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of Griesbaum co-ozonolysis for
the preparation of structurally diverse sensors of
ferrous iron†

Jun Chen, Ryan L. Gonciarz and Adam R. Renslo *

Sterically shielded 1,2,4-trioxolanes prepared by Griesbaum co-ozonolysis have been utilized as chemical

sensors of ferrous iron in several recently described chemical probes of labile iron. Here we report

optimized conditions for co-ozonolysis that proceed efficiently and with high diastereoselectivity across

an expanded range of substrates, and should enable a new generation of labile iron probes with altered

reaction kinetics and physicochemical properties.
In the mid-1990s,1 Griesbaum and co-workers reported the co-
ozonolysis of ketone and ketoxime reactants for the prepara-
tion of unsymmetrically substituted 1,2,4-trioxolanes. When
cyclic ketone and oxime co-reactants are employed in this
process, the resulting trioxolane adducts can be remarkably
stable due to shielding of the endoperoxide bond by proximal
axial C–H bonds of the surrounding carbocyclic ring systems.
Vennerstrom and co-workers exploited this reaction and the
shielding effect of the rigid adamantane ring system to develop
the antimalarial agents arterolane2 (Fig. 1) and artefenomel.3

The hindered endoperoxide embedded within their structures,
like that in the 1,2,4-trioxane ring of artemisinin derivatives,
confers an antimalarial effect via initial Fenton-type reaction
with unbound, or “labile”, ferrous iron sources in the parasite.

Increasing appreciation for the importance of labile iron as
the bioavailable pool of iron in cells has motivated the devel-
opment of chemical probes capable of detecting iron with
oxidation-state specicity.4 Detection of ferrous iron has been
achieved largely through reactivity-based approaches4c,d in
which ferrous iron promotes the reduction of N–O or O–O
bonds to activate a uorophore (e.g. SiRhoNox5 and related
analogs6), separate a FRET pair (e.g., TRX-FRET,7 FIP-1 (ref. 8)),
release a tethered reporter payload (e.g., TRX-PURO,7 ICL-1,9

HNG10), or covalently sequester a PET radionuclide in cells/
tissues of animals (18F-TRX11,12). Trioxane and trioxolane-
based reagents have also been employed for chemoproteomic
studies of the malaria parasite13 and of mammalian cancer cells
(FIPC-1 (ref. 14)). Whilst an arterolane-like pharmacophore has
gured prominently in many of these rst-generation probes,
their further development and optimization is likely to require
access to trioxolane systems exhibiting a broader range of iron
niversity of California, San Francisco, San
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tion (ESI) available. See DOI:

4342
reactivities and enhanced physiochemical properties for in vivo
applications. We therefore reinvestigated the Griesbaum co-
ozonolysis with the aim of enabling new structural architec-
tures of potential utility for ferrous iron-reactive therapeutics
and chemical probes.

The Griesbaum co-ozonolysis proceeds via [3 + 2]/retro-[3 + 2]
reaction of the oxime reactant with ozone to afford a carbonyl
oxide intermediate. This species then reacts with the ketone
component in a nal, stereochemistry determining [3 + 2]
cycloaddition to afford 1,2,4-trioxolane adducts. The reaction of
adamantane oximes with substituted cyclohexanones is known
to proceed selectively via axial addition of carbonyl oxide to
ketone, affording cis-40 or trans-30 adducts with useful (�9 : 1
d.r.) diastereoselectivity (Scheme 1).15 The seminal reports from
Griesbaum described mostly undecorated alkyl and cycloalkyl
substrates, whereas more recent work7,8,14,16 has focused on the
adamantane oximes that were found to yield pharmacologically
active products, though other groups have explored reactions of
non-adamantane substrates.17–19 We previously reported15 an
optimized protocol to access 30-hydroxy adducts useful for drug
and reporter payload delivery in an iron(II)-dependent fashion.
This protocol involved use of the ketone component as limiting
Fig. 1 Structures of recently described probes of ferrous iron
employing a 1,2,4-trioxolane-based sensor of ferrous iron, inspired by
the synthetic antimalarial arterolane.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Griesbaum co-ozonolysis proceeds via conversion of the
oxime to carbonyl oxide, followed by diastereoselective reaction with
the ketone co-reactant, with axial addition favored, as shown.
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reagent, and proceeds in good yields (�70%) with adamantane
oxime at 0 �C in CCl4. Unfortunately, we have since found these
conditions to be unsatisfactory when applied to substituted
adamantanes, and particularly to non-adamantyl systems, with
Table 1 Isolated yields of trioxolane adducts obtained under either
conventional reaction condition A (in CCl4, 0 �C) or low temperature
condition B (in hexane, �78 �C)

Product (3a–f)
A: CCl4,
0 �C

B: hexane,
�78 �C

3a 48–91% 91%

3b 28%a 50%

3c 23% 77%

3d 5% 85%

3e 18% 94%

3f 0% 81%

a Calculated yield based on 1H NMR.

