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ABSTRACT:

The synthesis of quaternary homoallylic halides and trichloroacetates from cyclopropylcarbinols, as reported by Marek in
2020 (J. Am. Chem. Soc. 2020, 142, 5543-5548), is one of the few reported examples of stereospecific nucleophilic substitution
involving chiral bridged carbocations. However, for the phenyl-substituted substrates the stereoselectivity of the reaction is
poor and a mixture of diastereomers is obtained. In order to understand the nature of the intermediates involved in this
transformation and explain the loss of selectivity for certain substrates, we have performed a Density Functional Theory in-
vestigation of the reaction mechanism at the DLPNO-CCSD(T)/Def2TZVPP level of theory. Our results indicate that cyclo-
propylcarbinyl cations are stable intermediates in this reaction, while bicyclobutonium structures are high-energy transition
structures and as such are not involved, regardless of the substitution pattern on the substrate. Instead, multiple rearrange-
ment pathways of cyclopropylcarbinyl cations have been located, including rotations around their m-bonds and ring openings
to homoallylic cations. Importantly, the relative energies of these homoallylic cations and of the activation barriers to reach
them are correlated to the nature of the substituents. While direct nucleophilic attack on the chiral cyclopropylcarbinyl cation
is kinetically favored for most systems, the rearrangements become competitive with nucleophilic attack for the phenyl-sub-
stituted systems, leading to a loss of selectivity through a mixture of rearranged carbocation intermediates. As such, it appears
that stereospecific reactions of chiral cyclopropylcarbinyl cations depend on the ability of these cations to access homoallylic
structures, from which selectivity is not guaranteed.

pathways.13-23 An array of spectroscopic, NMR and compu-

In 2020, Marek reported a stereospecific nucleophilic sub-
stitution of cyclopropylcarbinols 1, forming quaternary
homoallylic halides or trichloroacetates 3 (Figure 1A).1 2
The reaction tolerates a variety of substituents at the 1-, 3-,
and 4-positions and proceeds with excellent stereocontrol
with all tested nucleophiles as long as the R3 and R* groups
are alkyl substituents. However, for product 3b with a phe-
nyl group at the 4-position, epimerization at C4 is observed,
the extent of which depends on the nucleophile. Experi-
mental evidence hints at an ionization mechanism and the
authors proposed a nucleophilic attack on a highly-substi-
tuted non-classical bicyclobutonium (BCB) carbocation 2 as
the source of the stereoselectivity. We now report our Den-
sity Functional Theory (DFT) investigation of this reaction,
which reveals that bicyclobutonium cations are high-energy
structures in this system and that an unanticipated equilib-
rium between the cyclopropylcarbinyl (CPC) and homoal-
lylic cations determines the stereoselectivity (or lack
thereof) for this reaction.

The base cyclopropylcarbinyl/bicyclobutonium cation
(C4H7*) system has been heavily studied since Roberts’ 1951
report that cyclobutyl and cyclopropylcarbinyl electro-
philes solvolyse readily to form the same mixture of cyclo-
butyl, cyclopropylcarbinyl and homoallyl products, hinting
at a common intermediate.> CPC/BCB cations have since
been proposed as intermediates in a variety of organic re-
actions/rearrangements*!? and terpene biosynthetic

tational techniques have been used to probe the CsH7* sys-
tem,?4+26 which is now understood as an equilibrating mix-
ture of triply-degenerate om-bisected cyclopropylcarbinyl I
and non-classical bicyclobutonium II cations (Figure 1B).
These are similar in energy and interconvert stereospecifi-
cally through low-energy transition structures (TSs) on a
flat potential energy surface (PES). For the C4H7* system, ab
initio calculations at the MP2 level find that the bicyclobu-

tonium structure II is more stable by about 1.8 kcal/mol.27-
29

In contrast to C4H7*, most substituted systems give rise to
cyclopropylcarbinyl and homoallyl products rather than cy-
clobutyl products, which is consistent with CPC cations be-
ing the major or sole stable intermediates in those cases.3°
In fact, substituted bicyclobutonium cations are rarely sta-
ble, with the exception of simple BCB cations with silyl or
alkyl groups at the 2- or 4-positions that can be lower in en-
ergy than their CPC counterparts.?? 3135 [n some biosyn-
thetic pathways, BCB structures that are minima on the PES
have been proposed,'*17.18 although always as high-energy
intermediates.
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Figure 1. Free energies in kcal/mol

