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ABSTRACT: We describe an efficient one-pot procedure that
“folds” acyclic triketones into structurally complex, pharmaceuti-
cally relevant tricyclic systems that combine high oxygen content
with unusual stability. In particular, B,y’-triketones are converted
into three-dimensional polycyclic peroxides in the presence of
H,0, under acid catalysis. These transformations are fueled by
stereoelectronic frustration of H,O,, the parent peroxide, where the
lone pairs of oxygen are not involved in strongly stabilizing orbital
interactions. Computational analysis reveals how this frustration is
relieved in the tricyclic peroxide products, where strongly
stabilizing anomeric no—0&_o interactions are activated. The
calculated potential energy surfaces for these transformations
combine labile, dynamically formed cationic species with deeply
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stabilized intermediate structures that correspond to the introduction of one, two, or three peroxide moieties. Paradoxically, as the

thermodynamic stability of the peroxide products increases along

this reaction cascade, the kinetic barriers for their formation

increase as well. This feature of the reaction potential energy surface, which allows separation of mono- and bis-peroxide tricyclic
products, also explains why formation of the most stable tris-peroxide is the least kinetically viable and is not observed
experimentally. Such unique behavior can be explained through the “inverse a-effect”, a new stereoelectronic phenomenon with
many conceptual implications for the development of organic functional group chemistry.

B INTRODUCTION

Oxygen is one of the key elements of life. In addition to its many
important biological functions (respiration, photosynthesis,
biosynthesis), it plays an important role in photodynamic
therapy,' induction of apoptosis, etc. Importantly, oxygen is also
one of the essential building components for the construction of
both inorganic and organic molecules. Incorporation of oxygen,
like a sprinkle of spice, adds many useful properties including
polarity, H-bond formation, hydrophilicity, Lewis basicity, etc.
to the plain hydrocarbon molecules. Not surprisingly, the
functional groups that define undergraduate chemistry are
mostly O-containing—from ethers and alcohols to ketones and
carboxylic acid derivatives.

In this context, the relative obscurity of organic peroxides, a
fundamentally important O-containing functionality, is both
notable and unfortunate. Peroxides remain underutilized as
structural components of organic molecules, despite offering a
potentially very useful and conceptually different structural unit,
i.e., the O—O bond, for molecular architecture.
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Medicinal chemists recognize that peroxides offer a new
mostly uncharted chemical space for drug development. Carbon
and oxygen are near neighbors in the Periodic Table and the O—
O and C—C bonds have important similarities: both bonds are
nonpolar and the O—O distance in dimethyl peroxide (1.47 A at
the CCSD/cc-pVDZ level of theory) is only slightly shorter than
the C—C distance of ethane (1.54 A). However, peroxides are
intrinsically more hydrophilic than alkanes due to the possibility
of H-bond formation and the polarity of accompanying C—O
bonds. Furthermore, the conformational profiles of C—C and
O-0 bonds are drastically different.” Hence, introducing a
peroxide in a chain or a cycle offers new means of perturbing
polarities and molecular shapes, along with the ability to form H-
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bonds—a useful combination of properties for modulation of
supramolecular interactions and solubility.

The main challenge in using the O—O bond as a C—0O/C—-C
bond isostere in drug design is that our ability to build three-
dimensional peroxide-containing architectures is not as well-
developed as our ability to make C—C bonds. And, of course, the
greatest problem that plagues chemistry of peroxides is their
perceived instability. To put it simply, peroxides have a bad
reputation. Because of this reputation, the mere idea of using
peroxides as a building block for making strained polycyclic
structures similar to cubane, prismane, tetrahedrane, dodecahe-
drane, pagodane, and other architectural marvels of carbon
chemistry may sound dangerous and perhaps even crazy, despite
its esthetic appeal.

It is true that one has to approach peroxides carefully, but this
bad reputation is not always fully justified. Electronic effects that
lead to hlghly stable peroxides melting at >130 °C without
decomposition” have been identified recently and shown to
contribute to stability of artemisinin. Although chains made
entirely from oxygens are unstable, the introduction of a single
methylene unit in an O—O—CH,—0—O0 chain or adding an
acceptor group at the terminal oxygen atom’ significantly
increases stability of peroxides.

Furthermore, one can argue that the C—C bonds (and the
other strong bonds) do not have the monopoly as the structural
elements for molecular construction. In this work, we will
illustrate how the formation of complex cyclic structures can be
achieved by taking advantage of the fact that the weaker bonds
can be easily traded between molecules using mild dynamic
covalent chemistry approaches.

The benefits from creating new polycyclic oxygen-rich
systems are associated with the active development of new
medicinal agents based on peroxides.” In addition to serving as
key chemical weapons against malaria (Figure 1),” artemisinin,
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Figure 1. Structures of natural, semisynthetic, and synthetic bioactive
peroxides.

its derivatives, and analogues possess antiviral activity.’
Furthermore, polycyclic peroxides exhibit a broad spectrum of
biological act1v1t1es including high anthelmmtlc, a7 antifungal,8
anticancer,” and antitubercular properties."” The ethanolic
extract of Artemzsla annua L. is effective against SARS-associated
coronavirus.' Intriguingly, a recent report suggests that
artemisinin is highly potent at inhibiting the ability of SARS-
CoV-2 (the COVID-19 causing virus) to multiply while also
having an excellent safety index.

The ability of carbonyl compounds and hydrogen peroxide to
assemble into rigid three-dimensional polycyclic structures

opens an efficient atom-economical synthetic path to cyclic
peroxides like artemisinin.'> The reaction of carbonyls with
hydrogen peroxide is a black box that hides a surprising amount
of complexity. Remarkably, this single type of peroxide-forming
process opens access to various classes of peroxides, such as
alkylperoxides,'* geminal bis- peromdes, > 1,2-dioxolanes,
1,2,4-trioxolanes,*>' °*'” 1,2 4-trioxanes,'® 1,2,4,5-tetraoxanes,”
and tricyclic monoperoxjdes.20

An intriguing feature of polycyclic peroxides is that they may
bring us closer to “the peroxide island of stability”. Although the
instability of peroxides is notorious as illustrated, for example, by
the highly explosive nature of triacetone triperoxide (TATP),”!
the origins of this instability can be complicated. For example, a
thorough study of Keinan and co-workers concluded that,
although the explosion of triacetone triperoxide (TATP) is not
highly favored thermochemically, TATP is a powerful explosive
due to “entropy explosion” associated with formation of multiple
product molecules from every molecule of TATP.*” Note that
such entropic burst would be greatly diminished for the
polycyclic peroxides assembled from triketones.

The condensation of triketones can provide direct one-pot
access to rigid tricyclic oxygen-rich structures from a flexible
acyclic precursor. The rigidity of the structure is important for
biological activity, because it decreases the entropic penalty for
tight binding to the target.”* Furthermore, it is also accompanied
by significant increase in complexity due to the formation of the
three new stereogenic centers and six new bonds.”*

However, the rich multifunctional nature of triketones also
has a dark side derived from the unpredictable combination of
multiple effects on reactivity. Potentially, the presence of three
reaction centers can lead to the formation of a complex mixture
of peroxides of various structures. In this regard, selective
peroxidative cyclization of triketones is still an unsolved
chemical challenge.

