β-Lactone · Cycloaddition · Desilylation · Enolate ·
Isothiourea

[1] For reviews, see: a) S. France, D. J. Guerin, S. J. Miller, T.
Lectka, Chem. Rev. 2003, 103, 2985; b) M. J. Gaunt, C. C. C.
Johansson, Chem. Rev. 2007, 107, 5596; c) D. H. Paull, A.
Weatherwax, T. Lectka, Tetrahedron 2009, 65, 6771; d) L. C.
Morrill, A. D. Smith, Chem. Soc. Rev. 2014, 43, 6214; e) C.
McLaughlin, A. D. Smith, Chem. Eur. J. 2021, 27, 1533. For a
review of transition metal catalysis in combination with C(1)-
ammonium enolate intermediates, see: f) G. J. Knox, L. S.
Hutchings-Goetz, C. M. Pearson, T. N. Snaddon, Top. Curr.
Chem. 2020, 378, 16.

[2] a) H. Wynberg, E. G. J. Staring, J. Am. Chem. Soc. 1982, 104,
166; b) A. E. Taggi, A. M. Hafez, H. Wack, B. Young, W. J.
Drury III, T. Lectka, J. Am. Chem. Soc. 2000, 122, 7831; c) R.
Tennyson, D. Romo, J. Org. Chem. 2000, 65, 7248; d) B. L.
Hodous, G. C. Fu, J. Am. Chem. Soc. 2002, 124, 1578; e) J. E.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, e202208800 (6 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

https://doi.org/10.17630/941e041b-bfd5-4ccf-ba56-0c72af3eceee
https://doi.org/10.17630/941e041b-bfd5-4ccf-ba56-0c72af3eceee


Wilson, G. C. Fu, Angew. Chem. Int. Ed. 2004, 43, 6358;
Angew. Chem. 2004, 116, 6518; f) T. Bekele, M. H. Shah, J.
Wolfer, C. J. Abraham, A. Weatherwax, T. Lectka, J. Am.
Chem. Soc. 2006, 128, 1810.

[3] For selected examples see a) D. Belmessieri, L. C. Morrill, C.
Simal, A. M. Z. Slawin, A. D. Smith, J. Am. Chem. Soc. 2011,
133, 2714; b) L. C. Morrill, D. G. Stark, J. E. Taylor, S. R.
Smith, J. A. Squires, A. C. D’Hollander, C. Simal, P. Shapland,
T. J. C. O'Riordan, A. D. Smith, Org. Biomol. Chem. 2014, 12,
9016; c) D. G. Stark, L. C. Morrill, D. B. Cordes, A. M. Z.
Slawin, T. J. C. O'Riordan, A. D. Smith, Chem. Asian J. 2016,
11, 395; d) S. Wang, J. Izquierdo, C. Rodrguez-Escrich, M. A.
Pericàs, ACS Catal. 2017, 7, 2780.

[4] For seminal examples, see: a) G. S. Cortez, R. L. Tennyson, D.
Romo, J. Am. Chem. Soc. 2001, 123, 7945; b) S. H. Oh, G. S.
Cortez, D. Romo, J. Org. Chem. 2005, 70, 2835; c) H. Henry-
Riyad, C. Lee, V. C. Purohit, D. Romo, Org. Lett. 2006, 8,
4363; d) C. A. Leverett, V. C. Purohit, D. Romo, Angew.
Chem. Int. Ed. 2010, 49, 9479; Angew. Chem. 2010, 122, 9669.

[5] C. M. Young, D. G. Stark, T. H. West, J. E. Taylor, A. D.
Smith, Angew. Chem. Int. Ed. 2016, 55, 14394; Angew. Chem.
2016, 128, 14606.