The stereospecific nature of CPC rearrangements implies
the exciting possibility of developing stereoselective trans-
formations involving CPC cations generated from chiral
substrates. One example was reported in 2018 by Feringa,
Houk and Fujita, where the Lewis acid-catalyzed rearrange-
ment of cycloheptenyl bromide III proceeded with exquisite
stereospecificity to the cyclohexyl derivative IV (Figure
1C).3¢ Using DFT calculations, one of us demonstrated that
in this system, the BCB cations are TSs between stable CPC
intermediates, and are at least 10.9 kcal/mol higher in en-
ergy. Perhaps more importantly, we demonstrated that the
CPC cation V formed from chiral 1V is itself chiral, and that
its bisected nature makes its racemization or rearrange-
ment barriers larger than nucleophilic attack, leading to a
stereospecific transformation.

With those precedents in mind, we set out to study the Ma-
rek reaction using DFT calculations. Hybrid DFT methods
have been used successfully to study carbocationic sys-
tems14-16.18,20,35,36 and can reproduce MP2 results for sub-
stituted CPC/BCB cations.?> To compare the cation rear-
rangements to the nucleophilic attack pathways, we elected
to model the fluorination reaction with BF4 as the nucleo-
phile. The presence of the BF3 Lewis acid allowed ionization
mechanisms to be studied with implicit solvation without
encountering charge separation issues that would be

expected for a naked C-F bond ionization. For 1a, we trun-
cated the butyl group to an ethyl group, and the ethyl ester
to a methyl ester, to simplify the conformational landscape.
Four DFT methods have been tested in this system
(mPW1PW91, PBEO, M06-2X, and wB97X-D), and we found
that the hybrid methods M06-2X and wB97X-D provide bet-
ter agreement with high-accuracy calculations (see Tables
SI2-3). The optimization and frequency calculations of all
structures were thus performed with the wB97X-D func-
tional, the 6-31+G(d,p) basis set and the SMD solvation
model for CHzClz. Single-point energy (SPE) refinements
were then obtained at the DLPNO-
CCSD(T)/Def2TZVPP/SMD(CHzClz) level of theory. The fi-
nal free energies presented below are obtained by combin-
ing the DLPNO-CCSD(T) SPEs with the free energy correc-
tions obtained from the wB97X-D geometries and frequen-
cies. The full computational details can be found in the Sup-
porting Information.

We first considered the nature of the cationic intermediate
formed in the reaction of the model 1a, and the fluorination
products that are available from it (Figure 2). To form the
cationic intermediate, we assumed that the cyclopropyl car-
binol (1a) is first protonated by HBF4, forming 1a-H*. Loss
of water with a 2.4 kcal/mol barrier leads to the first cati-
onic intermediate 2a, which exhibits the expected om-bi-
sected geometry of a CPC cation, with two short C-C bonds
(C1-C2,1.40 A; C3-C4, 1.47 A) and two longer bonds (C2-C3,
1.54 A; C2-C4, 1.64 A). Nucleophilic attack can occur on this
intermediate at any of the four carbons of the CPC core (C1-
4). Attacks on C4 and C3 occur similarly to a backside Sn2
mechanism as F-C bond formation occurs simultaneously
with breaking of the corresponding, elongated CPC bond,
resulting in either homoallylic products 3a or 6a with inver-
sion of configuration at the substituted carbon. Conversely,
attacks on C1 and C2 occur similarly to nucleophilic addi-
tions on m-electrophiles, resulting in an array of cyclo-
propylcarbinyl and cyclobutyl regioisomers and diastere-
omers. Of those, only the product resulting from the most
favorable TS at each position is shown in Figure 2 (others
can be found in the Supporting Information). In line with the
experimental results, attack on C4 has the lowest activation
free energy (7.2 kcal/mol), giving rise to the observed prod-
uct 3a. Since C4 is the most substituted position and C2-C4
is the longest (weakest) bond in the structure, nucleophilic
attack at C4 is preferred. Of note, the C4-epimer product 3a’
cannot be obtained directly from nucleophilic attack on 2a,
implying that some pathway must exist for this cation to
epimerize.
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Figure 2: [onization of 1a-H* and nucleophilic attack path-
ways on the cationic intermediate 2a. Free energies in
kcal/mol, non-critical hydrogen atoms are hidden in the vis-
ualized structures for clarity.

