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ABSTRACT: Cuneane is a strained hydrocarbon accessible via metal-catalyzed isomerization of cubane. The carbon atoms of cu-
neane define a polyhedron of the Cav point group with six faces- two triangular, two quadrilateral, and two pentagonal. The rigidity,
strain, and unique exit vectors of the cuneane skeleton make it a potential scaffold of interest for the synthesis of functional small
molecules and materials. However, the limited previous synthetic efforts towards cuneanes have focused on monosubstituted or re-
dundantly substituted systems such as permethylated, perfluorinated, and bis(hydroxymethylated) cuneanes. Such compounds, par-
ticularly rotationally symmetric redundantly substituted cuneanes, have limited potential as building blocks for the synthesis of com-
plex molecules. Reliable, predictable, and selective syntheses of poly-substituted cuneanes bearing more complex substitution pat-
terns would facilitate the study of this ring system in myriad applications. Herein, we report the regioselective, Ag'-catalyzed isom-
erization of asymmetrically 1,4-disubstituted cubanes to cuneanes. In-depth DFT calculations provide a charge-controlled regiose-
lectivity model and direct dynamics simulations indicate that the non-classical carbocation is short-lived and dynamic effects augment

the charge model.

I INTRODUCTION

Cubane has continuously inspired the chemical community
since its synthesis was first reported by Eaton in 1964 due, in
large part, to its beautiful symmetry, high strain energy, and im-
pressive kinetic stability.! Consequently, cubane derivatives
have been studied in a multitude of applications ranging from
energetic materials to pharmaceuticals (Figure 1A).2 Decades
after publishing his seminal cubane synthesis, Eaton noted the
similar exit vectors of 1,4-disubstituted cubanes and para-di-
substituted benzene rings, leading him to propose cubane as a
potential scaffold for drug development.® This hypothesis has
stimulated further research comparing the performance and
properties of benzene-derived and cubane-derived functional
molecules in both biological and abiotic systems.* >

For all the attention cubane has received, relatively little has
been given to its aliphatic hydrocarbon isomer, cuneane, despite
its potential as a valuable molecular scaffold in its own right
(Figure 1A).% The synthesis of cuneane was first reported by
Eaton in 1970 and was achieved via the Ag'- or Pd"-catalyzed
isomerization of cubane (Figure 1B).” Beyond preparing the
parent compound, Eaton demonstrated the rearrangement with
several mono- and symmetrically 1,4-disubstituted cubanes
(Figure 1B and Figure 1C, respectively). The former gave mix-
tures of all three possible cuneane isomers, while the latter gave
only two (of ten possible) substitution patterns (hereafter the
“1,3- and 2,6-isomers”). Eaton attributed the selectivity for the
1,3- and 2,6-isomers over the eight other possible substitution

patterns to the reaction’s progression “via the most economic
bond-switching path.” The relative amounts of 1,3- vs 2,6-iso-
mer product formed was highly substituent-dependent. No sig-
nificant advances in the synthesis of cuneanes were made for
the following 50 years. However, during the preparation of this
manuscript, Matsubara and coworkers reported the synthesis of
enantioenriched, redundantly 2,6-substituted cuneanes using
asymmetric silver and (preferentially) palladium catalysts.® The
same manuscript describes the racemic, Ag'-catalyzed isomeri-
zation of 2 asymmetrically 1,4-disubstituted cubanes to 2,6-di-
substituted cuneanes, the first such examples in the literature.

In the course of ongoing work involving the alkylation of
cubane derivatives, we serendipitously observed the highly re-
gioselective rearrangement of an asymmetrically 1,4-disubsti-
tuted cubane to one of the corresponding 1,3-cuneane isomers
(Figure 1D). The value of this regioselectivity was immediately
apparent as an entry point to a range of differentially 1,3-disub-
stituted cuneanes. We were surprised to find no literature prec-
edent at the time for the rearrangement of such asymmetrically
disubstituted substrates. We entered the study described herein
to develop the scope of this transformation and determine key
substituent effects on regioselectivity. Furthermore, we hoped
to gain mechanistic understanding of the basis of the observed
selectivity.
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Figure 1. Background on the limited chemistry of cuneanes.
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searches conducted on 08/25/2022.