[6] For selected examples see a) T. H. West, D. S. B. Daniels,
A. M. Z. Slawin, A. D. Smith, J. Am. Chem. Soc. 2014, 136,
4476; b) L. Hao, X. Chen, S. Chen, K. Jiang, J. Torres, Y. R.
Chi, Org. Chem. Front. 2014, 1, 148; c) K. J. Schwarz, J. L.
Amos, J. C. Klein, D. T. Do, T. N. Snaddon, J. Am. Chem. Soc.
2016, 138, 5214; d) X. Jiang, J. J. Beiger, J. F. Hartwig, J. Am.
Chem. Soc. 2017, 139, 87; e) J. Song, Z. J. Zhang, L. Z. Gong,
Angew. Chem. Int. Ed. 2017, 56, 5212; Angew. Chem. 2017, 129,
5296; f) J. Song, Z.-J. Zhang, S.-S. Chen, T. Fan, L.-Z. Gong, J.
Am. Chem. Soc. 2018, 140, 3177; g) L. Hutchings-Goetz, C.
Yang, T. N. Snaddon, ACS Catal. 2018, 8, 10537; h) K. J.
Schwarz, C. M. Pearson, G. A. Cintron-Rosado, P. Liu, T. N.
Snaddon, Angew. Chem. Int. Ed. 2018, 57, 7800; Angew. Chem.
2018, 130, 7926; i) K. J. Schwarz, C. Yang, J. W. B. Fyfe, T. N.
Snaddon, Angew. Chem. Int. Ed. 2018, 57, 12102; Angew.
Chem. 2018, 130, 12278; j) C. M. Young, J. E. Taylor, A. D.
Smith, Org. Biomol. Chem. 2019, 17, 4747; k) C. McLaughlin,
A. M. Z. Slawin, A. D. Smith, Angew. Chem. Int. Ed. 2019, 58,
15111; Angew. Chem. 2019, 131, 15255; l) F. Zhao, C. Shu,
C. M. Young, C. Carpenter-Warren, A. M. Z. Slawin, A. D.
Smith, Angew. Chem. Int. Ed. 2021, 60, 11892; Angew. Chem.
2021, 133, 11999.

[7] For reviews of isothioureas in catalysis see a) J. Merad, J.-M.
Pons, O. Chuzel, C. Bressy, Eur. J. Org. Chem. 2016, 5589;
b) V. B. Birman, Aldrichimica Acta 2016, 49, 23; c) A. Biswas,
H. Mondal, M. S. Maji, J. Heterocycl. Chem. 2020, 57, 3818.

[8] For isolated examples see a) L. C. Morrill, T. Lebl, A. M. Z.
Slawin, A. D. Smith, Chem. Sci. 2012, 3, 2088; b) D. G. Stark,
L. C. Morrill, P.-P. Yeh, A. M. Z. Slawin, T. J. C. O'Riordan,
A. D. Smith, Angew. Chem. Int. Ed. 2013, 52, 11642; Angew.
Chem. 2013, 125, 11856; c) M. R. Straub, V. B. Birman, Org.
Lett. 2018, 20, 7550.

[9] H. Wang, X. Chen, Y. Li, J. Wang, S. Wu, W. Xue, S. Yang,
Y. R. Chi, Org. Lett. 2018, 20, 333.

[10] From aldehydes: a) M. He, B. J. Beahm, J. W. Bode, Org. Lett.
2008, 10, 3817; b) Y. Kawanaka, E. M. Phillips, K. A. Scheidt,
J. Am. Chem. Soc. 2009, 131, 18028; c) E. M. Phillips, M.
Wadamoto, H. S. Roth, A. W. Ott, K. A. Scheidt, Org. Lett.
2009, 11, 105. From esters: d) S. Chen, L. Hao, Y. Zhang, B.
Tiwari, Y. R. Chi, Org. Lett. 2013, 15, 5822; e) Y. Zhang, X.
Huang, J. Guo, C. Wei, M. Gong, Z. Fu, Org. Lett. 2020, 22,
9545.

[11] a) H. Wynberg, E. G. J. Staring, J. Am. Chem. Soc. 1982, 104,
166; b) H. Wynberg, E. G. J., J. Org. Chem. 1985, 50, 1977;
c) C. Zhu, X. Shen, S. G. Nelson, J. Am. Chem. Soc. 2004, 126,

5352; d) X. Xu, K. Wang, S. G. Nelson, J. Am. Chem. Soc.
2007, 129, 11690.

