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ABSTRACT: The acid-catalyzed rearrangement of organic peroxides is generally associated to C-C-bond cleavages (Hock and
Criegee rearrangements), with the concommittent formation of an oxocarbenium intermediate. This article describes the tan-
dem process between a Hock or Criegee oxidative cleavage and a nucleophilic addition onto the oxocarbenium species (in
particular a Sakurai-Hosomi-type allylation), under InCls catalysis. It was applied to the synthesis of 2-substituted benzoxacy-
cles (chromanes, benzoxepanes), including a synthesis of the 2-(aminomethyl)chromane part of sarizotan, and a total synthe-
sis of erythrococcamide B.

INTRODUCTION Scheme 1. Hock and Criegee oxidative cleavages: (a) the
cumene process and (b) mechanism rationalizing a pos-

The oxidative cl f ic hyd ides (Hock re-
e oxidative cleavage of organic hydroperoxides (Hockre sible oxocarbenium interception by a nucleophile.

arrangement!) and related peresters (Criegee rearrange-

ment?) constitutes a straightforward route to carbonyl and © The Hock (cumene) process
phenol derivatives.? Important applications of the Hock Hock cleavage
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lows the synthesis of millions tons of phenol and acetone cumene OOH AH = -252 ky/mol Hophenol acetone
each year (Scheme 1a),*5 and the synthesis of artemisinin, a ~e0%tonsiyear 410" tonsiyear
major antimalarial compound.6 It was also used to trans- © Mrechanism of peroxide rea fonalizing possible fnterruption with 2 nucleophile
form complex terpenoids, like cholesterol” or diterpenic ac-
ids,® in a bio-inspired manner. The Hock rearrangement in- [ 2N o ®
volves a Brgnsted or a Lewis acid catalysis that triggers the 7 M < A H0 ' Q
heterolytic cleavage of the C,-Cs bond adjacent to the per- Ho™© HOp amigraten 0 Ho
oxide function, with concomitant 1,2-migration of the f§ car- - - T R oH
bon onto the nearest peroxide oxygen (Scheme 1b).3210 Al- \(CF;CO»O @ CFaCO0” \l\@e
ternatively, the Criegee rearrangement relies on the activa- [/éo _ CFSCOO O
tion of the hydroperoxide through a perester formation, M 2] oroceronium
weakening the 0-0 bond. These mechanisms are related to @ " . ¢ 1 2migrtion NuH O
that of the Baeyer-Villiger rearrangement.!'-14 The peroxide o° | o N o R (N?
cleavage is expected to form a transient oxocarbenium spe- Cocrs BRACE mechanim

cies, which is usually hydrolyzed (route A) into two car-
bonyl derivatives (or phenols), possibly through an acylal
species that can be hydrolyzed in the Criegee mechanism?>
(route B).

Recently, we investigated the mechanism of the InClz-cata-
lyzed Hock rearrangement through theoretical chemistry,
detailing the formation of the oxocarbenium intermediate



through a Wheland intermediate.!® Considering the electro-
philicity of oxocarbenium intermediates, the Hock and
Criegee rearrangements can be considered as potential can-
didates to design interrupted versions by tandem nucleo-
philic additions (route C).

Brgnsted or Lewis acids (e.g. TFA, TfOH, BFs-OEtz, AlCIs,
SnCls and more occasionally lanthanide triflates) have been
used to catalyze the Hock cleavage.? The industrial produc-
tion of phenol mainly used mineral acids (e.g. H2S04) and
zeolithes.*> However, there have been scarce systematic
studies on the catalyst scope and applications.3?17 Interest-
ingly, the selectivity of the Hock and Criegee rearrange-
ments is strongly influenced by strain relief!® and by the
electronic properties of substituents.119-21 The use of tan-
dem and interrupted Hock reactions in the development of
new synthetic methodologies has been limited to few exam-
ples of allylation,® an intramolecular Paal-Knorr synthesis of
furans?223 or a synthesis of carbazoles.2* The main draw-
back of such tandem reactions could be the critical compe-
tition with the hydrolysis resulting from the addition of a
hydroxide residue (H20 or MOH- released during the hy-
droperoxide cleavage) onto the oxocarbenium intermedi-
ate. The Criegee rearrangement, which avoids the release of
water, could provide a flexible solution to this problem.!525
Herein, to develop these hypotheses, easily accessible in-
dane and tetralin hydroperoxide substrates were used to af-
ford the respective chromane and 1-benzoxepane products
upon acid catalyzed rearrangements with a large scope of
substituents. The reactive oxocarbenium species formed in
situ were expected to react with a series of nucleophiles to
install substituents (allyl, cyano, azido or hydrogen upon re-
duction). This strategy was finally applied to the synthesis
of valuable compounds, especially the natural product
erythrococcamide B2 and the 2-(aminomethyl)chromane
part of sarizotan, an experimental drug tested to treat the
breathing problems of the Rett syndrome (Figure 1).27:28
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Figure 1. Examples of biologically significant benzoxacycles.

