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Synthesis of noradamantane building blocks

Matthew Todd,? Ivana Cisafova,? Zdenék Toéner? and Radim Hrdina (2 *2

The carbon scaffold of noradamantane, a ring contracted adamantane derivative, is notoriously difficult to
selectively oxidise and functionalise, which limits the hydrocarbon’s use as a building block for preparing
noradamantyl decorated targets. In this research we disclose the use of Burgess reagent in a ring-con-
traction of pre-functionalised 2-amino-adamantan-1-ols to noradamantyl carbaldehydes in a pinacol-
type rearrangement, that can be readily post-functionalised and further derivatised. To showcase their
potential applicability, we performed structural analysis and their comparison to ortho- and meta-substi-
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Introduction

Adamantane, dubbed the “lipophilic bullet”,' can be regarded
as one of the cornerstone representatives of the cage hydro-
carbon family with its unique reactivity, that arises from its tight
and symmetrical cage,” ™ that has been broadly applied through-
out the years in catalysis,”® material science”® and drug
design.”® Noradamantane, however, is in stark contrast to ada-
mantane. The added strain leads to diminished reactivity,
making selective oxidation of its cage difficult and access to its
substituted derivatives fairly limited.'® These difficulties were
made clear shortly after its parent hydrocarbon synthesis in the
1960’s,"* thus prompting researchers to find alternative ways
around its poor reactivity to prepare poly-substituted derivatives.
Known methods for the preparation rely on dissolving-metal
reduction® or cascade condensations™ of unsaturated bicyclic
precursors or radical cleavage of the adamantane framework fol-
lowed by a ring closure (Fig. 1C)."* One of the most recent
approaches are based on triflic acid promoted decarboxylation
of annulated adamantyl carbamates (Fig. 1C)."> The liberated
amine, unable to close an aziridine ring, drives the pinacol-type
rearrangement of the adjacent C-C bond to the generated carbo-
cation, contracting the scaffold. Reduction or hydrolysis of the
resulting imine yields either aminomethyl-'® or formyl-substi-
tuted noradamantanes respectively.'> The main drawbacks of
the previously mentioned methods are the limited access to
starting materials (namely substituted adamantan-2-ones) and
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tuted benzene together with the synthesis of bioisosteric analogues of known drug molecules. We also
report a new C12 parent cage hydrocarbon that was prepared by the same method from a diamantane
precursor. This work may prompt further implementation of noradamantane as a sacffold for new mole-
cular frameworks and help recognizing its utility in the space of chemical synthesis.

fairly harsh conditions that narrowed the scope to simple alkyl
fragments.'>'® As a result, mainly mono-substituted norada-
mantane derivatives have found their use as terminal building
blocks (Fig. 1B)."”*® Its poly-substituted derivatives could serve
as conformationally locked, saturated and rigid linkers, when
contemplating about their use in chemical synthesis. 1,3- and
3,7-disubstituted noradamantane derivatives could also serve as
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isosters of the ortho- and meta-substituted phenyl ring.'®?°
Herein, we report on our newly developed method for the simul-
taneous preparation of 1,3- and 3,7-disubstituted noradaman-
tane carbaldehydes, their structural analysis and post-functiona-
lisation (Fig. 1D).

Results and discussion

Building upon previous knowledge, we sought to overcome the
main limitations by executing the pinacol-type rearrangement
from 2-aminoadamantan-1-ols,>"** that can be obtained by
hydrolysis of the annulated carbamates,*® as the free hydroxyl
group could be transformed into a better leaving group and car-
bocation surrogate.">'® As aforementioned, starting materials of
this nature aren’t commercially available and were synthesized
according to established procedures (Scheme 1A).">>*>°

Synthesis of starting materials

The main challenge was to carry the functional groups (or their
masked surrogates) throughout the synthesis without their
interference via unwanted side reactions. The annulated carba-
mates were synthesized by methods: (A) rhodium catalysed C-H
amination of carbamate precursors;*® (B) thermal decompo-
sition of azidocarbonates'>** followed by basic hydrolysis to
afford the 1,2-amino-alcohol derivatives (Scheme 1A). To intro-
duce an oxygen containing functional group, benzyl ethers 4c—f
were prepared by method A, as method B led to ring opening or
debenzylation of the starting materials and overall poor yields.
Attempts to incorporate a nitrogen functional group as amides
or carbamates caused ring opening side reactions, mainly
during hydrolysis steps. Thus, the nitro-group was employed as
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Scheme 1 A) General methods for the synthesis of 2-amino-adaman-
tan-1-ols. (B) Table of prepared 2-amino-adamantan-1-ols.

Org. Chem. Front.