[12] See Supporting Information for full details of solvent screen
and mechanistic analysis.

[13] For 16 see a) D. Barrios Antúnez, M. D. Greenhalgh, A. C.
Brueckner, D. M. Walden, P. Elías-Rodríguez, P. Roberts, B.
Young, T. W. West, A. M. Z. Slawin, P. H.-Y. Cheong, A. D.
Smith, Chem. Sci. 2019, 10, 6162; For 7 see b) A. T. Davies,
M. D. Greenhalgh, A. M. Z. Slawin, A. D. Smith, Beilstein J.
Org. Chem. 2020, 16, 1572; c) A. T. Davies, A. M. Z. Slawin,
A. D. Smith, Chem. Eur. J. 2015, 21, 18944.

[14] D. H. McDaniel, H. C. Brown, J. Org. Chem. 1958, 23, 420.
[15] Deposition numbers 2176399 (for 24), 2176400 (for 37) and

2176401 (for 39) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe Access Structures service.

[16] For selected examples see a) Y. Zhao, X.-J. Wang, J.-T. Liu,
Synlett 2008, 1017; b) P. Li, Z. Chi, S.-L. Zhao, Y.-Q. Yang, H.-
F. Wang, C.-W. Zheng, Y.-P. Cai, G. Zhao, S.-Z. Zhu, Chem.
Commun. 2009, 7369; c) P. Li, L.-J. Liu, J.-T. Liu, Org. Biomol.
Chem. 2011, 9, 74; d) A. T. Davies, P. M. Pickett, A. M. Z.
Slawin, A. D. Smith, ACS Catal. 2014, 4, 2696; e) L. C. Morrill,
J. Douglas, T. Lebl, A. M. Z. Slawin, A. D. Smith, Chem. Sci.
2013, 4, 4146; f) S. Zhang, M. D. Greenhalgh, A. M. Z. Slawin,
A. D. Smith, Chem. Sci. 2020, 11, 3885.

[17] Alternatively, in situ formation of the mixed anhydride,
filtration to remove iPr2NEt.HCl, and reaction monitoring led
to an identical rate profile. See Supporting Information for full
experimental details.

[18] A zero order kinetic profile may indicate saturation kinetics
although this could not be proven given the observed problems
with solubility. Further extensive mechanistic investigations are
underway but are beyond the scope of this initial publication.

[19] For selected discussions of complex rate laws including zero
order kinetics in enantioselective catalytic processes that
involve kinetic resolutions see a) D. G. Blackmond, J. Am.
Chem. Soc. 2001, 123, 545; b) B. Dominguez, N. S. Hodnett,
G. C. Lloyd-Jones, Angew. Chem. Int. Ed. 2001, 40, 4289;
Angew. Chem. 2001, 113, 4419; c) D. G. Blackmond, N. S.
Hodnett, G. C. Lloyd-Jones, J. Am. Chem. Soc. 2006, 128,
7450.

[20] An enantioenriched α-silyl ester was prepared following the
method described in Y. Nakagawa, S. Chanthamath, I.
Fujisawa, K. Shibatomi, S. Iwasa, Chem. Commun. 2017, 53,
3753. Subsequent ester hydrolysis and anhydride formation
gave enantioenriched anhydride 46. See Supporting Informa-
tion for full details.

[21] a) A. G. Brook, J. Am. Chem. Soc. 1958, 80, 1886; For select
reviews see b) A. G. Brook, Acc. Chem. Res. 1974, 7, 77; c) M.
Kira, T. Iwamoto, Silyl Migrations, in The Chemistry of
Organic Silicon Compounds, Vol. 3 (Eds.: Z. Rappoport, Y.
Apeloig), WileyHoboken, 2001, pp. 853–94; d) A. G. Brook,
The Brook Rearrangement and Beyond—Then and Now, in
Silicon Compounds: Silanes and Silicones 3000A (Eds.: B.
Arkles, G. Larson), Gelest Inc., Morrisville, PA, 2004, pp. 95–
117.