RESULTS AND DISCUSSION

We examined the isomerization of cubane 1a as the model
substrate using a variety of Ag' catalysts in toluene at 80 °C
(Table 1, entries 1-5). The regioselective isomerization oc-
curred with 1 equivalent of AgTFA, providing desired cuneane
in 70% yield (2,6- to 1,3-isomer ratio =13:1) (Table 1, entry 5).
Many silver catalysts and the intermediates of ring strained
isomerization are sensitive to heat and light. When this reaction
was carried out without light, the yield was slightly increased
with a 2,6- to 1,3-isomer ratio of 17:1 (Table 1, entry 6). The
pure 2,6-cuneane compound could be isolated in 75% yield fol-
lowing recrystallization. Replacing AgTFA with Pd catalysts
gave diminished yields, while replacing it with Lewis acids or
TFA (trifluoroacetic acid) led to no product formation (Table 1,
entries 7-9, see supporting information). The loading of catalyst
and reaction temperature were then examined. When 1a was re-
acted with a sub-stoichiometric amount of AgTFA or at 60 °C,
cuneane was produced in 30% and 40% yields, respectively
(Table 1, entries 10 and 11). Consistent with our original, ser-
endipitous result, we found that 1f isomerizes to give only a sin-
gle 1,3-isomer, with no constitutional isomers detected. Fur-
thermore, the best yield of 3f (99%) was obtained under the re-
action condition by using a sub-stoichiometric amount of Ag-
TFA at 40 °C (Table 1, entry 13).

Reaction conditions: 1 (0.1 mmol, 1.0 equiv.) and catalyst (1.0
equiv.) were reacted in toluene (1.0 mL) for 15 h. “NMR yield using
CH2Br: as an internal standard. *Without light. “After recrystalliza-
tion, only the isomer 2 was obtained. “Isolated yield.

Next, we explored the scope of the isomerization using 1,4-
disubstituted cubanes under the optimized reaction conditions.
Cubanes bearing two electron-withdrawing groups generally re-
arranged in high yields to the 2,6-isomer with modest to good
selectivity. Reaction of 1-acid-4-methyl ester (1a), 1,4-dime-
thyl ester (1b), and 1-cyano-4-N,N-diisopropyl amide (1d)
cubanes gave excellent selectivity for the 2,6-isomers 2a, 2b,
and 2d, respectively, in good yields. Furthermore, the poten-
tially-sensitive bromide group of 2e was also tolerated. How-
ever, 1,4-diamide (1¢) and 1-amide-4-methylester (1g) cubanes
underwent the rearrangement in good yield with poor regiose-
lectivity. When cubanes bearing one electron-withdrawing and
one electron-donating group were treated with AgTFA, single
1,3-isomers were produced in moderate to excellent yields. 1-
methylester-4-hydroxymethyl (1f) and 1,4-dihydroxymethyl
(1h) cubanes underwent rearrangement in 99% and 96% yields,
respectively, providing 1,3-cuneanes 3f and 3h. Cubanes pos-
sessing one electron-withdrawing group and the p-tolyl moiety
on the opposite vertex were gratifyingly compatible with the re-
action conditions, generating 3i-3k in 92-99% yields. Similarly,
the rearrangement of a diaryl cubane (11) took place efficiently
in this reaction system to furnish 31 in quantitative yield. A het-
eroaryl substituted cubane was easily converted to the corre-
sponding cuneane 3m obtained in 85% yield. Furthermore, this
protocol was also compatible on a large scale; conducting the
rearrangement with 5 mmol of 1a and 1f afforded the corre-
sponding cuneanes 3a and 3f in 75% and 99% yields, respec-
tively. Unfortunately, the rearrangement was unsuccessful with
cubanes bearing -I, -Bpin, and -NHBoc groups, giving either
almost no conversion or substrate decomposition to uncharac-
terized complex mixtures. Additionally, attempted rearrange-
ment of a tri-substituted cubane under these reaction conditions
resulted only in unproductive decomposition of the starting ma-
terial.
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To establish the synthetic value of functionalized cuneanes
accessible via Ag-catalyzed rearrangement, we explored a vari-
ety of subsequent functional group manipulations. Compound
4a emerged as a potentially useful synthetic intermediate to tar-
get in our study. “Half-esters” of alkyl diacids serve as com-
mon, useful building blocks for the preparation of differentially
disubstituted sp-rich scaffolds.'” Indeed, commercially availa-
ble cubane 1a served as a convenient starting material for our
substrate scope study. While 2a could serve as a general precur-
sor to 2,6-disubstituted cuneanes, previously unknown com-
pound 4a could serve the same role for 1,3-disubstituted cu-
neanes. Several possible routes to 4a were considered (Figure
2B). Compared to the alternative black and red routes, the route
shown in blue is highly efficient; the regioselective rearrange-
ment of 1f to 3f more than compensates for its requisite oxida-
tion state manipulations.

