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CHEMISTRY

Taming nonclassical carbocations to control small

ring reactivity

Ryan E. McNamee, Nils Frank, Kirsten E. Christensen, Fernanda Duarte*, Edward A. Anderson*

Prediction of the outcome of ring opening of small organic rings under cationic conditions can be challenging due
to the intermediacy of nonclassical carbocations. For example, the solvolysis of cyclobutyl or cyclopropylmethyl
derivatives generates up to four products on nucleophilic capture or elimination via cyclopropylcarbinyl and bicy-
clobutonium ions. Here, we show that such reaction outcomes can be controlled by subtle changes to the struc-
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ture of nonclassical carbocation. Using bicyclo[1.1.0]butanes as cation precursors, the regio- and stereochemistry
of ring opening is shown to depend on the degree and nature of the substituents on the cationic intermediates.
Reaction outcomes are rationalized using computational models, resulting in a flowchart to predict product for-

mation from a given cation precursor.

INTRODUCTION

Small organic rings are valuable building blocks in organic synthe-
sis, as their inherent strain can facilitate reactions that would not
otherwise be possible. Control over the site selectivity of reaction on
small rings is typically explained by the release of ring strain or by
steric effects, but this predictability can break down under cationic
reaction conditions where the reaction pathway involves the forma-
tion of nonclassical carbocation intermediates (1-3). Nonclassical
carbocations (Fig. 1A) have long fascinated the chemical commu-
nity, not least as their characterization is highly challenging and be-
cause they have the ability to form multiple products. Among the
most notable of these species are the cyclopropylcarbinyl (CC) and
bicyclobutonium (BB) cations (Fig. 1A)—two closely related equili-
brating structures of formula [C4H;]*—which form upon solvolysis
of cyclobutyl and cyclopropylmethyl derivatives. The CC-BB system
is the smallest of the nonclassical carbocations but has been de-
scribed as “the most complex with respect to its molecular weight”
(4). Roberts et al. (5, 6) provided the first experimental insight
into its dynamic nature in 1951, and, in later years, Olah et al. and
Roberts et al. characterized its structure by low-temperature nuclear
magnetic resonance (NMR) under “stable ion conditions” (7, 8).
Subsequent studies and computation have refined and confirmed
the existence of the CC and BB species as equilibrating nonclassical
ions, with the equilibrium favoring the latter by 1.9 kcal mol™ (at
the MP2/6-311G* level of theory). (9) The CC-BB system has found
applications in glycosidase inhibition by aiding the generation of an
aspartate trapping agent through a BB ion (10). CC-BB has also
been proposed as an intermediate in fatty acid, steroid, and terpene
biosynthesis (Fig. 1B) (11-14). In contrast, its use in chemical syn-
thesis has been relatively restricted because of variable selectivity in
product formation by nucleophilic capture or elimination: One or
more of cyclopropane, cyclobutane, homoallyl, or cyclobutene
products may be formed (5). Elegant examples of specific outcomes
from systems predisposed to form one product have been described
(Fig. 1C) (15-21), as well as computational explorations (22-24),
but a general predictive model is yet to emerge.
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In recent years, bicyclo[1.1.0]butanes (BCBs) have attracted sub-
stantial interest as versatile synthetic intermediates, due to the reac-
tivity of the central C1—C3 bond toward nucleophiles, radicals, and
electrophiles (25-27), applications as bioconjugation agents (28-
31), and their ability to access bicyclo[n.1.1]alkanes that are valuable
scaffolds in drug discovery (27, 32). In contrast, their synthetic po-
tential as an alternative entry point to the CC-BB cation has been
largely overlooked (33). Here, we describe the facile generation of
these cations by protonation of the BCB framework with a wide va-
riety of Brensted acids (Fig. 1D). We show how systematic modifica-
tion of the BCB structure defines product outcome by influencing
the structure and reactivity of the cationic intermediate, most nota-
bly enabling the stereoselective formation of stereochemically rich
cyclopropanes. Using computed structures of these cationic inter-
mediates, we find that product outcome can be related to subtle
variations in the structure of the nonclassical intermediates (carbo-
nium ions), or from localized equivalents (carbenium ions). Our
computational (modeling) study/investigation reveals the forma-
tion of a spectrum of CC-BB intermediates and enables the delinea-
tion of factors controlling reaction outcome and small ring
formation. As a result, the notoriously unpredictable behavior of the
nonclassical CC-BB ion can be tamed and tuned.