[22] For discussions of S···O interactions in isothiourea catalysis:
a) V. B. Birman, X. Li, Z. Han, Org. Lett. 2007, 9, 37–40; b) P.
Liu, X. Yang, V. B. Birman, K. N. Houk, Org. Lett. 2012, 14,
3288–3291; c) M. E. Abbasov, B. M. Hudson, D. J. Tantillo, D.
Romo, J. Am. Chem. Soc. 2014, 136, 4492–4495; d) E. R. T.
Robinson, D. M. Walden, C. Fallan, M. D. Greenhalgh, P. H.-
Y. Cheong, A. D. Smith, Chem. Sci. 2016, 7, 6919–6927;
e) M. D. Greenhalgh, S. M. Smith, D. M. Walden, J. E. Taylor,
Z. Brice, E. R. T. Robinson, C. Fallan, D. B. Cordes, A. M. Z.
Slawin, H. C. Richardson, M. A. Grove, P. H.-Y. Cheong,

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, e202208800 (7 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202208800
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202208800
http://www.ccdc.cam.ac.uk/structures


A. D. Smith, Angew. Chem. Int. Ed. 2018, 57, 3200–3206;
Angew. Chem. 2018, 130, 3254–3260; f) C. M. Young, A. Elmi,
D. J. Pascoe, R. K. Morris, C. McLaughlin, A. M. Woods, A. B.
Frost, A. de la Houpliere, K. B. Ling, T. K. Smith, A. M. Z.
Slawin, P. H. Willoughby, S. L. Cockroft, A. D. Smith, Angew.
Chem. Int. Ed. 2020, 59, 3705–3710; Angew. Chem. 2020, 132,
3734–3739; for use of S···O interaction in asymmetric synthesis:
g) Y. Nagao, S. Miyamoto, M. Miyamoto, H. Takeshige, K.
Hayashi, S. Sano, M. Shiro, K. Yamaguchi, Y. Sei, J. Am.
Chem. Soc. 2006, 128, 9722–9729; for examples of S···O
interactions in medicinal chemistry: h) B. R. Beno, K.-S.
Yeung, M. D. Bartberger, L. D. Pennington, N. A. Meanwell,
J. Med. Chem. 2015, 58, 4383–4438; for a discussion on the
origin of chalcogen-bonding interactions: i) D. J. Pascoe, K. B.
Ling, S. L. Cockroft, J. Am. Chem. Soc. 2017, 139, 15160–
15167. For an excellent short overview see j) M. Breugst, J. J.
Koenig, Eur. J. Org. Chem. 2020, 5473–5487.

[23] For a review of 1,5-chalcogen bonding interactions in organo-
selenium chemistry, see: a) A. J. Mukherjee, S. S. Zade, H. B.
Singh, R. B. Sunoj, Chem. Rev. 2010, 110, 4357–4416. For
selected examples in catalysis, see: b) K. Fujita, M. Iwaoka, S.
Tomoda, Chem. Lett. 1994, 23, 923–926; c) K. Fujita, K.
Murata, M. Iwaoka, S. Tomoda, J. Chem. Soc. Chem.
Commun. 1995, 1641–1642; d) K. Fujita, K. Murata, M. Iwaoka,
S. Tomoda, Tetrahedron Lett. 1995, 36, 5219–5222; e) T. Wirth,
Angew. Chem. Int. Ed. Engl. 1995, 34, 1726–1728; Angew.
Chem. 1995, 107, 1872–1873; Angew. Chem. 1995, 107, 1872;
f) S. -i Fukuzawa, K. Takahashi, H. Kato, H. Yamazaki, J. Org.
Chem. 1997, 62, 7711–7716; g) T. Wirth, S. Häuptli, M.
Leuenberger, Tetrahedron: Asymmetry 1998, 9, 547–550; h) M.
Tiecco, L. Testaferri, C. Santi, C. Tomassini, F. Marini, L.
Bagnoli, A. Temperini, Tetrahedron: Asymmetry 2000, 11,
4645–4650; i) M. Tiecco, L. Testaferri, C. Santi, C. Tomassini,
F. Marini, L. Bagnoli, A. Temperini, Chem. Eur. J. 2002, 8,
1118–1124; j) D. M. Browne, O. Niyomura, T. Wirth, Org. Lett.
2007, 9, 3169–3171; k) Y. Kawamata, T. Hashimoto, K.
Maruoka, J. Am. Chem. Soc. 2016, 138, 5206–5209.