A. Half-ester of 1,3-cuneane diacid as a useful building block
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Figure 2. Building blocks accessed via oxidation and reduction.
“See Table 2 for yield and selectivity data °Previously reported’;
FGI = functional group interconversions

Given the value of amines as building blocks for medicinal
chemistry and the apparent incompatibility of carbamates with
the reaction conditions, we aimed to install nitrogenous func-
tionality on a pre-formed cuneane. Curtius rearrangement of 2a
provided isolable carbamate 4c¢ in high yield (Figure 3, eq 1).
Exposure of 4¢ to acids failed to yield amine hydrochloride 5b,
but instead afforded ketone 5a in 90% yield (Figure 3, eq 2), the
structure of which was determined via single-crystal X-ray dif-
fraction analysis of its dinitrophenylhydrazone (Figure 3, eq 3).
Similar ketone-forming reactivity is precedented with other
strained-ring amines such as bicyclo[2.2.0]hexan-1-amine.!!
Cubylamines are also prone to ring-opening, though their hy-
drochloride salts are generally isolable.?

Further experiments were conducted to compare the reactiv-
ity of cubane and cuneane congeners. For instance, we were
able to repeat Itami’s recent work demonstrating the ortho-lithi-
ation/zincate formation and Negishi coupling of cubanes.'?
However, subjecting 2d to the same conditions showed no de-
sired reactivity and decomposition of the starting material (Fig-
ure 4, eq 1). Gratifyingly, decarboxylative arylation of 20 gave
54% yield of 2p under nickel catalysis with an electron-poor,
substituted bipyridine ligand system (Figure 4, eq 2).!* Cuneane
2p is notably inaccessible via direct rearrangement of the cor-
responding cubane 1i, which exclusively gives the 1,3-disubsti-
tuted cuneane 3i upon exposure to AgTFA (vide supra).
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Figure 4. Arylation of cuneane skeleton; NHPICl4 = tetrachlo-
rophthalimide N-oxyl group

We next sought to compare the energetic behavior of nitrated
cubane and cuneane derivatives, specifically the nitrate esters
5d, Se, and 5f (Figure 5). The 2,6-cuneane 2h, inaccessible by
direct isomerization, was prepared by reduction of 2a and was
obtained in 75 % yield (Figure 5, eq. 1). Frustratingly, attempts
at nitration of 2h and 3h using the relatively mild nitrating agent
acetyl nitrate led only to unproductive decomposition to com-
plex mixtures, which presented as low-energy gums, suggesting
inadvertent destruction of the cuneane skeleton (Figure 5, eq. 2-
3). However, cubane 1h was successfully nitrated using acetyl
nitrate to give previously reported nitrate ester 5f (Figure 5, eq.
4)."18 The isolation process required modification to provide
sufficiently pure material for analysis. We found that trituration
of the gummy, impure concentrate of the dichloromethane ex-
tract using ethyl acetate gave pure 5f as a white, crystalline
solid. While this nitration procedure and isolation proved robust
and scalable, attempted nitration of 1h with chilled nitric acid
led to spontaneous ignition (hypergolic behavior).
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Figure 5. Efforts towards cubane and cuneane nitrate esters

The energetic properties of 5f were determined through a
combination of experimental and computational techniques
(Table 3). Differential scanning calorimetry showed a sharp, ex-
othermic decomposition of 5f beginning at 141 °C, somewhat
higher than the reported decomposition temperature of 123-124
°C.!5 No melting was observed prior to decomposition. Impact
and friction sensitivities were determined according to the
NATO STANAG guidelines.!*?° The density of 1.516 g/cm?,
determined using single crystal X-ray diffraction crystallog-
raphy, is comparable to the previously reported value of 1.512
glem.15

Table 3: Physical and energetic properties of dinitratome-
thyl cubane 5f.

