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Oxabicyclo[3.2.1] Octane, Spiro[4.5]
Decane, and Branched Triquinane

Nan Lu” and Chengxia Miao
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Abstract

Our DFT calculations provide the first theoretical investigation on Brgnsted-base-catalyzed annulation
of ethylidene 1,3-indenedione with vinyl 1,2-diketone. After Michael addition between deprotonated
ethylidene 1,3-indenedione and vinyl 1,2-diketone, three paths are possible. In path A, intramolecular
oxa-Michael addition and proton transfer happen at first followed by intramolecular aldol reaction
furnishing oxabicyclo [3.2.1] octane after protonation. In path B, the oxygen heterocyclic rings of
deprotonated oxabicyclo [3.2.1] octane are destructed simultaneously through primary complicated
ring opening. The ring expansion proceeds via intramolecular aldol reaction followed by readily proton
transfer. The intramolecular annulation splits eight membered ring into two five membered ones for
branched triquinane. In path C, after proton transfer, intramolecular aldol reaction provides hexacyclic
alkene for spiro [4.5] decane. The positive solvation effect is suggested by decreased absolute and
activation energies in solution compared with in gas. These results are supported by Multiwfn analysis on
FMO composition of specific TSs, and MBO value of vital bonding, breaking.

Keywords: Brgnsted-base; Polycyclic; 1,3-indenedione; Intramolecular aldol reaction; Michael addition

Introduction

The complicated 3-dimensional molecular skeletons are active substances biologically
and exist widely in natural products. As major targets of organic synthesis, the rapid and
concise construction has received much interest especially three key types still challenging
starting from same substrates. For example, oxabicyclo[3.2.1]-octane was obtained from
acid-promoted aromatization rearrangement with antiprotozoal activity [1,2]. The spiro[4.5]
decane was known to function as potent, selective, and efficacious B-secretase (BACE1)
inhibitor for prevention of alzheimer’s disease [3,4]. The branched triquinane was achieved via
supramolecular catalysis leonidas-dimitrios syntrivanis [5,6]. The ethylidene 1,3-indenedione
(EID) was versatile to develop new reaction modes accessing the above natural skeletons
and thus is desirable in organic synthesis. Recent progresses are annulation with reagents
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involing both electrophilic and nucleophilic properties forming
bicyclic products [7], affording spirocyclic compounds via proton
transfer [8-10] or vinylogous type nucleophilic addition [11].

On the other hand, much interest has been focused on
exploring novel of 1,2-diketone. Yang reported
construction of dispiro-indenone via domino cycloaddition of a,(-
unsaturated aldimines with 2-arylidene-1,3-indenediones and

reactions

2,2'-(arylmethylene)bis(1,3-indenediones) [12]. Huang achieved
synthesis of 7’-arylidenespiro [indoline-3,1'-pyrrolizines] and
7'-arylidenespiro[indene-2,1'-pyrrolizines] via [3 + 2] cycloaddition
and B-C-H functionalized pyrrolidine [13]. Kong obtained
chemodivergent annulations or copper-catalyzed diversified
version between a-diketones and alkynyl a-diketones [14,15]. Chen
got dihydrofuranones via oxa-nazarov cyclization-Michael addition
sequence [16]. Then Chen reported dynamic kinetic resolution of
B-substituted a-diketones via asymmetric transfer hydrogenation
[17]. Cao achieved asymmetric deoxygenative cyclopropanation
by chiral salen-Mo catalyst [18]. There were typical outcome
about Tian’s catalytic enantioselective biltz synthesis [19],
Chen’s organocatalytic enantioselective synthesis of axially chiral
N,N’-bisindoles [20], Luo’s tandem cyclization/hydrosilylation
towards enantio- and diastereoselective construction of trans-2,3-
disubstituted-1,2,3,4-tetrahydroquinoxalines catalyzed by borane
[21], and Tian’s diastereo- and enantioselective oxa-Nazarov
cyclization-Michael addition of conjugated 1,2-diketones under
asymmetric binary-acid catalysis [22]. Thus, the rapid construction
of complicated molecules is very attracitve through regio- and
stereoselective transformations.