Our earlier work provided important corner pieces for solving
this puzzle. In particular, we have shown previously how
multiple peroxide moieties can stabilize each other and used this
knowledge to control assembly of cyclic and bicyclic peroxides
from ketones and diketones (Figure 2).”'”“%*® For example, we
have used a recently discovered stereoelectronic phenomenon,
the inverse a-effect (vide infra),”” to control the relative
stabilities of oxacarbenium and peroxycarbenium ions formed
from carbonyls and hydrogen peroxide under acid conditions to
develop the first three-component couplings of ketoesters. P n
parallel, we have applied stereoelectronic variations in anomeric
no—0¢_o interactions to selectively form either bis-peroxides or
monoperoxides (ozonides) from diketones.'”

Despite these advances, general rules are still lacking for the
assembly of more complex polycyclic oxygen-rich systems,
especially for the tricyclic systems. The literature includes only a
few such systems prepared from tricarbonyl compounds. In
particular, Rieche and co-workers prepared a tris-peroxide from
triacetylmethane (the simplest /3, -triketone) in 18% yleld26
and a bis-peroxide from triacetylethane (the simplest f,y’-
triketone) in 42% yield.”” Despite the moderate yields, both of
these reactions were quite selective and provided a single
tricyclic ring system. Although the exclusive formation of tris-
peroxide from the f,f'-triketone could be explained by high
strain of the alternative four-membered oxetane products, the
observation of exclusive tricyclic bis-peroxide formation from
the parent f,y'-triketone did not have a simple explanation.
Notably, these reactions were carried out under harsh conditions
where H,SO, was used as both a catalyst and a solvent (Figure
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Monocarbonyl: tions.”® We found that these reactions open access to three
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1,3-Dicarbonyl: products (tricyclic monoperoxides) was developed, 20b=d

o o s H20; Hzo selective preparation of the other two peroxide families

272 8]3\/0 remained elusive, and no general rules have been suggested so

=314 o~ ~0 far. Conspicuously, the longer the linker toward the third ketone

1 4-Dicarborvl: group in the studied classes of triketones, the fewer peroxide
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o H,0, To make the situation even more interesting, Figure 3
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o) AG=-4T  |o—~0 and tricyclic products. All of these cyclic products are more
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. presence of hydrogen peroxide. However, it is clear that these
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Figure 2. Tug-of-war in condensations of ketones and diketones can be
controlled to provide either bis-peroxides or ozonides by selective
deactivation of anomeric hyperconjugative interactions.

3). (It should be noted that many of these compounds can be
extremely sensitive and explosive. In particular, the intermediary
hydroperoxides that are formed as part of the product mixtures,
can be much more explosive.) Furthermore, no successful
synthesis of cyclic peroxides from other derivatives of triacetyl-
methane and triacetylethane was reported. Because of this
scarcity, we were excited to discover that peroxidation of
branched f,0'-triketones can proceed under milder condi-

Despite having a similar stability, tricyclic monoperoxides are
formed selectively in the presence of strong Lewis acids while
bicyclic bis-peroxides are not. Furthermore, the significantly less
stable bicyclic monoperoxides (ozonides) are formed simulta-
neously with the much more stable alternative products under
milder conditions.

These discoveries motivated us to revisit peroxidative
condensations of S,y -triketones where, unlike f,f’-triketones,
formation of both ether and peroxide bridges is possible. Our
goal was to lay the foundation for the development of general
guidelines that can describe the folding of multiple oxygen-
containing chains into a complex rigid polycyclic structure. We
also planned to explore if the stabilizing role of anomeric effect in
peroxides was expanded to tricyclic structures and whether the
thermodynamic driving force for incorporation of multiple
peroxide units in a polycyclic core weakens when anomeric
interactions are not fully activated. We also tested whether the

Previous work tricyclic
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18% '
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H,SO,4 or BF; Et,0
e e
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Terent'ev [ref. 21b-d]
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Figure 3. Examples of tricyclic oxygen-rich systems from triketones with calculated reaction Gibbs energies for their formation from the triketones.
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Scheme 1. Synthesis of Tricyclic Monoperoxides 21—q and Bis-peroxides 3a—p via Peroxidation of #,y’-Triketones 1a—q by H,O,
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Scheme 2. General Thermodynamic Landscape for the Reaction of Triketone 1a with H,0,
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peroxidative condensations of branched pJ,y’-triketones and
hydrogen peroxide proceed under kinetic control imposed by
the recently discovered electronic effect, i.e., the inverse a-effect.
From a practical point of view, we identified conditions where
the formation of oxygen rich systems can stop after inclusion of
either one or two O—O fragments and explain why the most
thermodynamically stable tris-peroxide is not observed.

B RESULTS AND DISCUSSION

Peroxidation of branched pJ,y’'-triketones la—q can be
accomplished with aqueous or ethereal solution of hydrogen
peroxide using BF;-Et,0, 98% H,SO,, 70% aq HCIO,, 50% aq
HBF,, or p-TsOH-H,O0. In the case of @-monosubstituted f3,y’-
triketones la—k the reaction provided only tricyclic bis-
peroxides 3a—k. On the other hand, a-disubstituted S,y’-
triketones 11—q can be used to assemble both tricyclic
monoperoxides 21—q and tricyclic bis-peroxides 31—p (Scheme
1). The expected peroxides 4a—q with three O—O groups are
not formed.

In order to gain an initial insight into the general
thermodynamic landscape for this sequence of cyclizations, we
calculated Gibbs free energy values for the formation of three
tricyclic oxygen-rich systems (monoperoxide 2a, bis-peroxide

14591

3a, and tris-peroxide 4a) from the parent f3,y'-triketone la
(Scheme 2).

The computational data show that each sequential conversion
of an ether linkage into a peroxide linkage is favorable. Bis-
peroxide 3a is more stable than the monoperoxide 2a, whereas
the tris-peroxide 4a is the most stable of these interconverting
polycyclic species. Although the driving force for adding the last
peroxide linkage is lower (~2 kcal/mol) than for the
introduction of the first and the second O—O units (~7—8
kcal/mol), this increase in stability is still sufficiently large to
expect that the tris-peroxide 4a would be favored under the full
thermodynamic control.

In an attempt to find the optimal conditions for the assembly
of oxygen rich systems from f,y’-triketones, we studied the effect
of nature and amount of the promoter (BF;-Et,0, 98% H,SO,,
70% aq HClO,, 50% aq HBF,, and p-TsOH-H,0), reaction
time, and variations in the nature of H,0O, (aqueous solution,
ethereal solution) on the peroxidation of f,y'-triketone 1la
(Table 1).