Data category Dinitratomethyl cubane
Taee °C]H 141.0
Qcoz [%o]® -119.7
Qco [%] -56.7
p [gem3] 1.516
P [GPa] 17.2
Vet [ms™]H 7116
Isp [s]1 224.8
AH° [kJ mol ™™ 244.9
ISHII] 7.0
FSUIN] 156
ESDM 1] 0.125




[a] Taec = onset temperature of decomposition; [b] Qco2
= CO2 oxygen balance; [c] Qco = CO oxygen balance; [d]
p = experimentally determined density; [e] Pcj = detona-
tion pressure; [f] Vaet = detonation velocity; [g] Isp = spe-
cific impulse; [h] AfH® = molar enthalpy of formation; [i]
IS = impact sensitivity; [j] FS = friction sensitivity; [k]
ESD = electrostatic discharge sensitivity

Computations were performed to study the isomerization re-
action mechanism and origins of regioselectivity, combining
static and dynamic trajectory calculations. Density functional
theory (DFT) calculations were carried out with TURBOMOLE
7.3%! and ORCA 4.2.1.22 Conformer sampling was done using
xTB,? CREST,** and CENSO?® program packages. Geometry
optimizations and vibrational frequencies were calculated using
the dispersion corrected hybrid functional PBE0-D3(0)*% with
the def2-TZVP? basis set since PBEO gives good geometries
for transition metal complexes.?-3! Final gas-phase single-point
energy calculations were carried out with random phase approx-
imation (RPA)*? using PBE0/def2-QZVPP orbitals. Solvation
effects for toluene were accounted for using COSMO*3 for
geometries and frequencies and COSMO-RS33 3638 for single-
point energies. Additionally, we used Grimme’s quasi-RRHO
approximation.* Gas-phase Born-Oppenheimer molecular dy-
namics (BOMD) trajectory calculations were initialized and
propagated in Gaussian 16* with energies and gradients evalu-
ated at the PBE0-D3/def2-TZVP level of theory. Full computa-
tional details are presented in the SI.

In experiment, substrate-dependent selectivity for either 1,3
or 2,6-cuneanes was observed. To rationalize these observa-
tions, we first studied the isomerization mechanism of 1b since
it gave 2,6-cuneane 2b as the major product and 1,3-cuneane 3b
as a minor product. While the kinetics of related isomerization
reactions have been studied,**** to the best of our knowledge,
computational mechanistic studies of the cubane to cuneane
isomerization have not been previously reported. Our calcula-
tions reveal a reactive potential energy surface (PES) that is
highly complex: distinct mechanistic pathways converge to
form the same regioisomeric product, the identity of the rate-
limiting TS varies across pathways, and the presence of non-
classical carbocationic intermediates. Further, we employed
non-statistical dynamic calculations to study selectivity of
branching points that were skipped on the static PES.

A recent review concluded that the reactive silver(I) salt can
be either mononuclear or binuclear, although the distinction is
difficult to make.** We considered the reactive Ag(I) species as
mononuclear. Accounting for the homolytic dissociation of the
Ag(I) dimer is challenging and will affect the absolute free en-
ergies for the whole PES. However, using Int-1 as the reference
state for both mononuclear and binuclear mechanisms, i.e., cir-
cumventing the effect of the dimer dissociation, lead to lower
barriers for the mononuclear mechanism with 1b. Furthermore,

we could formulate the same conclusions from both mecha-
nisms except for the identity of the major pathway, see SI. The
isomerization of 1b is initiated by Ag(I) insertion to one of the
cubane’s two inequivalent C—C bonds; C1-C2 (TSlcic2) or
C2-C2 (TS1cz-c2) (Figure 6a). This is the first branching point
in the mechanism: C2—C2 insertion ultimately leads toward a
single product (2b), whereas the regiochemical outcome (2b vs
3b) of C1-C2 insertion is decided at the next step.