[24] For an early theoretical investigation of chalcogen bonding,
see: a) C. Bleiholder, R. Gleiter, D. B. Werz, H. Köppel, Inorg.
Chem. 2007, 46, 2249–2260. For a recent review, see: b) R.
Gleiter, G. Haberhauer, D. B. Werz, F. Rominger, C. Bleihold-
er, Chem. Rev. 2018, 118, 2010–2041. For a perspective see c) S.
Kolb, G. A. Oliver, D. B. Werz, Angew. Chem. Int. Ed. 2020,
59, 22306–22310; Angew. Chem. 2020, 132, 22490–22495.

[25] For examples of chalcogen bonding catalysis see a) S. Benz, J.
López-Andarias, J. Mareda, N. Sakai, S. Matile, Angew. Chem.
Int. Ed. 2017, 56, 812–815; Angew. Chem. 2017, 129, 830–833;
b) P. Wonner, L. Vogel, M. Düser, L. Gomes, F. Kneip, B.
Mallick, D. B. Werz, S. M. Huber, Angew. Chem. Int. Ed. 2017,
56, 12009–12012; Angew. Chem. 2017, 129, 12172–12176; c) P.
Wonner, L. Vogel, F. Kniep, S. M. Huber, Chem. Eur. J. 2017,
23, 16972–16975; d) P. Wonner, A. Dreger, E. Engelage, S. M.
Huber, Angew. Chem. Int. Ed. 2019, 58, 16923–16927; Angew.
Chem. 2019, 131, 17079–17083; e) W. Wang, H. Zhu, S. Liu, Z.
Zhao, L. Zhang, J. Hao, Y. Wang, J. Am. Chem. Soc. 2019,
141, 9175–9179; f) W. Wang, H. Zhu, L. Feng, Q. Yu, J. Hao,
R. Zhu, Y. Wang, J. Am. Chem. Soc. 2020, 142, 3117–3124.

[26] a) C. E. Cannizzaro, K. N. Houk, J. Am. Chem. Soc. 2002, 124,
7163; b) R. E. Johnston, P. H.-Y. Cheong, Org. Biomol. Chem.
2013, 11, 5057.

[27] The research data supporting this publication can be accessed
at: Y. Wang, C. M. Young, H. Liu, W. C. Hartley, M.
Wienhold, A. M. Z. Slawin, A. D. Smith, 2022, data under-
pinning: “A Desilylative Approach To Alkyl Substituted C(1)-
Ammonium Enolates: Application In Enantioselective [2+2]
Cycloadditions”. University of St Andrews Research Portal.
https://doi.org/10.17630/941e041b-bfd5-4ccf-ba56-0c72af3eceee.

Manuscript received: June 15, 2022
Accepted manuscript online: July 14, 2022
Version of record online: ■■■, ■■■■

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, e202208800 (8 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

https://doi.org/10.17630/941e041b-bfd5-4ccf-ba56-0c72af3eceee


Research Articles
Enantioselective Cycloaddition

Y. Wang, C. M. Young, H. Liu, W. C. Hartley,
M. Wienhold, D. B. Cordes, A. M. Z. Slawin,
A. D. Smith* e202208800

A Desilylative Approach to Alkyl Substituted
C(1)-Ammonium Enolates: Application in
Enantioselective [2+2] Cycloadditions

The catalytic generation of unsubstituted
and alkyl substituted C(1)-ammonium
enolates from α-silyl-α-alkyl substituted
carboxylic acids using the isothiourea
HyperBTM has been developed and
applied in enantioselective [2+2]-cyclo-
addition reactions.
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