The homoallylic and cyclopropylcarbinyl products 3a-6a
can be accessed directly from 2a through nucleophilic at-
tack. For 5a and other cyclobutane products, we find a high
energy, metastable BCB-like structure in the pathway,
which is only possible in the presence of the BF4+ counter-
ion. Upon removal of the counter ion, this shallow minimum
collapses to the CPC structure 2a (see Figure SI3). This re-
sult hinted that the BCB cations in this system are high in
energy, and we further investigated such structures to lo-
cate any stable geometries. However, all BCB structures lo-
cated were in fact high-energy TSs between CPC isomers
(Figure 3). Indeed, from 2a the carbinyl carbon C1 can ap-
proach C3 (TS 2a, AG¥ = 15.3) or C4 (TS 5a, AG* = 22.2), gen-
erating new CPC-like structures 7a and 9a, respectively.
These structures are further connected through 8a by an-
other set of rearrangements. Importantly, the free energy
barriers to access the equilibria of Figure 3 are at least 8.1
kcal/mol higher compared to nucleophilic attack on C4 (7.2

kcal/mol for TS C4a vs 15.3 kcal/mol for TS 2a), making
BCB structures unlikely to contribute to the observed reac-
tivity. This is in line with our conclusions in the Feringa sys-
tem.3¢ Moreover, the large energy difference between BCB
and CPC structures in 2a, which is consistent with other
substituted cyclopropylcarbinyl cations?? 31 (including
when the BCB structures are minima on the PES)1417.18 jn-
dicates that even if the wB97X-D potential energy surface is
not fully accurate and BCB structures are actually shallow
minima instead of TSs, they would still be unlikely partici-
pants in the reactions of those cations.
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Figure 3: Bicyclobutonium pathways available to 2a. Free
energies in kcal/mol, non-critical hydrogen atoms are hid-
den in the visualized structures for clarity.

We then confirmed that the pathways shown in Figures 2
and 3 are similar for the phenyl-substituted substrate 1b.
Indeed, formation of the homoallyl product 3b resulting
from attack on C4 is the preferred pathway, and BCB TSs are
atleast 7.5 kcal/mol higher in free energy than nucleophilic
attack. (Figures SI2 and SI5). As such, neither direct nucleo-
philic attack nor bicyclobutonium rearrangements can ex-
plain the most intriguing observation from the Marek reac-
tion, which is the loss of diastereoselectivity for 1b amount-
ing to epimerization at C4. However, it can be noticed in Fig-
ure 3 that any structure placing C3 at the carbinyl position



of a CPC structure displays an “open” geometry (8a and 9a),
avoiding buildup of positive charge on the ester-bearing C3.
This hinted at the possibility of equilibria between bisected
cyclopropylcarbinyl and classical homoallylic cations in
some structures.

Based on this, we wondered if the phenyl group present on
C4 in 1b allowed the CPC cation to open at the C2-C4 bond
to form a homoallylic structure which could then fully epi-
merize. There are some precedents for such a pathway. For
CsH7*, the homoallylic structure is estimated to be 31
kcal/mol higher in energy than the CPC/BCB structures.?8
Hydroxy-substituted CPC cations adopt geometries with
significant homoallylic character (with long C-C bonds).3!
The opening of CPC structures to homoallylic cations was
also proposed to explain their rearrangement to allylic cat-
ions in the absence of nucleophiles.*37.38

Finally, homoallylic cations in equilibrium with cyclo-
propylcarbinyl cations have been described in biosynthetic
pathways, where the homoallylic structure is between 2-10
kcal/mol higher in energy than the CPC.1416,19,21,23

In investigating this homoallylic cation, we discovered that
C2-C4 bond opening is not the only rearrangement available
to CPC cations such as 2a/b. Indeed, a whole number of
other rearrangements, which to the best of our knowledge
have not been systematically considered before, are actu-
ally crucial to the selectivity of these highly substituted CPC
cations (Figure 4).
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Figure 4. Rearrangement pathways available to 2a (left) and 2b (right). Free energies in kcal/mol, non-critical hydrogens are

hidden in visualized structures for clarity.