RESULTS AND DISCUSSION

The tandem Hock rearrangement-Sakurai-Hosomi allyla-
tion was first investigated with indanyl hydroperoxide 1a
in presence of an acid catalyst and allyltrimethylsilane, to
furnish 2-allylchromane 2a (Table 1). Decomposition was
observed in the presence of BF3-OEt: (2 equiv) at 0 °C (entry
1), while lowering the temperature at -78 °C afforded alkyl
peroxide 3a with no sign of Hock rearrangement (entry 2).
The use of catalytic amounts of BFs-OEtz (0.1 equiv) was in-
efficient (no reaction, entry 3). Although the Hock rear-
rangement was observed with pTsOH (entry 4) or TMSOT{?°

(entry 5), only bis(peroxyacetal) 4a was identified (see ref-
erence 16 for a discussion of the structure determination),
demonstrating the elimination and recombination of perox-
ide species during these reaction, while no reaction oc-
curred with catalytic amounts of (Ph0)2POzH (entry 6). Cat-
alytic amounts of Sn(O0Tf)2, In(OTf)s, Sc(OTf)s and AlCl3
mostly led to complex mixtures of products (entries 7-10),
but traces amounts of 2a (3%) could be detected with
In(OTf)s. Copper(II) salts (entries 11 and 12) were able to
promote the Hock cleavage, mainly resulting in peroxyace-
tal 4a, while only Cu(ClO4)2 provided allylation product 2a.
To complete this catalyst screening, we were pleased to ob-
serve significant amounts of 2a in presence of FeCls and in-
dium halides (entries 13-16), the most efficient catalyst be-
ing InCls (0.1 equiv) with 62% of 2-allylchromane 2a. Addi-
tional solvent screening showed that toluene (entry 17) and
a coordinating solvent such as CHsCN (entry 18) gave poor
results compared to CHzClz. Overall, we observed that the
Hock rearrangement can be promoted by most of the cata-
lysts, especially InCls and with the exception of BF3-OEtz, but
only a few of them were able to perform the tandem Sa-
kurai-Hosomi reaction (FeCls, Cu(ClO4)z and In3* salts in non
coordinating solvent). Furthermore InCl3 had previously
been described by Baba and co-workers to be unable to per-
form the Sakurai-Hosomi allylation of aldehydes, unless a
co-catalyst was added (TMSCI).3? Interestingly, InClz was re-
cently used by Ferrié and co-workers to promote the Sa-
kurai-Hosomi allylation of 1,2-dioxolan-3-yl acetates with-
out affecting the endoperoxide group.3!

Table 1. Optimization of the tandem Hock/Sakurai-Ho-
somi reaction towards 2-allylchromane (2a).

oo Catalst SiMes
N"sives
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1a 0°Ctort