As far as we know, the development in recent years was
few besides multicomponent cyclizative 1,2-rearrangement
of 2,2-disubstituted
pyrrolinones of Li group and asymmetric transfer hydrogenation
of cyclobutenediones by Lan [23,24]. Considering the merits
of aforementioned two substrates, a breakthrough was Liu’s
Brgnsted-base-catalyzed  annulations between  ethylidene

enabled enantioselective construction

1,3-indenedione and vinyl 1,2-diketone [25]. Via modification of
reaction conditions, three types of thoroughly different polycyclic
skeletons were obtained and two unprecedented reaction modes
were predicted. Although oxabicyclo[3.2.1]octane, spiro[4.5]
decane, and branched triquinane were yielded, many problems still
puzzled and there was no report about detailed mechanistic study
explaining potential of 1,2-diketone. What is the vital role of base
in controlling different products? Why weaker base favors stable
enolate and finally affords spiro[4.5]decane while stronger one
facilitating oxa-Michael to produce oxabicyclo[3.2.1]octane? How
controversial resonance structures reasonably exist or be excluded
in specific process? To solve these questions in experiment, an in-
depth theoretical study was necessary for this strategy focusing on
the competition of three possible paths, unique reactivity of EID
and origin of product diversity.

Computational Details
Optimized structures were obtained at M06-2X/6-31G(d) level

of theory with GAUSSIANO9 [26]. In tests of popular DFT methods
[27], M06-2X functional attained smaller standard deviation
of difference between calculated value and experimental value
in geometries than B3LYP including Becke’s three-parameter
hybrid functional combined with Lee-Yang-Parr correction for
correlation [28,29]. The best compromise between accuracy
and time consumption was provided with 6-31G(d) basis set on
energy calculations. Also, M06-2X functional was found to give
relatively accurate results for catalysed enantioselective (4 + 3),
concerted [4 + 2], stepwise (2 + 2) cycloaddition and catalysed
Diels-Alder reactions [30,31]. Together with the best performance
on noncovalent interaction, M06-2X functional is believed to be
suitable for this system [32-34]. The nature of each structure was
verified by performing harmonic vibrational frequency calculations.
Intrinsic Reaction Coordinate (IRC) calculations were examined
to confirm the right connections among key transition-states
and corresponding reactants and products. Harmonic frequency
calculations were carried out at the M06-2X/6-31G(d) level to
gain zero-point vibrational energy (ZPVE) and thermodynamic
corrections at 298 K and 1 atm for each structure in 1,4-dioxane.

The solvation-corrected free energies were obtained at the
M06-2X/6-311++G(d,p) level by using integral equation formalism
polarizable continuum model (IEFPCM) in Truhlar’s “density”
solvation model [35-39] on the MO06-2X/6-31G(d)-optimized
geometries. As an efficient method obtaining bond and lone pair of
a molecule from modern ab initio wave functions, NBO procedure
was performed with Natural bond orbital (NB0O3.1) to characterize
electronic properties and bonding orbital interactions [40-42].
The wave function analysis was provided using Multiwfn_3.7_dev
package [43] including research on Frontier Molecular Orbital
(FMO) and Mayer Bond Order (MBO).

Results and Discussion

The mechanism was explored for Brgnsted-base-catalyzed
annulation of ethylidene 1,3-indenedione 1 with vinyl 1,2-diketone
2 leading to oxabicyclo[3.2.1]octane 3, branched triquinane 4,
spiro[4.5]decane 5 (Figure 1). lllustrated by black arrow of Scheme
2, 1 is deprotonated by base to afford dienolate, which attacks 2
through Michael addition producing i2. Starting from i2, three paths
are possible. In path A, an intramolecular oxa-Michael addition
happens to form i3 and after proton transfer to generate i4. From
the resonated enolate structure of i4, an intramolecular aldol
reaction occurs furnishing i5, which provides 3 after protonation
(red arrow). In path B, 3 is able to undergo deprotonation atanother
site to give i6 and after ring opening to generate i7, which proceeds
intramolecular aldol reaction to achieve further ring expansion of
i8. After proton transfer, i8 turns to be i9, the resonance structure
of which undergoes intramolecular annulation affording i10. 4 is
produced from the protonation of i10 (blue arrow). In path C, the
proton transfer from i2 yields i11, a resonance structure of which
becomes more stable via isomerization leading to i12. Then an
intramolecular aldol reaction occurs providing i13. 5 is obtained
after protonation of i13 (green arrow). The schematic structures
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of optimized TSs in Figure 2 were listed by Figure 3. The activation = According to experiment, the Gibbs free energies in 1,4-dioxane
energy was shown in Table 1 for all steps. Supplementary Table solution phase are discussed here.
2, Table 3 provided the relative energies of all stationary points.

a Ph
o
2 base {cat.)
+ | A-dioxane, 1 _<
o
1 2

—~

Figure 1: Bronsted-base-catalyzed annulation of ethylidene 1,3-indenedione 1 with vinyl 1,2-diketone 2 leading to
oxabicyclo[3.2.1]octane 3, branched triquinane 4, spiro[4.5]decane 5.