For the C2-C4 bond opening, bond elongation happens sim-
ultaneously to the C4 carbon rotating into a planar

configuration orthogonal to the C1-C2 mbond (TS 6), result-
ing in the “classical” homoallylic cationic structures 10. 10b

is only 1.3 kcal/mol less stable than 2b (Figure 4B), one of



the easiest CPC-to-homoallyl equilibrium reported. Of note,
C4 rotation can occur in either direction, see Figure SI9. C2-
C3 bond opening can occur similarly to C2-C4 (TS 15b),
however since C3 only forms a secondary cation, a sequen-
tial methyl shift occurs resulting in allylic cation 13b. This
cation is more stable than any other cation on the PES, but
the large activation barrier of TS 15b presumably prevents
its formation. We also discovered that rotation around C1
or C2 is energetically accessible, forming the diastereomeric
cations 12b and 2b-1, respectively. In C2 rotation, the CPC
cation first opens to an aligned homoallyl structure (similar
to 8a and 9a, see Figure 3), at which point the C2-C3 bond
can rotate (TS 11b). This TS has a surprisingly small activa-
tion barrier (4.3 kcal/mol) and results in the CPC structure
2b-1, which is more stable than 2b by 1.3 kcal/mol. Rota-
tion of the carbinyl carbon (C1), on the other hand, breaks
the C1-C2 1 bond (TS 14b) and as such requires 16.3
kcal/mol to form 12b. Overall, C2-C4 opening and C2 rota-
tion have low activation barriers , making them critical to
the equilibrium, reactivity, and selectivity of 2b (see below).
We also looked into these pathways for 2a (Figure 4A).
While the rearrangements for 2a occur with similar struc-
tures to those in 2b, the activation barriers for these rear-
rangements are significantly lower for 2b compared to 2a
(2.0 vs. 8.0 kcal/mol for C2-C4 opening and 4.3 vs. 10.9
kcal/mol for C2 rotation). This difference is most likely due
to the phenyl group on C4 in 2b, which stabilizes any varia-
tion of the homoallylic structure which is crucial to the bar-
riers of both of these rearrangements. In comparison, 10a
is 7.9 kcal/mol higher in free energy than 2a, and this higher
energy of the homoallylic structure impacts TS 6a and TS
11a.

The fact that 2b has various low-energy rearrangement
pathways provides a plausible explanation for the differ-
ence in selectivity between 1a and 1b. To visualize this ef-
fect, we compared the rearrangement barriers with nucleo-
philic attack barriers for all available structures for both 1a
and 1b (Figure 5). Starting from 2b (or 2a), three different
pathways exist. First, 2b can react immediately with a nu-
cleophile resulting in the major product 3b via TS C4b. Oth-
erwise, 2b is in equilibrium with a number of other rear-
ranged structures. As discussed previously, C2-C4 opening
can occur through TS 6b leading to 10b. From this classical
structure, nucleophilic attack can occur on both faces, re-
sulting in either the major product 3b or the epimer product
3b’. Alternatively, further rotation of the C4 carbon and re-
formation of the C2-C4 bond (TS 7b) yields the epimerized
CPC structure 11b. Nucleophilic attack can occur on this
structure at the C4 position resulting in 3b’. On the other
hand, C2 rotation can occur for any of these structures (2b,
10b, or 11b) resulting in analogous structures 2b-1, 10b-1,
and 11b-1, from which nucleophilic attack is also possible
and leads to the same two diastereomeric products. The for-
mation of the tertiary benzylic fluoride products 3b and 3b’
is only slightly exergonic (AGrn = -5.4 and -5.5 kcal/mol
from 2b) and would thus appear reversible. However, we
compute that the BF3; released upon nucleophilic attack
binds more strongly with water than the products (see Fig-
ure S11). As the BFs¢H20 adduct results in the hydrolysis of

the BF3to boric and fluoroboric acids,3° we believe that re-
versibility of the reaction is unlikely.