The peroxidation of 3,y'-triketone 1a was initially carried out
under anhydrous conditions. BF;-Et,O was used as a promoter
while an ether solution of hydrogen peroxide was used as a
reagent. Dry acetonitrile was used as a solvent since it dissolves
all of the starting compounds, allowing the reaction mixture to

https://dx.doi.org/10.1021/jacs.0c06294
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Table 1. Optimization Experiments for the Synthesis of Peroxide 3a from Triketone 1a and H,0,

(0] 0
2 Ho0,, Acid _ %O 0] >4 O?Z
Solvent M M
1a 2a, not formed 3a 4a, not formed

no. acid (mol of acid/mol of 1a) solvent mol of H,0,/mol 1a/type of H,0,  time (h) NMR yield of 3a (%) isolated yield of 3a (%)
1 BE;-Et,0 (0.5) CH,CN 3.0; 6.5 M ethereal 1 76 70
2 BF;-Et,0 (0.5) CH,CN 2.0; 6.5 M ethereal 1 53
3 BF,-Et,0 (0.25) CH,CN 3.0; 6.5 M ethereal 1 41
4 BE,Et,0 (2.0) CH,CN 3.0; 6.5 M ethereal 1 47
S BF;-Et,0 (0.5) CH,CN 3.0; 6.5 M ethereal 3 50
6 BE;-Et,0 (0.5) CH,CN 3.0; 6.5 M ethereal 0.5 69
7 H,50,(1.0) EtOH 3.0; 35% aq 1 traces

8 H,50,(5.0) EtOH 3.0; 35% aq 1 17
9 H,S0,(8.0) EtOH 3.0; 35% aq 1 34 20
10 H,50,(12.0) EtOH 3.0; 35% aq 1 40
11 H,50,(15.0) EtOH 3.0; 35% aq 1 71 60
12 H,50,(20.0) EtOH 3.0; 35% aq 1 28
13 HClO,(5.0) EtOH 3.0; 35% aq 1 20

14 HCIO,(10.0) EtOH 3.0; 35% aq 1 s3

15 HCIO,(15.0) EtOH 3.0; 35% aq 1 64 63
16 HCIO,(15.0) CH,CN 3.0; 6.5 M ethereal 1 90 84
17 HBF,(10.0) EtOH 3.0; 35% aq 1 49

18 HBF,(15.0) EtOH 3.0; 35% aq 1 80 77
19 HBF,(15.0) CH,CN 3.0; 6.5 M ethereal 1 91 85
20 HBF,(15.0) CH,CN 3.0; 35% aq 1 74 70
21 p-TsOH (0.5) CH,CN 3.0; 6.5 M ethereal 1 70

22 p-TsOH (1.0) CH;CN 3.0; 6.5 M ethereal 1 90

23 p-TsOH (2.0) CH,;CN 3.0; 6.5 M ethereal 1 9s 90
24 p-TsOH (2.0) EtOH 3.0; 6.5 M ethereal 1 traces

stay homogeneous. A typical procedure for peroxidation of f,y’-
triketone 1a was as follows: to a solution of the f,y’-triketone 1a
(0.300 g; 1.96 mmol) in MeCN (S mL) at 20—25 °C was added
H,0,, followed by the promoter. The reaction mixture was then
stirred at 20—25 °C. In the presence of substoichiometric (0.5
equiv) amounts of BF;-Et,O, the reaction of 3-fold molar excess
of H,0, in ether with triketone 1a led to a mixture of products
containing the bis-peroxide 3a (70% isolated yield, expt 1).
Neither the monoperoxide 2a nor, more surprisingly, the most
thermodynamically favorable tris-peroxide 4a was observed.

Despite having the two peroxide bridges and the total of five
oxygen atoms in the polycyclic frame (a half of atoms in the
cyclic part), the tricyclic bis-peroxide 3a is a stable crystalline
compound, which melts without decomposition at 119—121 °C.
The 2D NMR correlation spectroscopic techniques (HSQC and
HMBC) were used in analyzing the NMR spectra of the bis-
peroxides. For bis-peroxide 3a, the doublet at 3.28 ppm (CH)
provides a characteristic 'H NMR reference peak. Changes in
the amount of BF;-Et,O slightly decrease the yields of bis-
peroxide 3a (exp. 3,4). The optimal reaction time was 1 h. Good
results were achieved with several acids such as 98% H,SO, in
EtOH, and 70% aq HCIO, or 50% aq HBF, in MeCN, where
bis-peroxide 3a was obtained in 60%, 84%, and 85% isolated
yields, respectively, when a 15-fold molar excess of acids was
used (expts 11, 16, 19). A further increase in the amount of acid
decreased the bis-peroxide yields.

Interestingly, an excellent result was obtained with p-TsOH-
H,O as promoter. In the presence of a 2-fold molar excess of p-
TsOH-H,O relative to triketone 1la, the bis-peroxide 3a was
obtained in 90% isolated yield (expt 23). Furthermore, an
increase in the amount of p-TsOH-H,O to a 10-fold molar
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excess of p-TsOH-H,O relative to triketone 1a did not lead to a
decrease in the yield of bis-peroxide 3a, in contrast to H,SO,,
HCIO,, or HBF,. Thus, the optimal conditions for the
peroxidative condensation of triketone la with H,O, are the
conditions for expt 23, in which 2-fold molar excess of p-TsOH-
H, O and 3-fold molar excess of 6.5 M solution of H,0, in ether
relative to triketone la were used, and MeCN was used as
solvent. Under these conditions, we can synthesize a variety of
tricyclic bis-peroxides 3a—k from triketones 1la—k in good yields
(Table 2).

Peroxidation of triketones 1a and 1b with small substituents
near carbonyl groups proceeded with the formation of bis-
peroxides 3a, 3b in high yield (90% and 80%, respectively). In
the case of bulky substituents, i.e., R® = isopropyl or cyclopropyl,
the yield of bis-peroxides 3¢ and 3d was moderate —58% and
60%, respectively. Interesting results were obtained in the case of
triketones le—g with aryl substituents near the y’-carbonyl
group. The oxygen-rich systems 3e—g turned out to be so stable
that instead of an acid-catalyzed Hock®/Udris—Sergeev’’-like
rearrangement, we were able to obtain bis-peroxides 3e—g with
an aryl group near the peroxide functionality in 37—45% yields.
(The cumene process was described by Hock in 1944 and
independently by Udris and Sergeev in 1942.) Remarkably, even
bis-peroxides 3i—k with easily oxidized heterocycles, i.e., N-
methylindole and 2-methylfuran, at the bridged position were
obtained in 35—48% isolated yields. Although the yield was low
for bis-peroxide 3h (only 14%), we found that the yield increases
to 41% when a 5-fold molar excess of H,0, was used instead of a
3-fold molar excess.