Figure 2: Proposed reaction mechanism of Brensted-base-catalyzed annulation of 1 with 2 leading to 3, 4, 5. TS is
named according to the two intermediates it connects.
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Figure 3: Proposed reaction mechanism of Brensted-base-catalyzed annulation of 1 with 2 leading to 3, 4, 5. TS is
named according to the two intermediates it connects.

Table 1: The activation energy (in kcal mol™) of all reactions in gas and solvent.

AG#,, AG#,,
ts-i12 8.1 9.0
ts-i23 6.1 7.6
ts-i34 26.7 265
ts-i45 15.3 15.0
ts-i67 31.2 2838
ts-i78 239 219
ts-i89 42 4.6
ts-1910 17.0 18.2
ts-i211 26.0 234
ts-i1213 204 14.8
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Table 2: Calculated relative energies (all in kcal mol’!, relative to isolated species) for the ZPE-corrected Gibbs free
energies (AG ), Gibbs free energies for all species in solution phase (AG_)) at 298K by M06-2X/6-311++G(d,p)//MO06-
2X/6- 31G(d) ‘method and difference between absolute energy.

Species AG, AG,,,
1+2-h 0.00 0.00
i1 8.03 -11.16
ts-i12 16.15 -2.18
i2 10.40 -12.10
ts-i23 16.50 -4.46
i3 -3.33 -24.11
ts-i34 2341 2.47
i4 -0.86 -24.38
ts-i45 14.47 -9.40
i5 6.65 -17.73
i6 9.50 -12.52
ts-i67 40.68 16.29
i7 19.74 -2.31
ts-i78 43.66 19.54
i8 36.27 15.11
ts-i89 40.44 19.68
i9 13.67 -6.59
ts-i910 30.69 11.61
i10 24.09 1.31
ts-i211 36.44 11.30
i11 -3.32 -27.41
i12 -7.06 -29.02
ts-i1213 13.29 -14.22
i13 9.16 -15.65
142 0.00 0.00
-34.15 -35.53
4 -18.40 -25.32
-28.54 -32.45

Table 3: The activation energy (local barrier) (in kcal mol™?) of all reactions in the gas, solution phase calculated with
MO06-2X/6-311++G(d,p)/ /M06-2X/6-31G(d) method.

TS AG#,,, AG#,,
ts-i12 (342i) 8.1 9.0
ts-i23 (95i) 6.1 7.6
ts-i34 (385i) 267 26.5
ts-i45 (106i) 15.3 15.0
ts-i67 (162i) 31.2 2838
ts-i78 (84i) 239 21.9
ts-i89 (1045i) 42 4.6
ts-i910 (298i) 17.0 18.2
ts-i211 (527i) 26.0 234
ts-i1213 (108i) 204 14.8

Michael addition/intramolecular oxa-Michael addition/ deprotonated 1 and 2. Michael addition proceeds via ts-i12 in step
proton transfer/intramolecular aldol reaction 1 with the activation energy of 9.0 kcal mol™ relative to the starting

Initially the complex denoted as il is located between point i1 exothermic by -0.9 kcal mol™ producing i2 (red dash line
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of Figure 3a). The transition vector includes nucleophilic attack of ~ 1.41 A) (Figure 4a). The linkage of C1-C5 in i2 not only makes C1
negative C1 to positive C5, and the cooperated stretching of C1-  changing from sp2 hybrid to sp3 but transfers the negative charge
C2, C5-C6 double bond to single one almost the same (2.07, 1.41, to O2 as a preparation of next step.
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Figure 4: Evolution of bond lengths along the IRC for (a) ts-i12 (b) ts-i34 (c) ts-i67 (d) ts-i89 (e) ts-i910 (f) ts-i211 at
MO06-2X/6-311++G(d,p) level