Addition to the C2—C2 bond had an activation free energy
barrier of 26.8 kcal-mol™! and was favored over C1-C2 addition
by 3.2 kcal-mol. In the bridged C2-Ag-C2 intermediate (Int-
2c2-c2) formed in this first step, one of the equivalent Ag—C2
bonds can break heterolytically. This kinetic barrier constitutes
the turnover determining step for the major (C2—C2, 2b) path-
way at 28.2 kcal'mol™! (TS2c2ag.c2). The pathway selectively
formed the experimentally observed major product 2b and no
subsequent intermediates or branching points were located,
confirmed by dynamic reaction coordinate calculations show-
ing the evolution of TS2 to cuneane product 2b. Interestingly,
with substrate 1i, see below, a nonclassical carbocationic inter-
mediate is found on the PES following Ag—C cleavage. From
the C1-Ag-C2 intermediate, two possible cleavage pathways
can take place: breaking of the Ag—C1 bond yields the minor
product regioisomer 3b (AG* = 31.2 kcal-mol™!), whereas break-
ing the Ag—-C2 bond yields the major product, 2b (AG* = 26.8
kcal-mol™). The mechanism for substrate 1b isomerization thus
revealed that two pathways contribute to the major product for-
mation; major(C2—C2, 2b) and minor(C1-C2, 2b) with 88.0%
and 11.9% contributions, respectively, while each of the three
branches had different turnover determining steps.

To understand the regioselectivity, we analyzed NBO
charges along the major(C2-C2, 2b) reaction coordinate (Figure
6b). Compared to the substrate- AgTFA complex Int-1, in both
TS1c2-c2 and Int-2c2-c2, the two carbons now attached to silver
gain electron density (ANBO < 0), while the catalyst loses elec-
tron density. This net transfer of charge from catalyst to sub-
strate is indicative of C-C oxidative insertion, which accounts
for the lower barrier of insertion into the C2—C2 bond. Accord-
ingly, we expect the initial insertion will generally favor more
electron-rich [Jc.c bonds of cubane derivatives: in this case, the
C1-C2 bond is less electron-rich (a-position of the methyl es-
ter), and TS1ci-c2 has a higher activation free energy barrier by
more than 3 kcal-mol™'. In the next step, i.e., TS2c2ag-c2 in Fig-
ure 6b, Ag—C bond-breaking is accompanied by substantial
charge separation involving the accumulation of carbocationic
character at the separating carbon atom. Due to symmetry in
Int-2c2-c2, fragmentation of either Ag-C bond is degenerate.
However, for the minor pathway, cleavage of the Ag—C2 bond
is favored over Ag-Cl by more than 4 kcal-mol”! since the
build-up of positive charge at C1 is substantially less favorable
(see Figure 6a).

We next investigated the isomerization of substrates 1i and
1f, which result in opposite regioselectivity to 1b, selectively
forming the 1,3-cuneane product. Oxidative addition barriers
for these less electron-deficient substrates are several kcal-mol
"lower than for 1b, with insertion preferentially occurring away
from the electron-
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Figure 6. a) Reaction free energy profile for isomerization of 1b to 2b and 3b in kcal-mol ™ at 353.15 K; b) ANBO graph for C1-4

and Ag atoms, as well as 1b and AgTFA moieties for major(C2—C2,

2b) pathway; and c) activation free energy barriers at 313.15 K

for regioselectivity determining steps for 1f and 1i with NBO charges in Int-2c1-c2. The free energies were computed at RPA@PBEO-
D3/def2-QZVPP//PBE0-D3/def2-TZVP in toluene (COSMO-RS//COSMO) level of theory. See SI for full computational details.

withdrawing ester group. For 1i, addition adjacent to the aro-
matic ring at the C1-C2 bond is favored over the C2—C3 or C3—
C4 bonds with activation free energy barriers of 22.4, 24.8, and
28.5 kcal-mol’!, respectively (Figure 6¢). Subsequent breaking
of the Ag—C1 bond is then favored over the Ag—C2 bond (Fig-
ure 6¢), with positive charge accumulating at the benzylic posi-
tion in TS2c2ag-c1. The ensuing intermediate is a nonclassical

carbocation,* which falls to the final 1,3-cuneane product, 3i,
with a very small barrier of 0.2 kcal-mol .

For 1f, C1-C2 and C2—C3 additions are nearly isoenergetic
with activation free energy barriers of 22.6 and 22.4 kcal-mol’!,
respectively, whereas C3—C4 addition is significantly higher at
27.6 kcal-mol! (see Figure 6c¢). In both
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details, see SI.