Entry Catalyst or reagent (equiv), other Ratio 1a:2a:3a:4a

remark (yield of 2a, %)?
1 BF3-0OEt2 (2) Complex mixture
2 BF3OEt2 (2), starting at -78 °C 0:0:100:0 (0)
3 BF3-0OEt2 (0.1) -b
4 pTsOH (0.1) 0:0:0:100 (0)
5 TMSOT (2) 0:0:0:100 (0)
6 (Ph0)>PO2H (0.1) -b
7 Sn(0Tf)2 (0.1) 15:0:70:15 (0)
8 In(0TA)s (0.1) 0:7:81:12 (3)
9 Sc(0Tf)3 (0.1) Complex mixture
10 AlCI3(0.1) Complex mixture
11 Cu(OTf)2 (0.1) 0:0:30:70 (0)
12 Cu(Cl04)2 (0.1) 0:35:0:65 (22)
13 FeCl3 (0.1) 0:100:0:0 (30)
14 InBr3 (0.1) 0:70:0:30 (22)
15 Inlz (0.1) 0:100:0:0 (40)
16 InCl3 (0.1) 0:100:0:0 (62)
17 InCl3 (0.1) in PhMe 55:45:0:0 (n.d.)¢
18 InCl3 (0.1) in CH3CN 0:0:50:50 (n.d.)

a Ratio based on NMR integrations, and NMR yield relatively
to internal standard 1,2-dichloroethane. b Mostly no reaction,



with traces (<5%) of 2a, 4a, and decomposition products. ¢ Not
determined.

The best condition (0.1 equiv of InCls, 2 equiv of allyltrime-
thylsilane, CH2Cl2, 0 °C to room temperature, hereafter
Method A) was applied to various 1-indanyl hydroperox-
ides (Scheme 2), including tertiary hydroperoxides, all syn-
thesized from the corresponding indanones through a two-
step sequence of reduction or Grignard addition3Z on the ke-
tone, and acid-catalyzed hydroperoxidation (see supporting
information). With secondary hydroperoxides 1a-1n (R! =
R3 = H), the reaction was successful with various substitu-
ents on the aromatic ring. =-Donors in position 5 are favor-
able, especially halides. The presence of a strong n-donor
like OMe led to higher reactivity, leading us us to avoid any
isolation of 1j since the Hock reaction was partially ob-
served during the hydroperoxidation step. Thus, perform-
ing the allylation on a crude hydroperoxide extract of 1j led
to product 2j in 46% yield. On the contrary, a strong n-ac-
ceptor like a CN group was detrimental to the tandem reac-
tion, leading to 2k with a low yield only (5%). In that case, a
lactol side product (compound S2 in the Supporting Infor-
mation) was nevertheless isolated in 21% yield along with
22% of recovered starting material, showing the low per-
formance of the Hock reaction on electron-deficient sub-
strates like 1Kk. Biphenyl derivatives (11-1n) were tested
with different para-substituents, showing a similar reactiv-
ity trend in presence of a OMe (54% of 2m) or a CN (49% of
2n) resulting from a "shielding" effect of the phenyl ring to-
wards the substituent electronic properties.

Scheme 2. Tandem Hock/Sakurai-Hosomi reactions of
1-indanyl hydroperoxides through method A.
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aThe tert-butyl hydroperoxide of 1 gave a similar yield of
64%. b Lactol side product S2 was also isolated in 21% yield,
along with 22% of starting material 1k (see the Supporting In-
formation). ¢From tert-butyl hydroperoxide 1x (R3 = ¢t-Bu).

Furthermore, we observed that tertiary hydroperoxides 1o-
1v (R! = Me; R3 = H) performed well to provide the allylation
products. The presence of a methyl substituent in position
2 of the indane core (1w) led to a diastereomeric mixture
(55% yield) with a 46:54 ratio in slight favor of anti com-
pound 2w. The tandem reaction was also applicable to ter-
tiary fluorenyl tert-butyl peroxide 1x (R3 = tBu) to give tri-
cyclic chromane 2x. Finally, it was possible to perform the
allylation with branched allylsilanes (R* = CH:0Ac or
CH:Cl), though in lower yields, giving allyl acetate 2y and
chloride 2z in only 22% and 45% yields. Incidentally, in the
same conditions, the 1-indanyl tert-butyl peroxide of 1a (R?
= R? = H, R3 = t-Bu) afforded chromane 2a in 64% yield,
showing a similar reactivity as the hydroperoxide substrate
(R3=H).

Starting from 1-tetralinyl hydroperoxides 5a and 5b
(Scheme 3), method A quantitatively gave typical Hock
cleavage products (7a and 7b in ca. 40%). These products
result from the formal addition of a hydroxide group re-
leased during the Hock cleavage onto the oxocarbenium in-
termediates, followed by the rapid opening of the resulting
seven-membered lactols 6a and 6b (Scheme 3). Unfortu-
nately, we never observed any allylation under these condi-
tions, leading us to investigate an alternative method.