In path A, an intramolecular oxa-Michael addition occurs (2.25, 1.39 A). C2 turns to be sp3 hybrid in resultant i3 with new
via ts-i23 as step 2 with activation energy of 7.6kcal mol™ oxygenated hexagonal ring, in which O1 recovers to be anion.
exothermic by -12.9kcal mol™ giving stable i3. The transition
vector contains nucleophilic addition of negative 02 to positive C2
and the corresponding C2-C3 double bond elongated to single one

Then the proton transfer takes place via ts-i34 in subsequent
step 3 with activation energy of 26.5kcal mol™ affording i4
exothermic by -13.2kcal mol-’. According to the transition vector,

Res Dev Material Sci Copyright © Nan Lu
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the proton H2 is transferring from C5 to C3 making C3 sp3 hybrid
and the double bond on C3-C4 moving to C4-0O1 carbonyl group
(1.52, 1.36 A) (Figure 4b). The negative charge is shared by
delocalized 1 bond on C5-C6-C7, which enhance the nucleophilic
ability of C7 favorable for next step.

In next step 4 from the resonated enolate structure of i4, an
intramolecular aldol reaction occurs via ts-i45 with activation
energy of 15.0kcal mol™ exothermic by -6.6kcal mol™ delivering
intermediate i5. The transition vector corresponds to the
approaching of C7 to C4 and elongation of C4-01 bond from double
to single (2.11, 1.32 A). Once C7-C4 is bonded, a new oxygen-
containing five membered ring is available forming the vital
structure of product oxabicyclo[3.2.1]octane 3, which is provided
after addition of one proton on negative O1 of i5. Ultimately, the
proton transfer in step 3 is determined to be rate-limiting for path
A.

Ring opening/intramolecular aldol reaction/proton
transfer/intramolecular annulation

3 is taken as precursor for path B (blue dash line of Figure 3b),
from which the deprotonation of H2 on C3 gives stable i6 as new
starting point of step 1. This complicated ring opening happens
via ts-i67 with activation energy of 28.8kcal mol™ endothermic by
10.2kcal mol™ generating intermediate i7. The transition vector
reveals detailed atomic motion comprising shortened C2-C3 single
bond to double, the cleavage of C2-02 and C4-C7 as well as slightly
strengthened C7-02 (1.39, 2.30, 1.68 A) (Figure 4c). Evidently, the
transfer of negative charge on C3 to C2-C3 promotes double bond
formation, dissociation from 02 to C2 and further triggers fracture
from C7 to C4. Here the oxygen heterocyclic rings of 3 are destructed
simultaneously getting ready for the formation of new product.

Subsuquently, the negative C4 attacks another adjacent positive
carbonyl C8 in an intramolecular aldol mode via ts-i78 in step 2
with activation energy of 21.9kcal mol yielding i8 endothermic by
27.6kcal mol. This process is illustrated according to the transition
vector composed of C4+--C8 bonding and C8:--:03 extension (1.79,
1.31 A). Besides weakened €8-03 to single one, the structure of i8
is expanded into a loose eight membered ring involving negatively
charged 03 conductive to accept proton.

Therefore, the following proton transfer is easy via ts-i89 with
a low barrier of only 4.6kcal mol™! endothermic by 5.9kcal mol™
giving i9 in step 3. The relative energy of i9 is decreased by 21.7kcal
mol™ from that of former i8 quite favorable thermodynamically yet
still reactive to initiate next step. The proton H4 is shifting from
sp3 hybrided C1 to negatively charged 03 seen from the detailed

Table 4: Mayer bond order (MBO) of typical TSs.

motion demonstrated by the transition vector (1.26, 1.34 A) (Figure
4d). Like the case of i4, the negative charge on C1 of i9 is shared
with C3 via delocalized C1-C2-C3 m bond in its resonance structure,
which readily initiates next nucleophilic attack.

In step 4, the intramolecular annulation is completed via ts-1910
with mediate activation energy of 18.2kcal mol™* endothermic by
13.8kcal mol™! producing another vital precusor i10. The transition
vector is about nucleophilic attack of C3 to C6 and concerted
elongation of C6-C5 bond from double to single (2.21, 1.42 A)
(Figure 4e). Consequently, the eight membered ring is splited
into two five membered rings sharing newly formed C3-C6 single
bond that is the formation of product branched triquinane 4 after
protonation on negatively charged C5. Obviously, the complicated
ring opening of step 1 is determined to be rate-limiting for path B.