RESULTS

Experimental results

In preliminary work, we had observed that trisubstituted BCB 1a,
having a phenyl group at the bridgehead and a methyl group on one
of its cyclopropane bridges, underwent isomerization to cyclobu-
tene 2a in near quantitative yield on treatment with anhydrous hy-
drochloric acid (Fig. 2A) (34, 35). However, reaction of BCB 1b,
bearing a methyl group at both the bridge and bridgehead positions,
instead exclusively afforded cyclopropane 3a in high yield and dia-
stereoselectivity, as confirmed by x-ray crystallographic analysis
(Fig. 2E) (34). This selectivity led us to question whether general and
predictable control over product outcome might therefore be
achieved. To test this, we first explored the treatment of 1b with a
selection of Brensted acids in dichloromethane at room tempera-
ture, which led to the highly chemo- and stereoselective formation
of a-chiral cyclopropane products (Fig. 2B). A variety of aliphatic
and aromatic carboxylic acids exclusively delivered cyclopropanes
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with ester substituents on the a-carbon atom (3b-3k, 76 to 88%), with
diastereoselectivities up to >20:1. Reaction with hydrofluoric acid
provided a-fluoro cyclopropane 31 in good yield [63%, 5:1 diastereo-
meric ratio (dr)], while other acidic hydroxyl groups were also suit-
able, such as 2,4-dinitrophenol (3m, 65%). Nitrogen-based acids were
also effective (3n-3p), providing the pK, of the acid was less than ~5.

We next explored how the substitution pattern of the BCB (and its
associated carbocation intermediate) affects the generality and out-
come of this ring-opening chemistry (Fig. 2C). We found that
cyclopropane-forming selectivity was maintained for BCBs featuring
alkyl or aryl substituents on the bridge, with either an alkyl or hydro-
gen substituent at the bridgehead (3q-3t, 66 to 98%, up to 6:1 dr).
However, a switch to cyclobutene formation was observed with
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either an aryl group at the bridgehead (2b) or an electron-
withdrawing group at the bridge (2¢). On the other hand, cyclobu-
tane formation was observed for disubstituted BCBs featuring an
alkyl or silyl substituent at the bridgehead only (4a and 4b), which is
consistent with ring openings of other disubstituted systems (33, 36,
37). We found that the cation-stabilizing influence of a silicon group
diverted the outcome of the reaction of a bridge-silylated BCB, which
afforded a mixture of silylated and non-silylated cyclobutenes 2d
and 2e. This may suggest the intermediacy of a localized Si-stabilized
cyclobutyl cation that undergoes facile elimination of the trimethyl-
silyl group or a proton. Intriguingly, a bridge- and bridgehead-
silylated BCB afforded the cyclopropane product (3u), potentially
indicating complementary stabilizing effects from the silicon atoms,
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Fig. 1. Nonclassical carbocations. (A) Examples of nonclassical carbocations (carbonium ions); bond lengths marked are in angstroms. (B) Applications of CC-BB cations
as a glycosidase inhibitor and in natural product biosynthesis. (C) Specific product-selective reactions involving carbonium ion intermediates (75-19). (D) This work: for-
mation of nonclassical carbocations from BCBs, and structure-based prediction of reaction outcomes. EWG, electron-withdrawing group.
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which is consistent with the behavior of the equivalent dimethylated
BCB 1b. Last, in the case of ambident nucleophiles such as thioacetic
acid, saccharin, and thiotetrazole, mixtures of O/S-, N/O-, and N/S-
substituted cyclopropane adducts were observed, with both isomers
being formed with high diastereoselectivity (3v-3aa; Fig. 2D). X-ray
crystal structures of 3x, 3y, 3z, and 3aa showed that the major

diastereomer was consistent across all acids, highlighting the gener-
ality of this transformation.