© 2021 The Author(s). Published by the Royal Society of Chemistry
yields oen in the range of 5–23% and in some cases failing
altogether to afford the desired adducts.

We hypothesized that side-reactions of ozone and/or the
highly reactive carbonyl oxide intermediate20 may have
contributed to poor yields with certain substrates. To explore
this possibility, we evaluated the reaction of enantiopure ketone
2 (ref. 21) with a variety of substituted adamantanone oxime
substrates under low temperature conditions reported previ-
ously19 for a different substrate (Table 1). We were pleased to
nd that reactions of 2 with various oximes (3 equiv.) at �78 �C
in hexanes, using an oxygen ow rate ¼ 1.1 liters per minute, or
6 g h�1 O3, afforded modest (50% for 3b) to excellent (77–94%
for 3a, and 3c–3e) isolated yields of the desired adducts (Table
1). Our previous conditions afforded adduct 3a in variable yields
ranging from 91% (ref. 21) to as low as 48%, while substituted
adducts 3b–3e were obtained in only very poor yield (Table 1).
Notably, the diastereofacial selectivity of the nal [3 + 2] cyclo-
addition is further improved under the low temperature
conditions. Thus, adducts 3a–3e were formed as a single trans
diastereomer, as shown, whereas �10% of the cis diastereomer
is formed under the original conditions (see ESI† for NMR
spectra). As was expected, little diastereofacial selectivity is
observed with respect to unsymmetrical carbonyl oxides during
Table 2 Scope of Griesbaum co-ozonolysis involving structurally
diverse oximes 1 and ketone 2 under low temperature conditions

Product (3f–k)
Isolated
yield Product (3l–q) Isolated yield

70–82% 75%

26–44% 0%

80–87% 0%

0% 0%

71% 0%

53% 4%

RSC Adv., 2021, 11, 34338–34342 | 34339
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Scheme 2 Synthesis of mefloquine and morpholine conjugates 6f–h
and 7f–h from intermediates 3f–h. MFQ ¼mefloquine, an antimalarial
drug with a secondary amine function serving as the site of
conjugation.
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the [3 + 2] cycloaddition (note that only one of the two diaste-
reomers of 3b–3e is shown Table 1).

As noted above, the Fenton-type, iron(II)-specic reactivity of
reporter-based probes like TRX-PURO and ICL-1 is modulated
by the axial C–H bonds surrounding the endoperoxide func-
tion.22 To evaluate the potential of other aliphatic bicyclic ring
systems to similarly shield the endoperoxide function, we
computed minimized conformations of several potential
adducts using MarvinSketch soware (see ESI, Fig. S1†). From
this analysis, we selected the bicyclo[2.2.1]heptane, bicyclo
[2.2.2]octane, and bicyclo[3,3,1]nonane ring systems as likely to
produce trioxolane adducts with desirable iron reactivity
kinetics. Using low temperature reaction condition B, we were
pleased to nd that co-ozonolysis of 2 with bicyclo[2.2.1]heptan-
2-one methyl oxime provided the desired adduct 3f in 81%
isolated yield as a mixture of stereoisomers that were partially
resolved by 1H NMR (three distinct resonances in a 13 : 8 : 1
ratio). The same reaction failed to afford any isolable amount of
3f under condition A (Table 1).
Fig. 2 In vitro iron fragmentation studies of the previously described,
bearing a bicyclo[2.1.1]heptane ring in place of the adamantane. Fragme
elimination from common intermediate A being the rate limiting step in

34340 | RSC Adv., 2021, 11, 34338–34342
Buoyed by the successful generation of 3f, we explored the
co-ozonolysis of additional oxime substrates under low
temperature conditions (Table 2). Thus, reaction of 2 with
bicyclo[2.2.2]octan-2-one methyl oxime or bicyclo[3.3.1]nonan-
9-one methyl oxime afforded the desired adducts 3g and 3h in
modest (26–44%) and excellent (80–87%) yields, respectively.
The methyl oxime of camphor failed to afford adduct 3i,
perhaps due to a more hindered steric environment around the
oxime. Substituted cyclohexyl, cyclopentyl, and acyclic oximes
were also investigated as substrates in the process. Cyclohexan-
1-one oximes substituted at the 4-position afforded the desired
adducts 3j (71%) and 3l (75%) in good yields, while 2-
bromocyclohexan-1-one methyl oxime afforded 3k in 53% yield.
Unexpectedly, cyclopentanone oxime substrates failed to yield
isolable quantities of the expected adducts 3m, 3n, and 3o. It is
possible that the failure of these reactions reects instability of
the trioxolane adducts, or competing reactions of the carbonyl
oxide (e.g., dimerization). Similarly, the methyl oximes of ace-
tophenone and 4-methoxyphenylacetone failed to afford useful
yields of the expected adducts 3p and 3q.