However, the reaction of a a-disubstituted f,y’-triketone 11
formed two peroxides. Again the tris-peroxide formation was not

https://dx.doi.org/10.1021/jacs.0c06294
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Table 2. Structures and Isolated Yields of Tricyclic Bis-peroxides 3a—k, Synthesized from Triketones 1la—k“

R'._oO

0
o Ho0z p-TsOHH0 O ¥ o0
o
R® CH4CN R1WR3
R* R? 4
R
1a-k 3a-k

o%o

oo o’oyfta 0107%0‘0

3a, 90% 3b, 80% 3¢,58% 3d, 60%
0
o) )Lo\
’O)LO O,O o o_0O
S o_0 O o_0
% -
Br NH
3e, 45% 3f, 43% 39, 37% 3h, 14%, 41%P

O
° %O‘O o Yoo o’o%—E}J

(6] o O\O
Et
AN
7 "0
N . 7 0
AN —

3i, 35% 3j, 35% 3k, 48%

“General reaction conditions for Table 2: A 6.5 M ethereal solution of H,0, (3.0 mol H,0,/1.0 mol 1a—k) and p-TsOH-H,O (2.0 mol p-TsOH-
H,0/1.0 mol 1a—k) was successively added to a stirred solution of f3,y’-triketone la—k (0.300 g) in CH;CN (10 mL) at 20—25 °C. The reaction
mixture was stirred at 20—25 °C for 1 h. “Five-fold molar excess of 6.5 M solution of H,0, in ether relative to triketone 1h was used.

Scheme 3. Peroxidation of Triketone 11

o 0 0 0
? H,0,, p-TsOH-H,0 0, )40 0 )40\0 o) %O\O
(0] (e} + (0] + 0
CHaCN A O Aol
1 21, 24% 31, 65% 41, not formed

Table 3. Synthesis of Peroxides 21 and 31 from Triketone 11 and H,0,”
0}

0] 0}
o 2 . ’ )4 0 )40‘ \
o H202, P TsOH Hzo (@) Oo . o (o) N OO 0O
CH4CN

11 21 3l 41, not formed
no. acid (mol of acid/mol of 11) mol of H,0,/mol of 11 temp (°C) time (h) NMR yield of 21 (%) NMR vyield of 31 (%)
1 2 3 rt 1 24 65
2 2 2 rt 1 40 44
3 2 1 rt 1 87 S
4 2 1 =5 1 93 3
S 2 S rt 1 95

“General reaction conditions for Table 3: A 6.5 M ethereal solution of H,0, (1.0—5.0 mol of H,0,/1.0 mol of1l) and p-TsOH (2.0 mol of p-
TsOH/1.0 mol of 11) were successively added with stirring to a solution of 3,y -triketone 11 (0.300 g, 1.76 mmol) in CH;CN (S mL) at 20—25 or
—S5 °C. The reaction mixture was stirred at 20—25 or —5 °C for 1 h.
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Table 4. Structures and Isolated Yields of Tricyclic Monoperoxides 21—q and Tricyclic Bis-peroxides 31—p Synthesized from

Triketones 11—q
5 eq. H,O,,

0 R2 o R' o
O%)O{O 2 eq. p-TsOH H,0 RS
1 B S —

R/ R3 CH,CN R®
R it R R2
3l-p 11-q R*=H

O/O)%O
Sl

21, 85%° 2m, 73%° 2n, 70%°

0
3%%;& o%\o
/

3m, 47%P

o (0]

o
(]
~

31, 87%" 3n, 30%°

20, 62%?

(@] 0

30, 20%°

1 eq. Hy,0,, R2
o’o)éo
2 eq. p-TsOHH,0
eq. p-Ts B 1>ﬁ°}\ \
CH5CN R/ R
5°C R
2l-q

02 é% o s

2p, 42%?2

56%°

2q, 58%°2

3p, 3q, not formed®

“A 6.5 M ethereal solution of H,0, (1.0 mol of H,0,/1.0 mol of 11—q) and p-TsOH-H,0 (2.0 mol of p-TsOH-H,0/1.0 mol of 11—q) were

successwely added to a stirred solution of f,y'-triketone 11—q (0.300 g) in CH;CN (10 mL) at —

S °C. The reaction mixture was stirred at —5 °C

for 1 h. YA 6.5 M ethereal solution of H,0, (5.0 mol of H,0,/1.0 mol of 11—-q) and p-TsOH-H,0 (2.0 mol of p-TsOH-H,0/1.0 mol of 11-q)
were successively added to a stirred solution of f3,y'-triketone 11—q (0.300 g) in CH;CN (10 mL) at 20—25 °C. The reaction mixture was stirred at

20—25 °C for 1 h.

observed and a mixture of monoperoxide 21 and bis-peroxide 31
and was formed in 24% and 65% yields, respectively, by NMR
(Scheme 3).

The structures of monoperoxide 21 and bis-peroxide 31 were
unambiguously established by X-ray crystallographic analysis
(Figure S). For bis-peroxide 31, the characteristic 'H NMR peaks
of the CH, group show as the AB-system at 2.42 and 1.83 ppm
for the two diastereotopic hydrogens. In contrast, the CH, group
in monoperoxide 21 is displayed as a characteristic singlet at 1.80
ppm. Monoperoxide 21 and bis-peroxide 31 are white crystalline
compounds which melt without decomposition at 93—95 and
103—10S °C, respectively.

At the next step, we searched for optimal conditions for the
selective transformation of a-disubstituted f,y’-triketones in
either monoperoxide or bis-peroxide using triketone 11 as model
substrate (Table 3).

When the amount of hydrogen peroxide was lowered, the
yield of the bis-peroxide 31 decreased from 65% to 5% while the
yield of the monoperoxide 21 increased from 24% to 87% (expts
1-3, Table 3). The best yields for the monoperoxide 21 were
achieved at —5 °C with 1 equiv of H,0, (93%, expt 4). In
contrast, the S-fold molar excess of hydrogen peroxide at the
room temperature produced the bis-peroxide 31 in 95%.
Remarkably, neither mono- nor tris-peroxide was observed
under the latter conditions.

We have shown that the optimal conditions for the formation
of monoperoxide 21 (expt 4) and for bis-peroxide 31 (expt 5) are
general by extending them to the preparation of two parallel
series of the tricyclic mono- and bis-peroxides. Each of these
oxygen-rich systems was synthesized via the selective formation
of three new cycles from acyclic a-disubstituted f3,y’'-triketones
11—q (Table 4).

Thus, substitution at the a-position of a f,y’-triketone opened
access to the first representatives of a new type of peroxides.
These peroxides 21—q were obtained in moderate (42% for 2p)
to high (85% for 21) isolated yields.

14594

The size of the substituent at the a-position of §,y’-triketones
adversely affects the yield of bis-peroxides 31—p. Thus, with an
increase in the size of the substituent, the yield of bis-peroxides
decreased from 87% for 31 to 30% for 3n. This situation can be
explained by two factors. First, if the transition state for the bis-
peroxide formation is sensitive to the structure of the initial ,y'-
triketone, the insertion of an additional peroxide group may
become a kinetically unfavorable process. The second factor
may be an acid-catalyzed side-reaction of bis-peroxides 3m, 3n
under the reaction conditions. This factor can contribute to the
low yield of bis-peroxide 30 (20% vs 58% of bis-peroxide 3c).
When peroxidation of triketone 1o with carried out with S equiv
of H,0,, a complex mixture of products was formed. The
characteristic peroxide *C NMR signals in the 100—120 ppm
region identified bis-peroxide 30 as the dominant peroxide
component in this mixture that can be isolated in the individual
form. On the other hand, the reaction of triketone 1q with a S-
fold molar excess of hydrogen peroxide led to the respective
monoperoxide 2q in good yield instead of the expected bis-
peroxide 3q.