Scheme 3. Application of method A to 1-tetralinyl hy-
droperoxides, showing no tandem allylation.
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To avoid the opening of lactol intermediates 6a/b, we en-
visaged to apply the Criegee rearrangement in a tandem
process with the Sakurai-Hosomi allylation. According to
Kishi,!> the Criegee rearrangement can be performed in
presence of a carboxylic anhydride to activate the hydrop-
eroxide, releasing a carboxylate that can react back onto the
oxocarbenium intermediate, thus affording a transient ac-
ylal product (see Scheme 1B). In presence of a nucleophile
and an appropriate catalyst, this acylal could thus lead to
the coupling product in a one-pot process. Testing the reac-
tion on 1-indanyl hydroperoxide 1a in presence of trifluoro-
acetic anhydride in CH2Cl; and in the absence of nucleo-
phile, it was possible to isolate O-trifluoroacetyl lactol 8 in
76% yield, in accordance with Kishi's report (Scheme 4).15
Under similar conditions, after completion of the Criegee re-
arrangement revealed by thin layer chromatography, the
addition of allyltrimethylsilane to the reaction mixture did
not afford the allylation product (2a), but a complex mix-
ture. Compound 2a was however cleanly obtained in 70-
80% yields when a Lewis acid catalyst was added concom-
itently with the nucleophile, here InCls (0.1 equiv, Method
B) or BF3-OEt: (1.6 equiv, Method C).

Scheme 4. Reactivity and allylation of 1-indanyl hy-
droperoxide under Criegee reaction conditions.
OOH

: f CC)J,OCOCF3

1a 8 (76%)
Method B
(CF3C0),0 (1 equiv), CH,Cly, 0 °C (5 min)
then add the silyl nucleophile (2 equiv) and

InClj (0.1 equiv), 0 °C to 20 °C C(o)/\/
Method C

(CF3C0),0 (1 equiv), CH,Cly, 0 °C (5 min)
then add the silyl nucleophile (4 equiv) and
BF; OEt, (1.6 equiv), -78 °C to 20°C

(CF3C0),0 (1 equiv)

CH,Cly, 0 °C (5 min)

(B: 73%, C: 78%)

Methods B and C were applied to 1-tetralinyl hydroperoxide
substrates (5, Scheme 5). The 2-allylbenzoxepane deriva-
tives (9a-9i) could be obtained in moderate to good yields
(50-80%) in all cases. Although method B is better than
method C in terms of reagent economy and should be pre-
ferred for larger scale applications, method C offers some
advantages to improve yields with a few substrates (9e, 9i).
Furthermore, the transformation was applicable to a ter-
tiary hydroperoxide (giving 9b), and to substituted or
branched allyltrimethylsilanes (9g-9i).

Scheme 5. Application of the tandem Criegee/Sakurai-
Hosomi reaction to the synthesis of benzoxepanes.
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Finally, we transposed this one-pot sequence to the tandem
addition of other nucleophilic partners like EtsSiH (hydride
donor), MesSiCN (cyanide donor) and MesSiNs (azide do-
nor), giving the corresponding chromane and benzoxepane
products in generally good yields (Scheme 6). These addi-
tional nucleophiles were only applicable to methods B and
C. Other nucleophiles like 1,3,5-trimethoxybenzene or in-
dole derivatives were unfortunately unsuccessful. Interest-
ingly, differences were observed between the two sets of
conditions (see for example product 13), suggesting their
complementarity. In particular, the azidation sequence was
only possible with InCls, giving satisfying yields ca. 70%,
while BF3;-OEt; always led to decomposition, supposedly
due to BFs-promoted azide rearrangements.33

Scheme 6. Tandem reactions with other nucleophilic

silanes: Et3SiH, Me3SiCN, MesSiNs.
H R
R Method B or Method C O Nu
h=12 Nu-SiAlks h=12
1la(n=1,R=H)

or1o (n=1,R=Me) 10-17
or5a(n=2 R=H)
or5b (n=2,R=Me)

" H
O_H o o—L-Me
With Et;SiH: ©/\j
10 1 12
(B: 42%, C: 64%) (B: 83%, C: 85%) (B: 92%, C: 65%)
CcN
0._CN o Ch""le o
With Me;SiCN: ©/\;r ©/\JL
13 14 15
(B: 30%, C: 66%) (B: 42%, C: 56%) (B: 80%, C: 69%)
0._Ns
With MesSiNg: @Qj
17

16

(B: 70%, C: %) (B: 66%, C: -

aDecomposition was observed.