Importantly, the rearrangement barriers for 2b are smaller
than those for direct nucleophilic attack (2.0 and 4.3 vs. 7.0
kcal/mol). Thus, 2b is in fast equilibrium with a number of
low energy rearranged structures including 2b, 2b-1, 10b,
10b-1, 11b, and 11b-1. Nucleophilic attack can occur on
each of these structures allowing formation of both 3b and
epimer 3b’. Indeed, reaching TS 9b-1 is as plausible as TS
C4b or TS C4b-1. Thus, the energy difference between these
nucleophilic attack pathways will determine the selectivity
of 2b. In this case, the two lowest-energy pathways leading
to each diastereomer of the product, TS C4b-1 and TS 9b-1,
are similar in energy (6.9 vs. 8.1 kcal/mol, respectively), in
line with the low selectivity observed in the reaction of 1b
(Figure 1A). Compared with 2b, 2a has less opportunities
for rearrangements. In 2a, the barriers for rearrangements
are higher in energy than those for direct nucleophilic at-
tack (8.0 and 10.9 vs. 7.2 kcal/mol), ensuring some kinetic
preference for the formation of 3a. Thus, in order to obtain
3a’, the lowest energy pathway involves TS 9a (9.6
kcal/mol) through intermediate 10a, a 2.4 kcal/mol activa-
tion free energy difference that is in line with the excellent
selectivity observed for 1a. Of note, neither TS 8a nor TS
8a-1 could be located. While their energies are certainly
greater than their nearest minima (7.9 and 8.3 kcal/mol re-
spectively), we expect their energies to be roughly 2-5
kcal/mol greater that of TS C4a and TS C4a-1, by analogy
with results from 2b. Overall, our results clearly indicate
that the two substrates have different potential energy sur-
faces, with 2a having a larger energetic requirement for re-
arrangement versus nucleophilic attack, whereas 2b rear-
ranges faster than it engages in nucleophilic trapping, al-
lowing the emergence of competitive pathways to form the
diastereomer 3b’.

We further analyzed the two PESs to better rationalize the
different reactivity of 2a and 2b. From the protonated cy-
clopropylcarbinols 1a-H*/1b-H*, formation of the homoal-
lylic products 3a/b releases a similar amount of free energy
(-20.4 kcal/mol for 1a, -23.1 for 1b). However, the CPC cat-
ion 2b has a greater relative stability (-17.7 from 1b-H*)
than cation 2a (-11.6 from 1a-H*), as 2a is destabilized by
its ester on C3 while 2b is stabilized by its phenyl group on
C4. Despite 2b being a deeper intermediate, nucleophilic at-
tack barriers on 2a and 2b are similar. However, the phenyl
group on C4 of 2b strongly stabilizes rearrangements to
10b and 2b-1 due to the formation of a tertiary benzylic car-
bocation in each pathway. As such, 10b lies 6.6 kcal/mol
closer to 2b than 10a from 2a (+1.3 vs +7.9 kcal/mol) and
TS 11b lies 6.6 kcal/mol closer to 2b than TS 11a from 2a
(+4.3 vs +10.9 kcal/mol). This stabilization of 2b’s homoal-
lylic structures significantly facilitates its rearrangements
to 10b and 2b-1, to the point where they become kinetically
preferred to nucleophilic attack. On the other hand, 2a has
significantly higher barriers to rearrangements due to its
unstable homoallylic structure. As such, 2a’s most likely
pathway is direct nucleophilic trapping, forming the main
product 3a.
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Figure 5. Nucleophilic attack and low-energy rearrangement pathways available to A) 2a and B) 2b. Free energies are in
kcal/mol, non-critical hydrogens are hidden in visualized structures for clarity. Black equilibrium arrows depict unimolecular
rearrangements, while green arrows depict nucleophilic attack by BF4+ resulting in fluorination products and BFs.

As the epimerization pathway is unimolecular, but the nu-
cleophilic attack is bimolecular, different results should be
expected when the identity of the nucleophile changes. For
instance, for the weaker bromide nucleophile, it would be
expected that the barriers for nucleophilic attack would in-
crease while the epimerization barriers would not, leading
to more epimerization when this pathway is competitive.
This is what was observed for 2b (Figure 1A). Similarly,
during the preparation of this manuscript, Marek reported
similar reactions involving CPC cations*%-42 and showed that
phenyl-containing substrates, when reacted with highly nu-
cleophilic  trialkylaluminum compounds at lower

temperatures, provide the homoallyl products without any
epimerization.#® This supports our conclusion of a
CPC/homoallyl kinetic competition as the driver of the se-
lectivity.

In conclusion, we have shown that substituted cyclopropyl
carbinols generate CPC carbocations upon dehydration, and
that any BCB structures are unlikely due to their high en-
ergy. These cations share the chirality of their parent sub-
strates and have the potential to react faster with nucleo-
philes than they can rearrange, leading to high stereospeci-
ficity. Most importantly, we have discovered that a series of
rearrangements involving CPC to homoallyl equilibria can



explain the loss of selectivity for aryl-substituted sub-
strates. Indeed, the presence of an aryl-group on one of the
cyclopropyl carbons (C3/C4) greatly increases the stability
of the homoallylic cation, allowing faster rearrangements of
the CPC structure relative to nucleophilic attack, leading to
racemization or epimerization issues. Which substituents
are required for these pathways to become competitive re-
mains to be studied and work in this direction is underway
in our group.
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