In attempts to expand the scope of peroxidation of By'-
triketones, we investigated the possibility of converting
monoperoxides to bis-peroxides and tris-peroxides. Indeed,
the reaction of model monoperoxides 21 and 2n with 5-fold
molar excess of hydrogen peroxide can transform them into bis-
peroxides 3l and 3n in 97% and 87% isolated yields, respectively
(Scheme 4). However, further transformation of bis-peroxides
3a and 3l into tris-peroxides 4a and 41 was not observed.

All peroxygenated tricyclic products 3a—p and 21—q were
isolated in individual form by ordinary column chromatography
on SiO,. 'H, '*C NMR spectroscopy with using 2D correlation
spectroscopic techniques can reliably distinguish 2 from 3. The
structure of peroxides 2l, 3l, and 2q was unambiguously
established by X-ray crystallographic analysis (Figure 4). All of
these molecules are stable and melt at relatively high
temperatures (21: 93—95 °C; 31: 103—10S5 °C; 2q: 190—191
°C).
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Scheme 4. Peroxidation of Monoperoxides 21,n and Bis-
peroxides 3a,l

0 5eq. H,0, (Et,0) 0
S %O 2eq.TsOH 0 )%O\O
/ﬁ)\ CHACN W
R 24h R
21, R=Me; 31, R=Me, 97%
2n, R=Allyl 3n, R = Allyl, 87%

0 5eq. H,0, (Et,0) 0

S %O\o 2eq.TsOH o %O\O
M CH5CN //(\O/L

R 24h R

3a, R=H;

31, R=Me 4a,l not observed

B COMPUTATIONAL ANALYSIS

All quantum-chemical calculations were 2performed with
Gaussian16”" program package at the PBE0’*-D3BJ**/6-311+
+G(d,p)**/SMD™> (MeCN) level of theory. PBEO functional is
known to provide accurate results for organic reactions*® and
has been recently shown to be well-grounded in theory.”” All
computational results are based on quasiharmonically cor-
rected”® free energies. Monte Carlo conformational search” was
performed for every computed intermediate and transition state.
Numerical integration of kinetic equations was performed using
the kinpy’” program. See the SI for further details.

Proposed Reaction Mechanism. As usual, multiple
mechanistic scenarios exist for a multistep transformation.
After analyzing a large number of possibilities (as summarized in
the SI), we suggest the peroxidative condensation mechanism
shown in Figure S. The first step of the reaction is nucleophilic
addition of H,0, to a f-carbonyl group of triketone 1. The
resulting intermediate I possess one nucleophilic (OOH) and
two electrophilic (C=0) moieties. Reaction of the OOH group
with one of the carbonyls yields the monocyclic endoperoxide II
containing two exocyclic OH groups. Under the acidic
conditions, the intermediate II transforms into bicyclic product
III. Subsequent protonation of one of the exocyclic OH groups,
followed by its elimination as water, leads to the formation of an
oxacarbenium ion IV. Loss of water from a different position
would lead to the formation of a less stable peroxycarbenium ion
that is not shown here (see the ST). The key intermediate IV can
either cyclize via the intramolecular capture of the cation by the
remaining OH group to form the tricyclic monoperoxide
product 2 or undergo a bimolecular reaction with an external
H, 0, nucleophile to produce a bicyclic bis-peroxide V with the
fused ether and peroxide rings. Elimination of a water molecule

from V leads to the formation of a peroxycarbenium ion VI
(again expected to be less stable than a similar oxycarbenium ion
due to the inverse a-effect). Intramolecular ring closure of this
reactive cation results in the tricyclic bis-peroxide product 3. A
number of other pathways were also considered but found to be
less favorable (see the SI).

We have also investigated the mechanism of the tris-peroxide
formation. The transformation begins with opening of the
protonated ether cycle of 3. Depending on which of the two
different C—O—C bonds is cleaved, the mechanism splits into
two paths, proceeding through one of the isomeric perox-
ycarbenium ions, VII and X. The similar stability of these cation
is (less than 1 kcal/mol difference for both R = H and Me)
suggests that the magnitude of inverse a-effect in S- and 6-
membered peroxides is similar. Carbocations VII and X proceed
on the path to the tricyclic tris-peroxide 4 via sequence of
reactions that include nucleophilic addition of H,0, and
elimination of water. At this stage, one of the two new
peroxycarbenium ions IX and XII is formed in the parallel
pathways. Ring closures of either one of these ions provides the
tricyclic tris-peroxide 4.

An interesting feature of this sequence is that formation of
monoperoxide 2 avoids peroxycarbenium ions, formation of bis-
peroxide 3 goes through one peroxycarbenium ion, whereas
formation of tris-peroxide 4 involves two more peroxycarbenium
ions. Hence one would expect that properties of peroxycarbe-
nium ions will gain progressively greater importance during this
cascade transformation (vide infra).

Model Validation and Substituent Effects on Selectiv-
ity. We have validated this reaction model by comparing
computational predictions with experimentally observed
selectivity of peroxidation for four triketones summarized in
Table 5.

As the first step, we have expanded our thermodynamic
calculations to include the three substituted pJ,y’-triketones
11,n,q (Figure 6). Several conclusions are immediately obvious.
First, the formation of first tricyclic peroxide 21,n,q is much more
favorable because the substituted substrates do not suffer the
thermodynamic penalty for the enol—keto conversion in the
reactant. Second, the larger groups decrease exergonicity for the
tricyclic bis-peroxide formation by 2—4 kcal/mol in comparison
to the conversion of their unsubstituted analogs 2a — 3a. Third,
the similar decrease in stabilization is observed for the
transformation of bis-peroxides to tris-peroxides, rendering the
latter nearly thermoneutral or even mildly endergonic in some
cases. Fourth, the calculated Gibbs free energies fail to
reproduce the experimentally observed trends, suggesting that

Figure 4. Molecular structures of 2, 31, and 2q. Atoms are presented as atomic displacement parameters (ADP) ellipsoids (50% probability).
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1a: R =H; !
11: R = Me;

1n: R = Allyl;

19: R - p-NOzCGH4CH2

4a,l,n,q

Figure S. Proposed mechanism of f,y’-triketone 1 peroxidation.