Next, we sought to evaluate the Fe2+ reactivity of novel
adducts like 3f, 3g, and 3h in the context of payload bearing
trioxolane conjugates. Using conditions described previously by
our group23 for the conversion of 3a to themeoquine conjugate
TRX-MFQ, 3f–3h were similarly converted to iron(II)-sensitive
conjugates of meoquine (MFQ) and morpholine (Scheme 2).
Hence, intermediates 3f–h were treated with TBAF in THF to
afford the alcohols 4f–h, which were then converted immedi-
ately to the para-nitrophenyl carbonate intermediates 5f–h
before a nal coupling with either meoquine to afford 6f–h or
morpholine to afford 7f–h (Scheme 2).

As a surrogate measure of Fe2+ reactivity under physiological
conditions, and to evaluate their ability to undergo iron(II)-
dependent payload release, we evaluated 6f–h and 7f–h along
in vivo efficacious mefloquine conjugate 8 and the new congener 6f
ntation of the trioxolane with FAS is rapid for both conjugates, with b-
mefloquine (MFQ) release.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 In vitro antiplasmodial activity of 6f–h, 7f–h and the known conjugate 8 against W2 P. falciparum parasites (IC50 � SEM). Reported IC50

values are the means of at least three determinations. IC50 values for artefenomel and chloroquine controls are indicated at bottom left. The
superior potency of conjugates 6 vs. 7 imply their activity is derived from mefloquine (MFQ) release.
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with TRX-MFQ23 (8) as positive control, for activity against
cultured P. falciparum parasites (W2 strain) using a standard
protocol (Chart 1).24 Meoquine bearing conjugates 6f–h
exhibited potent IC50 values of 74 nM (for 6f) and 24 nM (6g and
6h), which were similar to that of the positive control 8 (IC50 ¼
17 nM). By contrast, morpholine-bearing conjugates 7f–h were
markedly less potent, with IC50 values between 340 and
2700 nM (Chart 1), which is some 10–100 fold weaker than
observed previously for congeneric adamantane-derived triox-
olane comparators with a morpholine side chain.21 Accordingly,
the potent anti-plasmodial activities of 6f–h can be inferred to
result from iron(II)-dependent activation and release of the
meoquine payload by the canonical mechanism7,25 of payload
release from “TRX” conjugates.

To further study the kinetics and regioselectivity of iron(II)-
dependent activation, we followed the reaction of 6f and 8 with
ferrous ammonium sulfate by UPLC/MS. As we have described
previously for the progenitor TRX moiety,7,25 efficient activation
and payload release requires regioselective activation of the
endoperoxide bond by Fe2+ such that the ketone intermediate A
is produced preferentially over the alternative adamantan-2-one
product (Fig. 2). In adamantane-based systems this regiose-
lectivity is conferred by the steric effect of the adamantane ring,
as noted previously.22 We predicted based on modeling that the
bicyclo[2.2.1]heptane moiety of 6f should similarly shield the
proximal oxygen atom from inner-sphere coordination with
Fe2+ leading to regioselective peroxide scission. In the event,
exposure of either 6f or 8 to Fe2+ (as ferrous-ammonium sulfate
with pH 7.4 Tris buffer) led within minutes to clean conversion
to the common cyclohexanone intermediate A (Fig. 2). No
detectable quantity of the alternate bicyclo[2.2.1]heptan-2-one
product was detected in the reactions of 6f, thus conrming
that the process is highly regioselective. Conversion of 6f to A
was moderately faster than for comparator 8, with 6f fully
consumed by the 11 minute time point. The kinetics of meo-
quine release from intermediate A were comparable within
experimental error. Taken together, the antiplasmodial and
cell-free Fe2+ reactivity data indicate that efficient iron(II)-
dependent uncaging and traceless release of payloads can be
realized from non-adamantane based scaffolds such as 6f and
likely as well from the other scaffolds described herein.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we explored the scope of Griesbaum co-ozonolysis
under optimized low temperature reaction conditions. Overall,
these conditions afford improved yields, substrate scope, and
diastereoselectivity as compared to our previously described
conditions. Highly hindered ketoximes remain problematic
substrates, while trioxolane adducts lacking a sufficiently
shielded endoperoxide bond are likely unstable to isolation.
However, with the appropriate selection of ketoxime and ketone
reactants, a variety of new adducts could be prepared using the
improved conditions. Three of these new adducts were conju-
gated to drug or control payloads and shown in antiplasmodial
assays and chemical Fe2+ reactivity studies to be competent
sensors of ferrous iron, much like the parental TRX system.

These ndings are signicant insofar as they should enable
iron(II)-activated chemistries to be applied to a broader range of
drug or reporter payloads whilst maintaining physiochemical
properties and iron(II)-dependent reactivity within a pharmaco-
logically desirable range. As such, our ndings have implica-
tions for antimalarial drug discovery, iron(II)-dependent drug
delivery, and the continuing development of new chemical tools
to study labile ferrous iron in biological settings.
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