Benzoxacycles are important building blocks in natural
products and are often considered as privileged structures
in medicinal chemistry (Figure 1).3* The chromane scaffold
is the lead-core of flavonoids, vitamins E, or of synthetic
drugs like sarizotan.?’.28 The benzoxepane core is also fre-
quently found in biologically active natural products like he-
liannuols or radulanines.3>3¢ To demonstrate the interest of
these tandem reactions, we applied method A to the total
synthesis of erythrococcamide B2¢ (22, Scheme 7a), and
method C to the synthesis of the 2-(aminomethyl)chromane



moiety of sarizotan (23, Scheme 7b). The hydroperoxide 19,
made from indanone 18, was submitted to the tandem
Hock/Sakurai-Hosomi reaction using method A to give
chromane 20 in 53% yields. The KMnO4-mediated oxidative
cleavage of the double bond to form carboxylic acid 21, fol-
lowed by the formation of the isobutyl amide, finally af-
forded natural product 22. Concerning sarizotan chromane
23, it was synthesized by the reduction of cyanide 13, avail-
able from 1-indanyl hydroperoxide (1a) through the tan-
dem Criegee rearrangement/cyanation protocol, following
method C in presence of Me3SiCN. Comparatively, the syn-
thesis of 23 was previously achieved from chromane-2-car-
boxylates.37-39

Scheme 7. Synthetic applications of tandem oxidative
cleavage/nucleophile addition.

a. Total is of
Yy eryh 3. \/\SlMe3
O 1. NaBH4 MeOH OH (2 equiv)
Z H,0, InCly CHyCl», 0 °C tort O
(0.1 equiv), Et,0 (53%) 20
(not /so/ated)
5.H,N
0.
4. KMnOy4, NalO,4 K,CO3 <Om\COQH HATU < m\n/
tBUOH/H,0 (7:3),20°C O DMF, 20 °C
(57%) 2 (80%) erythrococcamide B (22)
b. Sy is of the 2-(ami yl)chromane part of sarizotan
OOH  (CF4C0),0, BF;OEt, LiAlH,
TMSCN O_CN Et,0, 0 °C @CJJ/\NH
2
B ——————r —_—
CH,Cl, 0°Ctort (92%)
1a (66%) 13 23

From a mechanistic point of view, this experimental study
opens several interesting questions, in particular on the in-
fluence of the substituents and their position on the hydrop-
eroxide rearrangement, the catalytic character of the InCls-
promoted reaction, the preferential migration of the sp? car-
bon compared to the sp? carbon, or the nature of the active
metallic species when using InCls. These questions, of a
more fundamental nature, are outside the scope of this ex-
perimental study, and are the subject of a separate article.!®

CONCLUSION

In conclusion, we developped a straightforward route to
synthesize chromanes and benzoxepanes from indanyl or
tetralinyl hydroperoxides, respectively. The general strat-
egy was based on a tandem Hock or Criegee rearrangement
coupled to nucleophilic additions, and was efficiently pro-
moted by InCls. In general, we demonstrated the superiority
of InClz over other Lewis acids in this transformation. Vari-
ous nucleophiles, all being activated as trialkylsilanes, al-
lowed the addition of allyl, hydride, cyanide or azide on the
oxocarbenium species generated in situ. The method was
successfully applied to the total synthesis of the natural
product erythrococcamide B and the chromane core of the
drug sarizotan. Owing to the important place of the Hock re-
arrangement in the chemical industry, and that of ben-
zoxacycles in medicinal chemistry, we expect these results
could have a significant impact in drug development and
fine chemistry.
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