3a,l,n,q vi

Table 5. Summary of Peroxidation Selectivity of Four
Computationally Studied Substrates

obsd products

starting f3,y’-triketone 1 equiv of H,0,  excess (S equiv) of H,0,

In particular, the free energy values suggest that the
peroxidation of 1a and 1q with excess of H,0O, should proceed
up to tris-peroxide and bis-peroxide, correspondingly, while 11
and 1n should form mixtures of bis- and tris-peroxides under
these conditions. These expectations completely disagree with

Ia,R=H 3a 3a the experiment. In particular, peroxidation of 1l and 1n with
1, R = Me 21 3l excess of H,O, terminates at bis-peroxides 31 and 3n, while the
In, R = Allyl n 3n (slow) reaction of 1q stops at the stage of monoperoxide 2q. In the case
1q, R = p-NO,C¢H,CH, 2q 2q

the assumption of thermodynamic control is not fully justified
for these systems.

of triketone 1la, only traces of tris-peroxide 4a were detected
even in the presence of a large excess (15 equiv) of H,0,.
These discrepancies and results of control experiments (e.g.,
rates of 2a,,n,q — 3a,],n,q reactions) suggest that kinetic factors
control bis- and tris-peroxidations. Therefore, we have

o OH H20, O/O)Lo H20, o’O)LO H20, O'O)ZO
0 o._ O
| o} N /(O}\ w /V\%
H,0 H,0 H,0
1a AG =-71 2a AG=-77 3a AG =-1.9 4a
AE =-145 AE =-85 AE =27
0 H,0, o H20, o)L H,0, o)z
(6] 9 O O, O.
R o %o o )
0 o O (0] o
H,0 R H,0 R H,O R
11: R=Me AG =-132 AG=-58 AG=0.6
AE =-214 2 AE =67 3 AE=-06 4
1n: R=Allyl AG=-124 2n AG =-4.0 3n AG =-0.5 4n
AE=-198 AE =-6.2 AE=0.1
19: R = p-NO,CgH,CHy AG = -11.2 2q AG = -4.1 3q AG=18 4q
AE =-19.0 AE=-55 AE =0.6

PBE0-D3BJ/6-311++G(d,p)/SMD(MeCN)
Energies in kcal/mol

Figure 6. General thermodynamic landscape for the expanded selection of triketones with H,O,. Note that introduction of substituent R adds a penalty
for the formation of the second and third peroxide bridges.
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computed free energies of intermediates and transition states on
the paths from 2a,],n,q to 3a,l,n,q and from 3a,,,n,q to 4a,,,n,q.
To simplify the analysis, we will discuss bis- and tris-peroxide
formation steps separately.

Kinetics of Bis-peroxide Formation. Figure 7 provides the
tull energy profile for the preferred path from the monoperoxide

A AG, keal/mol 0.0 -
204 |y Y 6H
?=9 i —|° @ :H =
-I 6 i W AG A, s "OOH
3k =
12 —_
g4 o o L\ . — 1
4 R r\— — —
1 ° - , 0-0 |
@y N 0-0 |
HOO
-4 TP v HOO
v vi
-84 —
-12 4 o-0 =
R S 0-0
wed B, RS
4161 O@o O/Zf\ o =
E 0
-20- 2 “3 —
Substituent: = H s M@ e Al s p-NO,BN

Figure 7. Potential energy surface of the peroxide-forming
condensation cascade converting monoperoxides 2 to bis-peroxides
3. Transition states and stationary points are joined by solid lines; pairs
of stationary points are connected by dashed lines in cases where
transition states of corresponding transformations were not located.

2 to the bis-peroxide 3 for four of the experimentally studied
substituents. According to our results, the limiting step is the
nucleophilic addition of H,O, to the bicyclic oxacarbenium
cations IV. The activation barriers were found to vary
significantly depending on the substituent: from 20.7 to 29.0
kcal/mol.

Tris-peroxidation. Because analysis of the tris-peroxidation
cascade is more complex, it will be given here only for substrates
1a and 11 (Figure 8). Similar to the bis-peroxidation stage, the
limiting step for tris-peroxidation stage is the nucleophilic
addition of H,O, to a high energy bicyclic carbocation.
However, unlike bis-peroxidation, the target carbocation
reactant in the limiting step of tris-peroxidation is not an
oxacarbenium ion but a peroxycarbenium ion. Remarkably, the
calculated barriers for this step are much higher (33.0 to 36.2
kcal/mol) than for the analogous rate-limiting step in the bis-
peroxidation. Figure 8 illustrates that this dramatic barrier
increase originates from two components: (a) reactant
stabilization that stems from the high stability of bis-peroxide
3 and (b) transition state (TS) destabilization. The Hammond—
Leffler postulate*” connects the key transition states with the
high energy peroxy-substituted cations such as X and XII,
suggesting that the same electronic factor (the inverse a-effect,
vide infra) is responsible for their destabilization.

Comparison of Experimental and Computed Selectiv-
ities. Trends in the calculated activation energies completely
agree with the experimental observations. For example, bis-
peroxidation (2a,l,n,q — 3aLn,q) tends to proceed slower in
cases of larger substituents (see Table S). Furthermore, tris-
peroxidation appears to be much more kinetically restricted than
bis-peroxidation, so that only traces of tris-peroxide 4a could be
detected experimentally.

Using the calculated free energy surfaces, we have modeled
the evolution of this dynamic system by numerical integration of
the kinetic equations (rate constants were computed from
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Figure 8. Potential energy surface of the full peroxide-forming condensation cascades. Transition states and stationary points are joined by solid lines;
pairs of stationary points are connected by dashed lines in cases where transition states of corresponding transformations were not located. Calculations

of triperoxidation stages were performed only for substrates 1a and 11.
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activation energies according to Eyring equation“). Computed
concentration curves (see Figure 9) show a significant decrease
in transformation 1a,l,n,q — 3a,1,n,q (3 equiv of H,0,) rate for
substrates with larger substituents: la and 1l transform
completely into bis-peroxide in 10 s and 1—2 h, respectively;
85% conversion of 1n to 3n (10 equiv of H,0,) is achieved in
6.5 h, while only 12% of 1q converts into 3q in 24 h in the
presence of 10 equiv of H,0O,. Also, less than 0.01% yield of
4a],n,q (10 equiv of H,0,) in 100 h is expected according to the
kinetic models. Thus, calculated activation free energy values
agree with the experimental observations perfectly: reactions
2a] — 3a,l proceed freely, conversion 2n — 3n is kinetically
hindered, and whiletransformations 2q — 3q and 3a,l = 4a,l are
blocked.

Stereoelectronic Model of Observed Reactivity and
Selectivity. After succeeding in disentangling the mechanism
of py'-triketones peroxidation, our next goal was to identify the
underlying theoretical concept which could be used to predict
the outcome of similar reactions in the future. The central
mystery of the entire scope of f,y'-triketone peroxidation
reactions is the extreme difficulty of tris-peroxidation, as
opposed to, e.g.,, formation of triacetone triperoxide.

Kinetics and the Role of Inverse a-Effect. It is evident from
Figure 8 that not only the transition states but also the
peroxycarbenium cations on the path of tris-peroxidation are
destabilized. Considering similar energies of these species, the
Hammond—Leftler postulate suggests that they should have
similar electronic and structural features as well. Similar
carbocations with neighboring peroxide groups in a six-
membered ring have been studied by us extensively and were
shown to be strongly destabilized by the inverse a-effect.”** The
essence of this new stereoelectronic effect is that a peroxide
group provides much weaker carbocation stabilization in
comparison to an ether group. This discovery goes against the
expectation of greater donor ability of peroxide based on the
classic a-effect,* i.e., the enhancement of nucleophilicity due to
the presence of an adjacent heteroatom in intermolecular
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reactions. The fundamental question at the heart of both a-
effects is whether the lone pairs of two directly connected
heteroatoms can combine into a more powerful donor than each
of the lone pairs taken separately. We found that contrary to the
expectations based on the simple orbital mixing model, the lone
pairs in a pair of directly connected heteroatoms are not raised in
energy to become stronger donors toward adjacent acceptors.
Instead, they are lowered by the inductive electron-withdrawing
effect of the second oxygen atom of the peroxide.