Proton transfer/intramolecular aldol reaction

In addition to oxa-Michael addition, there is feasible proton
transfer existing from i2 via ts-i211 as step 1 of path C (green
dash line of Figure 3a). The activation energy is 23.4kcal mol™
exothermic by -16.3kcal mol™ yielding i11. The transition vector
corresponds to proton H6 transferring from sp3 hybrided C1 to
negative C6 (1.37, 1.52 A) (Figure 4f). The same as i9, the negative
charge on C1 is also shared by C3 in the resonance structure of i11,
which further isomerizes to more stable i12.

Different from the case of path A and B aforementioned, C3
attacks positive carbonyl C7 in an intramolecular aldol reaction
via ts-i1213 with activation energy of 14.8kcal mol™! exothermic
by -4.5kcal mol™ in step 2. Thus C7-02 double bond is weakened
to single one with negatively charged 02 in i13 characterized by
newly formed hexacyclic alkene. The product spiro[4.5]decane 5 is
obtained after protonation on 02. The proton transfer in step 1 is
determined to be rate-limiting for path C.

From kinetics, path B is inferior to another two competitive
paths. Furthermore, the relative energy of all stationary points are
comparatively high and is not advantageous from the perspective
of entire potential energy surface. Hence the products 3 and
5 are proposed to be superior to 4 not only from the stability of
themselves but from their precusors i5, i13 and i10. To highlight
the idea of feasibility for changes in electron density and not
molecular orbital interactions are responsible of the reactivity of
organic molecules, quantum chemical tool Multiwfn was applied to
analyze of electron density such as MBO results of bonding atoms
and contribution of atomic orbital to HOMO of typical TSs (Table 4,
Figure 5). These results all confirm the above analysis.

C2--C1 C1--C5 C5-+C6
ts-i12
1.37 0.43 1.30

02---C2 C2---C3
ts-i23 0.26 1.47

C5--H2 H2---C3
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ts-i34 0.38 0.48
C7---C4 C4---01
ts-i45 0.58 1.26
C3---C2 C2---02 C7--C4
ts-i67 1.51 0.20 0.82
C4---C8 C8---03
ts-i78 0.66 1.27
Cé6---H5 H5---04
ts-i89 0.52 0.29
C3---C6 C6---C5
ts-i910 0.44 1.25
C1---Heé H6---C6
ts-i211 0.47 0.38
C3---C7 C7---02
ts-i1213 0.77 1.21

o
ts-i67 ts-i78 i ts-i910
Figure 5: Highest Occupied Molecular Orbital (HOMO) of typical TSs. Different colors are used to identify the phase
of the wave functions
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Conclusion

DFT provide the
investigation on Brgnsted-base-catalyzed annulation of ethylidene
1,3-indenedione with vinyl 1,2-diketone. The deprotonated
ethylidene 1,3-indenedione attacks vinyl 1,2-diketone via Michael
addition. Then three paths are possible. In path A, an intramolecular
oxa-Michael addition and proton transfer happen at first giving
enolate. From the resonated structure, an intramolecular aldol
reaction occurs furnishing product oxabicyclo[3.2.1]octane
after protonation. The path B is initiated by deprotonation of
oxabicyclo[3.2.1]octane at another site. The oxygen heterocyclic
rings are destructed simultaneously after primary ring opening.
Then ring expansion is achieved via intramolecular aldol reaction
followed by readily proton transfer. The intramolecular annulation

Our calculations first theoretical

occurs spliting loose eight membered ring into two five membered
rings for branched triquinane. In path C, after proton transfer, an
intramolecular aldol reaction occurs providing newly formed
hexacyclic alkene for spiro[4.5]decane. The proton transfer is
determined to be rate-limiting for path A and C whereas ring
opening for path B. The path B is inferior to path A and C not only
from activation energy but from relative energy of all stationary
points on potential energy surface. The positive solvation effect
is suggested by decreased absolute and activation energies in
1,4-dioxane solution compared with in gas. These results are
supported by Multiwfn analysis on FMO composition of specific
TSs, and MBO value of vital bonding, breaking.
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