TS1ci-c2 and TS1cz-c3, the hydroxyl group of 1f is hydrogen-
bonded to the TFA oxygen, but only the C2—C3 activation free
energy barrier was lowered compared to 1i. The charge separa-
tion was even more pronounced in 1f-Int-2ci-c2 than in 1i-Int-
2c1-c2 and, again, the Ag—C bond to more electropositive carbon
was broken leading to the major product 3f. Likewise, the two
carbons in 1f-Int-2c2-c3 demonstrated divergent polarization —
C2 becoming more positive and C3 more negative — and the
scission of the Ag—C2 bond was favored (see SI). Since the
turnover determining step for both C1-C2 and C2—C3 bond ac-
tivation were isoenergetic with 1f, both pathways contribute al-
most equally to the formation of 3f. Again, while the Ag-C bond
scission in TS2c2ag-c1 can only evolve to 3f, TS2c3ag-c2 (SI) on
the other hand could potentially lead to both 2f and 3f, while
dynamic reaction coordinate calculation connected TS2c3ag-c2
to only 3f.

Because the static potential-energy surface indicated interme-
diates with significant carbocation character, nonclassical
bonding (1i-Int-3, see SI), and possible bifurcation points (e.g.
after TS2c2ag-c2) that could lead to both major and minor prod-
ucts, we initiated quasiclassical direct dynamics trajectory cal-
culations. Trajectories initiated from transition-state structures

were sampled using zero-point and thermal local mode sam-
pling at 343 K and propagated with an average time step of 0.5
fs. Figure 7 plots two representative trajectories started at
TS2c2ag-c2 (for 1b). One trajectory leads to 2b and the other 3b.
In both trajectories a non-classical carbocation type structure
occurs close to 100 fs after the transition state, but this structure
is extremely short-lived and within another 100 fs evolves to
become either 2b or 3b, which indicates this intermediate might
be best considered dynamically skipped. From 20 trajectories,
only one trajectory recrossed to Int-2c2-c2, 15 ended at the ma-
jor product 2b, and four ended at the minor product 3b. This
indicates that in addition to transition state selectivity there is
also dynamic selectivity, however, the transition state predicts
the major product.

Thus, based on careful computational analysis, a set of qual-
itative rules could be established for the activation of 1,4-sub-
stituted cubanes. First, the initial addition favors more electron-
rich C—C o-bonds, such as those adjacent to an electron-donat-
ing group, e.g., C1-C2 with substrates 1f and 1i, or remote from
electron-withdrawing groups, like C2—C2 for 1b. Second, the
two carbons attached to silver in bridging Int-2 exhibit charge
separation if the carbons are not equivalent. Ag-C cleavage



results in an accumulation of carbocationic character more fa-
vorably adjacent to an electron-donating substituent and is
avoided adjacent to an electron-withdrawing group, as in
TS2c1ag-c2 and TS2c2ag-c1. Third, at least two distinct pathways
converge to form the major regioisomer. In our static studies of
the PES for 1i, a metastable nonclassical carbocation interme-
diate is formed by Ag-C bond breaking, with a small barrier
towards cuneane formation. For 1b, such an intermediate is
skipped on the PES. However, quasiclassical dynamic trajecto-
ries indicate that a similar nonclassical carbocation occurs as a
transient, dynamic intermediate, serving as a bifurcation point
for products 2b and 3b. Thus, while transition states provide
prediction of the major product the regioselectivity is partially
influenced by dynamic effects.

Il CONCLUSIONS

In summary, we have further developed the Ag'-catalyzed
isomerization of cubanes to cuneanes with an emphasis on the
generation on differentially 1,3-disubstituted cuneanes. We ex-
plored the convoluted mechanism of the reaction computation-
ally and were able to develop a predictive model for the ob-
served regioselectivity trends. We achieved several functional
group interconversions on the cuneane scaffold, but its skeleton
appears to make derivatives more fragile than the corresponding
cubanes, despite having lower strain energy. This relative ki-
netic sensitivity (to a variety of conditions) may be a conse-
quence of cuneane’s embedded cyclopropane rings. Skeletal
sensitivity hindered our study of energetic nitrate ester deriva-
tives but led us to extensively characterize the analogous cub-
ane 5f. Despite the imperfect translation of cubane reactivity
onto cuneane congeners, we hope this work will facilitate the
study of cuneane derivatives, particularly differentially disub-
stituted species, in diverse applications.
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