Mechanistic study
To explore the mechanism of this ring-opening chemistry, we con-
ducted a series of experimental and theoretical investigations. We
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Fig. 2. Reactions of BCBs with Brgnsted acids. (A) Preliminary findings on BCB ring opening and generalized conditions. Reactions run on 0.2-mmol scale using
1.2 equiv. of acid in CH,Cl, at room temperature (rt). (B) Reaction of BCB 1b with Brgnsted acids to give a-chiral cyclopropanes with high diastereoselectivity. (C) Variation
of BCB substituents. (D) Reactions with ambident nucleophiles retain selectivity for cyclopropane formation. (E) Selected single-crystal x-ray structures illustrate
consistent diastereoselectivity in cyclopropane formation. # Small amounts of cyclobutane product were also observed.
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found that reaction of deutero-trifluoroacetic acid with BCB 1b af-
forded the corresponding bridgehead-deuterated cyclopropane 3ab
with 86% deuterium incorporation (Fig. 3A). To further investigate
the chemoselectivity of cation capture, a competition reaction was
run between propanoic acid and n-propane thiol, which afforded
solely the propanoic acid adduct 3ac, to the exclusion of the alterna-
tive cyclobutyl sulfide 4c (Fig. 3B). This selectivity is notable, given
the typical use of BCBs as thiol-selective bioconjugation agents (28),
albeit the reaction conditions used here differ from those typically
used in the latter application. An additional competition experi-
ment using 1b was carried out between acetic acid and tetrabutyl-
ammonium chloride (Fig. 3C), which delivered a 3:1 mixture of the
a-chloro- and a-acetoxy-cyclopropanes 3a and 3b, respectively,
both of which were formed with comparable diastereoselectivity as
observed using the individual acids (i.e, HCl and AcOH; sec-
tion S9). Product 3b could not be converted to 3a on treatment with
tetrabutylammonium acetate, suggesting that both arise from com-
petitive trapping of a common intermediate. This result prompted
us to test the reaction of 1b with an external nucleophile (methanol)
using a catalytic amount of the non-nucleophilic acid promoter flu-
oroboric acid (Fig. 3D); this afforded methanol adduct 3ad in 81%
yield and 2:1 dr.

Computational analysis

To rationalize the product selectivity of these reactions, we per-
formed calculations using simplified dimethylamide BCB analogs to
explore how the degree and position of alkylation of the BCB scaf-
fold affects the calculated structure of the nonclassical intermediate
and, in turn, the experimental reaction outcome (Fig. 4A). To relate
these calculations to our experimental findings and for clarity of dis-
cussion, the diisopropylamide BCBs used in the lab are illustrated as
substrates, along with their corresponding products. Four BCBs
were considered (1b, 1e, 1 m, and 1n), which, on protonation, give
rise to carbonium ions 5a-5d. Experimentally, reaction of the
bridgehead mono-methylated BCB 1le affords solely a cyclobutane
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product 4a, which computationally proceeds through the near-
symmetric BB ion 5a. The nonclassical nature of 5a is evidenced by
the Mayer bond orders (BOs) and extended bond lengths of C1—C2
(BO 0.66, 1.66 A) and C1—C3 (BO 0.35, 1.72 A) and partial double-
bond character of C2—C3 (BO 1.02, 1.43 A) compared to the BCB
1b (where all C—C bond lengths are ~1.50 A). Hirshfeld atomic
charges relative to the BCB substrate indicate distribution of the
positive charge over all four carbon atoms, which is also consistent
with a carbonium ion. In contrast, the dimethylated BCB 1b’ affords
solely the cyclopropane product 3d, via the distorted BB ion 5b.
Comparison of these two intermediate cations reveals a lengthening
of the bridgehead-bridge bond r; in 5b (1.99 A) and increased
double-bond character for r3 (1.40 A) compared to 5a. This is also
reflected in the change in relative charge distribution, where a re-
duction in charge at C3 for 5b compared to 5a (0.093 versus 0.159,
respectively) appears sufficient to switch the site of nucleophilic at-
tack from cyclobutane to cyclopropane formation. Experimentally,
reaction of the trimethylated BCB 1m affords a mixture of cyclopro-
pane 3ae and cyclobutane 4d, which is readily rationalized by a cat-
ionic structure 5c intermediate between 5a and 5b, with a smaller
difference between the partial positive charges at C2 and C3 (0.126
versus 0.109). Reaction of the regioisomeric disubstituted BCB 1n
also resulted solely in cyclopropane formation (3af), via a CC cation
5d in which substantial positive charge is once again located at C2
(0.218). Interestingly, cyclopropane 3ag was also formed as a minor
product in this reaction, which arises from competing protonation
at the C3 bridgehead position. The corresponding nonclassical cat-
ion 5g (see section S17) displays increased BB character, with great-
est positive charge development at the bridge carbon atom that
undergoes nucleophilic attack and with only a small increase in
charge at C1 relative to 5d. Taken collectively, these four carbonium
ions cover a structural continuum from BB (5a) to CC (5d), which
can be characterized by subtle trends in BOs, lengths, and atomic
charges. The specific structure of the cation is likely influenced by a
variety of factors, including inductive effects from appended alkyl
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substituents, conjugation (with aryl groups), and hyperconjugation
(from antiperiplanar vicinal C—H bonds) (38). Our attempts to
compute hyperconjugation contributions via NBO analysis were
highly basis set dependent; however, a close examination of Hirsh-
feld charges on the computed cations (section S16) suggests that
hyperconjugation could be a contributory factor to cation stabiliza-
tion, as hydrogen atoms of C—H bonds that are antiperiplanar to
partial C—C bonds carry a greater charge compared to others on the
same carbon atom.