In order to quantify the impact of inverse a-effect on
destabilization of cation X and the consequent transition state,
we considered isodesmic equations”>* summarized in Figure 10.
These equations allowed us to estimate the role of inverse a-
effect in the activation energy of tris-peroxide formation for R =
H and Me to be +17.2 and +17.4 kcal/mol. This penalty
contributes significantly to the large activation barrier increases
(by 12.3 and 10.7 kcal/mol) relative to the similar step in the bis-
peroxide formation (Figure 10).

An even more direct approach to computing the inverse a-
effect contribution to destabilization of carbocations and
transition states is to evaluate the energies of orbital interactions
in the key structures related to the rate-limited step of the
cascade using Natural Bond Orbital (NBO) analysis. NBO is a
very convenient approach for computational analysis of
stereoelectronic interactions.*® In order to do that, one has to
force the NBO reference Lewis structure to change from the
default oxarbenum (—O*=C—) description to the one where
the oxygen retains both of its lone pairs and cationic carbon has
an empty p-orbital. The absolute energies of no—p" interactions
in Figure 11 should be taken as an approximation as these
interactions are too strong for the second order perturbative
estimate of orbital interactions to be accurate. However, the
differences in the magnitude of such interactions are instructive:
the cationic intermediate leading to the rate-limiting TS is
destabilized by the inverse a-effect by ~14 kcal/mol whereas the
TS loses about 11 kcal/mol of resonance stabilization for the
same reason. These values agree well with the isodesmic
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estimates given in Figure 10, even though the reference points
for the comparisons are slightly different.

Thus, due to the inverse a-effect, any stage of peroxidation
proceeding through nucleophilic addition to a peroxycarbenium
ion suffers from a kinetic penalty. This penalty selectively
blocked tris-peroxide formation from for all of the Sy'-
triketones explored in this work.

This conclusion is somewhat surprising because a similar well-
known reaction of acetone with H,O, proceeds exclusively to
the tris-peroxide product. Notably, the main difference of this
reaction from peroxidation of f,y’-triketone is the absence of
carbon bridges in the molecule. Indeed, it was recently shown
that inverse a-effect becomes stronger when the peroxycarbe-
nium ion is constrained in a five- or six-membered ring, 2930 Thig
difference accounts for the experimentally significant increase in
the activation barrier of tris-peroxidation. Indeed, the inverse a-
effect at the rate-limiting TS connecting cations X and XI is ~8
kcal/mol stronger than in the parent acyclic cations (Figure 10).

We believe that the structural constraints imposed by the
polycyclic frame make it impossible for the molecule to reach the
optimal geometry for electronic stabilization. Therefore, the
stereoelectronic penalty imposed by the additional linkages can
amplify the role of the inverse a-effect in sequential peroxide-
forming condensations, potentially making incorporation of
additional peroxide units into more rigid polycyclic systems
more and more difficult (Figure 12).

Thermodynamics of Peroxidative Cascade Cycliza-
tions: “Escape from Stereoelectronic Frustration” as the
Driving Force for Inclusion of O—O Bridges in Polycyclic
Structures. For these cascade transformation to proceed in
high yields, thermodynamics for the condensation processes
should be more favorable than for the reverse reaction
(hydrolysis). In this context, an important question is why is
the condensation with H,0, favorable? What drives these
transformations? These questions can be answered by analyzing
the evolution of stereoelectronic effects in the O—O unit as it is
transferred from hydrogen peroxide to the products of these
cascade transformations.

There are two important clues to this puzzle, and both of them
are stereoelectronic. In order to understand them, let us analyze
the general thermodynamic landscape of the reaction of ketones
with H,O,. Figure 13 illustrates that this reaction is dramatically
different from the analogous reaction with water. As is well

X
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Figure 11. Direct comparison of no—p" interactions in peroxycarbenium ions X and XIII (R = H) and transition states of their reactions with H,0,.
Because the strength of no—p* interactions is influenced by the cycle size (see the SI), we have compensated for the difference in ring sizes by adding a
CH, moiety in the reference oxycarbenium ion XIII and the respective TS.
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Figure 13. Contrasting thermodynamics for the reaction of acetone
with H,O and H,0,.

known from an organic chemistry textbook, hydration of
ketones with the formation of gem-diols is thermodynamically
unfavorable. This is illustrated by the positive Gibbs free energy
for the reaction of water with acetone (+6 kcal/mol at M06-2X/
6-311++G(d,p) level'”* and +3 kcal/mol at the PBEO level
(SI)). In contrast, reaction of acetone with hydrogen peroxide is
endergonic by only 1 kcal/mol. Furthermore, substitution of the
remaining OH group in the mixed gem-OH/OOH species with
the formation of bis-hydroperoxide is exergonic by ~4 kcal/mol.
In other words, change of each OH group to an OOH group is
exothermic by ~4—35 kcal/mol. Hence, the carbonyl group of the
prototype ketone becomes reactive in the presence of H,0,and
engages in a reaction which “extracts” two molecules of H,O, from
the environment and attaches their peroxide moieties to the same

carbon. We will show below that this contrasting behavior is
associated with “stereoelectronic frustration” of H,O,.
Furthermore, this frustration is not fully relieved in the bis-
hydroperoxide as evidenced by —5.5 kcal/mol exothermicity of
its reaction with acetone where one of the OOH groups is
converted into an internal peroxide unit C—O—O—C (Figure
14). Since this species has both an OOH and an OH group, it
can cyclize by losing either hydrogen peroxide or water. The first
reaction forms a cyclic monoperoxide (ozonide) and is uphill by
+5 kcal/mol, whereas the second reaction forms a cyclic bis-
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Figure 14. Thermodynamic landscape for the reaction of acetone with
gem-bis-hydroperoxides.
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peroxide and is downhill by —4 kcal/mol. Again, conversion of
an OOH group to a cyclic peroxide is favorable whereas a similar
conversion of an OH group into a cyclic ether is not.

Together these data clearly illustrate that reactions that
consume H,0, (and terminal —OOH moieties) are favorable
whereas reactions that produce H,O,are unfavorable. In other
words, hydrogen peroxide is the high energy fuel that is
consumed to form organic peroxides. So, what is different in
hydrogen peroxide in comparison to organic peroxides?

We suggest that negative hyperconjugation, i.e., the stereo-
electronic component of anomeric effect, as the main reason for
these differences and that the anomeric interactions serve the
key thermodynamic force assisting the assembly. The parent
peroxide (hydrogen peroxide) is a high energy molecule due to
the very limited opportunities for the frustrated peroxide lone
pairs to engage in delocalizing hyperconjugative interactions
(Figure 15).2

The stereoelectronic stabilization is switched on when two
peroxides in the same molecule are separated by a single carbon
atom (i.e., the peroxides are in a geminal arrangement). From
this point of view, creation of the peroxide bridges is a way to
remove a “frustrated” H,0O, molecule from solution and
incorporate the O—O moiety in structure where each of the
oxygen atoms has a suitable stereoelectronic partner in a
stabilizing no—6*¢_o (anomeric) interaction.