As noted above, the x-ray crystallographic structures had re-
vealed an intriguing finding: The identity of the major diastereomer
from cyclopropane-forming BCB ring opening consistently appears
to arise from attack on the nonclassical carbocation from the same
“face” as protonation. This outcome could derive from the forma-
tion of a tight ion pair upon BCB protonation, such that the coun-
terion is necessarily located in proximity to the cation 5b and on the
same face. This hypothesis is supported by the reaction of the
bridge-substituted endo-methyl BCB 1o (Fig. 4B) with trifluoroace-
tic acid, which afforded product 2e with 4:1 dr, where the major dia-
stereomer is the opposite to that derived from exo-methyl BCB 1b.
This reinforces the potential formation of single diastereomeric
nonclassical carbocations from each diastereomer of BCB, each of
which reacts with discrete stereoselectivity. In the case of epimeric
BCB 1o, the corresponding nonclassical cation 5e was found to be
1.9 kcal mol™" higher in free energy than 5b and displays a shorter
C1—C2 bond distance (1.84 A in 5e versus 1.99 A in 5b), which may
well relate to the reduced diastereoselectivity observed in cyclopro-
pane formation, and we therefore questioned whether diastereose-
lectivity could be affected by interconversion of cations 5b and 5e,
via a localized “classical” cationic species. However, this transi-
tion state 5f was found to be substantially higher in free energy (by

20.3 kcal mol™) than 5b, which appears to prohibit interconversion
of cations 5b and 5e. Further calculations using dichloromethane as
implicit solvent, starting from a constrained C—Cl distance of 2.4 A
(Fig. 4C), revealed that attack (by chloride) on either face of inter-
mediate 5b is barrierless, which would be consistent with a typical
protonation/capture event. A general acid protonation transition
state 5h was calculated (Fig. 4D, AG' = 3.6 kcal mol™)), after
which a downhill two-dimensional scan indicates that this tight
ion pair immediately collapses into the observed major diastereomer
(AG* = =23.9 keal mol™).

Although the diastereoselectivity of addition reactions to 2b
proved insensitive to factors such as solvent, temperature, concen-
tration, and equivalents of acid (see section S3), we also noted a cor-
relation between pK, of the carboxylic acid used and diastereomeric
excess, where stronger acids resulted in higher selectivity (see
Fig. 2B and section S11). The influence of a noncoordinating tetra-
fluoroborate counterion on the structure of CC and BB cations has
been calculated by Larmore and Champagne (22); their findings
highlight the possibility that different counterions could also have
an impact on the stereoselectivity of nucleophilic additions, which
may explain the consistent stereoselectivity observed in the indi-
vidual and competition experiments using acetate and chloride nu-
cleophiles (see Figs. 2 and 3A).

Linear free energy relationship

Having identified how a continuum of nonclassical carbocation in-
termediates can affect product selectivity, we considered the influ-
ence of the BCB substituents on relative reaction rates, due to their
effect on developing positive charge during the protonation step. A
competition study was carried out between BCB 1h (Fig. 5) and
BCBs bearing electron-donating (1b) and electron-withdrawing
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Fig. 5. Hammett plot obtained from competition experiments in the reaction of bridge-substituted BCBs 1b, 1h, and 1i.
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groups (1h), with trifluoroacetic acid under the standard reaction
conditions. 1b was found to react more rapidly than 1h, which, in
turn, outcompeted 1h. Using o' substituent parameters, a Hammett
plot was constructed, which gave a linear relationship with a p*
value of —2.6, indicating substantial positive charge buildup on the
BCB bridge atom (39, 40). Compared to the p* value of —12.3 mea-
sured by Oyama and Tidwell (41) for formation of a CC cation by
vinylcyclopropane protonation, and a value of —7.1 observed by
Hoz and co-workers (42) for acid-catalyzed hydration of bridgehead-
disubstituted BCBs, our findings support a greater delocalization of
positive charge in the developing nonclassical cation, with the C3
bridgehead position being the most influential on reaction outcome.