In fact, even organic monoperoxides enjoy significant
hyperconjugative stabilization via ng—06¢_¢ and no—o¢_y
interactions.** This stabilization increases in bis-peroxides
where stronger np—o@_o interactions are present. This
stereoelectronic force explains the greater stability of certain
bis-peroxides in comparison to similar monoperoxides (Figure
16).

Our recent work revealed that the relative stability of bis-
peroxide and monoperoxide formed from bis-carbonyl systems
is controlled by the bridge between the two ketone groups
(Figure 17). While one-carbon and two carbon-bridges favor the
formation of bis-peroxides, a three-carbon bridge renders
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Figure 16. (Top) Hydrogen peroxide as high-energy fuel for creating
organic peroxides. (Bottom) Combining two peroxides in one molecule
provides additional stabilization by activating for anomeric no—0c¢_o
interactions.

formation of monoperoxides (ozonides) more favorable than
the formation of bis-peroxides. Interestingly, these trends in
selectivity correlate with the magnitude of “anomeric” '’ no—
0&_o interactions in the bis-peroxide systems. The bis-peroxides
(both monocyclic and bicyclic) were formed selectively in
systems where these stabilizing hyperconjugative interactions
are fully (or nearly fully) activated. However, in the case of 1,5-
diketones, the expected bis-peroxide product has two of the four
anomeric interactions nearly vanishing due to the geometric
restraints of the twisted boat conformation of the bis-peroxide
cycle.

Interestingly, this trend applies to the present formation of
tricyclic systems derived from p,y'-ketones. Only those
peroxides are formed where the anomeric interactions are
sufficiently strong. This condition is satisfied for the mono- and
bis-peroxides but not in tris-peroxide (Figure 18).

The network of anomeric effects in the tricyclic systems is
complex with six strong interactions of this type present.
Importantly, in tris-peroxide, two of the 6 interactions are
significantly weakened. Although this is a more subtle effect
(average energies for mono-, bis- and tris-peroxides are 15.0,
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14.8, and 12.9 kcal/mol, respectively) than the one described
above in Figure 17 for the bicyclic bis-peroxides, the difference
clearly affects the balance by imposing a ~2 X 6 = 12 kcal/mol
thermodynamic penalty for the tris-peroxide formation.

These results suggest a thermodynamic rule for the assembly
of peroxide-rich cyclic, bicyclic and tricyclic structures that we
formulate as follows: introduction of a new peroxide unit into a
cycle is favored where all anomeric interactions with the available
O—O0 units are activated.

B CONCLUSION

The one-pot assembly of oxygen-rich systems, such as tricyclic
mono- and bis-peroxides, was developed via reaction of f,y'-
triketones with H,O,, promoted such acids as BF;-Et,O, 98%
H,SO,, 70% aq HCIO,, 50% aq HBE,, p-TsOH-H,O. Although
the reaction of a-monosubstituted f,y’-triketones leads to
tricyclic bis-peroxides, the a-disubstituted f,y’-triketones form
both tricyclic bis-peroxides and tricyclic monoperoxides. The
formation of monoperoxides or bis-peroxides from a-
disubstituted f,y’-triketones can be controlled by the relative
excess of hydrogen peroxide and the reaction temperature. The
thermodynamically favored tris-peroxides are not formed. The
convenient feature of these reactions is that they are atom-
efficient—water is the only byproduct.

Despite the very high oxygen content, the new peroxide-rich
heterocycles are remarkably stable. For example, the tricyclic bis-
peroxide 3a, where five of the 10 atoms in the polycyclic
framework are oxygens, is a white crystalline compound, which
melts without decomposition at 119—121 °C despite having two
peroxide bridges. Even more remarkably, the monoperoxide 2q
starts to decompose only upon melting at 190 °C. Perhaps
tricyclic peroxides are close to the “peroxide island of stability”.

Several stereoelectronic conclusions emerge from the
computational analysis. The combination of anomeric effect
(product stabilization) and inverse a-effect (decreased positive
charge stabilization in the TS and intermediate peroxycarbe-
nium cations) puts each of the intermediate peroxides in a
significantly deep potential energy well that allows it to be
isolated if the right conditions exist. Indeed, we have identified
reaction conditions that can stop at monoperoxidation or push
the reaction toward bis-peroxidation.

We disentangle the mechanism of f,y’-triketones peroxida-
tion and show that inverse a-effect hinders reaction progress
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Figure 18. Networks of six ng—0¢_g interactions in each of the tricyclic mono-, bis-, and tris-peroxides derived from the parent and Me-substituted
B,y -triketones. The black curves denote no—06¢_g interaction energies for CH;—O—CH,—O—CHj;. Additional examples and extended analysis are

given in the SIL
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past bis-peroxides, so that tris-peroxides never form in
measurable quantities. We also show that even though the
reaction for four substituents (H, Me, All, p-NO,Bn) proceeds
through similar intermediates, the variability in relative energies
of the intermediates and transition states makes the final
reaction product depend heavily on the substituent. The
calculated free energies are in complete agreement with the
experimental results.

Under thermodynamic control, the main rule for the assembly
of peroxide-rich cyclic, bicyclic and tricyclic structures is that
introduction of a new peroxide unit into a cycle is favored where all
anomeric interactions with the available O—O units are activated.

Despite the presence of many dynamically interconverting
species connected by the multistep networks, peroxycondensa-
tions are not fully controlled by thermodynamics. A recently
discovered stereoelectronic force, the inverse a-effect, intro-
duces the key element of kinetic control by adding a penalty for
the formation of both the peroxycarbenium ions and the
transition states originating from these ions. This penalty can be
amplified by the presence of acceptor groups or by geometric
constraints.

Rules for assembling oxygen-rich systems from branched B,y’-
triketones and hydrogen peroxide start to emerge. First, the
introduction of each new peroxide ring to the tricyclic
frameworks is progressively less exergonic. Second, in the case
of a-disubstituted f,y’-triketones, this cascade transformation
can be conveniently stopped after the first peroxide bridge is
formed, but it is also often possible to drive further to the
formation of the second peroxide bridge. In the case of a-
monosubstituted f,y -triketones, the cascade transformation
cannot be stopped after the formation of the first peroxide
bridge. Third, the third peroxide bridge of the [5.2.2.0%°]-
tricyclic system is the most difficult to form. Even though this
step is thermodynamically favorable, it is kinetically inhibited
due to the combination of reactant stabilization (consequence of
anomeric stabilization in peroxides) and lack of TS stabilization
(consequence of inverse a-effect). Fourth, the peroxidation
selectivity is determined by the size of the substituent R in the
By’ -triketone: bis-peroxide is formed in case of unhindered R,
while for larger R the selectivity shifts toward monoperoxide.

The tris-peroxidation remains elusive. It is completely averted
by the inverse a-effect, showing the power of this recently
discovered stereoelectronic phenomenon in controlling perox-
idation processes. Once we can overcome this kinetic barrier, the
formation of tris-peroxides will be possible.
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