DISCUSSION

Our experimental findings and those from previous studies (43) en-
able the rational prediction of reaction outcome for the acid-
promoted formation and capture of the nonclassical BB/CC systems.
A flowchart of BCB structure versus product outcome (Fig. 6) re-
flects the different extents of charge distribution and structure that
can be expected on the basis of the degree and nature of substitution
on the cationic intermediate. Monosubstituted BCBs exhibit limited
selectivity due to the minimal influence of the substituents on the
cation, with cyclopropane and/or cyclobutane products observed
(see section S12). However, predictable outcomes are found for di-
substituted intermediates, which give complementary outputs de-
pendingon the disposition of substituents: For bridgehead substitution,

Input: cation

Am
precursor
@ Am: C(O)NR;,

Degree of
substitution

Position of
substitution

"
v

Nature of Alkyl Aryl
substituents
Nature of BB Cyclobutyl
cation

@ Bridgehead bridge
Ammo Am%o

cyclobutenes are observed for aryl substituents (via localized cyclo-
butyl cations), but cyclobutanes arise from alkyl substitution (via BB
ions), while, for bridge-functionalized BCBs, cyclopropanes arise
irrespective of the nature of the substituent (via CC ions or hybrid
BB-CC structures). The outcome for trisubstituted ions is also sub-
stituent dependent: Bridgehead aryl groups once again direct the
reaction toward cyclobutene products, but all other alkyl/aryl com-
binations afford cyclopropanes.

Limitations of this model include the presence of an electron-
withdrawing group on one of the BCB bridgehead atoms in all cases
studied. This group is now necessitated by the directed metalation
strategy used to synthesize the polysubstituted BCB substrates and
also in conferring stability on the BCB framework against gradual
degradation on storage. While offering benefits in terms of the regi-
oselectivity of protonation, it also restricts the structural diversity of
the resulting products. A study of the role of the electron-withdrawing
group itself would be a useful direction for further study to elucidate
the generality of the predictive flow chart; initial studies with mono-
substituted BCBs suggest that broadly similar selectivity trends may
be expected. The basis of the diastereoselectivity of cation trapping
remains to be fully determined, which will likely require extensive
computational and experimental studies; toward this end, a more
advanced computational model, including simulation of explicit
solvent and dynamic nature of the system, is under development in
our research groups. Understanding of these factors should open up
wider opportunities to tame and tune the reactivity of these elusive
but fascinating cationic intermediates.

Am
Am X
Mono / \ ) X ZS

s

Tri

Bridgehead & Bridge

— Aryl ‘— Alkyl —

Alkyl/aryl
Bridgehead
cC Cyclobutyl CC-BB hybrid

: Am Am Am
Ouput: small Am caX Am SaX
ring product | H
X

* Localized (cyclobutyl) ions are favored from bridgehead arylated BCBs.

* Bicyclobutonium ions are favored in the absence of bridge substituents.

« Cyclopropylcarbinyl ions are favored in the absence of bridgehead substituents.
» Hybrid BB-CC ions are favored for higher substitution.

Summary:

Fig. 6. Flowchart to predict product outcome based on the degree, position, and nature of substituents on the BCB carbocation precursor.
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MATERIALS AND METHODS

Experimental design

The objective of the study was to explore the outcome of the reac-
tions of polysubstituted BCBs with Brensted acids, in terms of the
structure of the reaction product, the stereoselectivity and regiose-
lectivity (where relevant), and the factors affecting these selectivi-
ties. All BCBs feature an electron-withdrawing substituent at one of
the bridgehead positions, which stabilizes the BCB relative to unde-
sired degradation via ring opening. All reactions of BCBs were con-
ducted at room temperature and assessed by tlc, as well as "H NMR
spectroscopic analysis of the crude reaction mixture, the latter en-
abling accurate determination of product composition where more
than one product was formed.

General procedure for addition of Brgnsted acids to BCBs

To a solution of BCB (0.20 mmol, 1.0 equiv.) in CH,Cl, (1 ml)
at room temperature was added the respective Bronsted acid
(0.24 mmol, 1.2 equiv.). The reaction was stirred for 24 hours at
room temperature before concentrating in vacuo. The residue
was purified via flash silica chromatography with Et,O/pentane
or EtOAc/pentane as eluent.
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