View Article Online

Organic Chemistry Frontiers

an amine surrogate, that could be reduced later-on.>® The
corresponding nitro-derivatives 4g-i where prepared by method
B, as method A failed during the C-H amination step, possibly
due to coordination to the rhodium catalyst, inhibiting its
activity. The thermally generated nitrene produced the distal
regio-isomer 4h in a ratio of 10: 1 to the proximal regio-isomer
4g. This could be caused by strong deactivation of the secondary
C-H bonds between the two substituted bridgehead positions.
Attempts to change the ratio by UV decomposition of the azide
precursor (254 nm lamp) or by using Sukbok Chang’s cobalt
catalyst®” were unsuccessful (see SI page 41 and 42). Due to only
small amounts of isomer 4g produced, only the distal isomer 4h
was carried to the next steps. The diamantane amino alcohol 4j
was prepared by method B as an inseparable mixture of regio-
and diastereo-isomers (Scheme 1B).

Ring-contraction development

With a series of adamantane 1,2-amino-alcohols in hand, we
searched for reaction conditions using the unsubstituted
2-aminoadamantan-1-ol 4a as the model substrate. The
reagent of choice was the inexpensive Burgess reagent
(Scheme 2A).>%?°
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Initial attempts at lower temperature produced only trace
amounts of the desired product 6a (Scheme 2A; entry 1). The
yield peaked at 40% when increasing the temperature to 90 °C
(entry 3). The low yield was attributed to the secondary amine
being the superior nucleophile that consumes the reagent.
Protection of the amine with an electron-withdrawing group
(5a) decreased the yield to 35% (entry 4). The N-benzylated
amine 5b improved the yield significantly to 75% (entry 5). 2,6-
Dichlorobenzyl protected amine 5c¢ pushed the yield to 95%
(entry 6), presumably due to added steric hindrance. In the
final conditions the Burgess reagent loading decreased to 1.6
equivalents with 6a isolated in a yield of 94% on a 0.5 g scale
(entry 7). The imine Intl was not isolated but hydrolysed to
carbaldehyde with silica gel in reagent-grade chloroform. The
resulting slurry was filtered through a pad of silica gel and the
carbaldehyde eluted with pure chloroform (Scheme 2). The
rest of the 1,2-amino-alcohol derivatives were N-protected in
high yields (>80%) and the scope of the reaction explored
(Scheme 2B). Methylene ethers 5e and 5f underwent smooth
rearrangement to carbaldehydes 6¢ and 6d in 84% and 72%
yields respectively. Substrates with heteroatoms placed directly
on the adamantane cage behaved more unpredictably.
Unsymmetrical benzylated alcohol 5h rearranged in a relatively
high yield of 70% (6f). Interestingly, its symmetrical counter-
part 5g provided the carbaldehyde 6e in only 41% yield
accompanied by a complex mixture of side products. The
nitro-derivative 5i required a longer reaction time to fully
convert to carbaldehyde 6g and was obtained in 77% yield.
The reaction of the inverted amino-alcohol 5d produced proto-
adamantan-2-one (6b) in 65% yield, inferior to other published
methods,*® requiring a longer reaction time and a higher
reagent loading. At last, we were pleased to see that the dia-
mantane starting material 5j successfully underwent the
double contraction of its scaffold affording a 0.4 : 1 mixture of
carbaldehydes 6h in a combined yield of 45% on a 6 g scale,
where the formation of the symmetrical aldehyde was not
observed by previous methods (Scheme 2B)." It is important
to note, that from a practical stand-point, one can carry the
mixture of annulated carbamate precursors (Scheme 1 3a-k) to
the final step without individual separation (only minor purifi-
cation), as the regio-isomers are easily separable before (as 5¢-
j) or after the rearrangement reaction (6a-f)(Scheme 2B).

We also wanted to explore the possibility of rearranging
amino-alcohol 4b to aldehyde 6a via a deamination
(Tiffeneau-Demjanov) reaction that is used for the synthesis of
protoadamantan-2-one 6b (Scheme 3).*° The original aqueous
conditions resulted in poor conversion, low yield of carbalde-
hyde 6a and a mixture of side products (Scheme 3A; entry 1).
Varying the Brgnsted acid gave negative results with only trace
amounts of product observed in NMR together with the
unreacted starting material (entry 2). Moving from aqueous to
organic solvents required the use of organic solvent soluble
iso-amyl nitrite (IAm-ONO) as the diazotation reagent. At low
temperature only trace product formation was observed by
NMR accompanied by unreacted starting material (entry 3).
Increasing the temperature greatly improved the yield of
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product 6a. Varying the equivalents of iAm-ONO and AcOH
had no significant effect with yields remaining from 60 to 65%
(entry 4). Further increase in temperature gave only a minor
improvement pushing the isolated yield of aldehyde 6a to 69%
(Scheme 3B). With new conditions in hand we wanted to make
up for the un-obtained nitro-aldehyde 6i (Scheme 3C). Starting
from amino-alcohol 4b the oxidation of the amine gave nitro-
alcohol 1f in 40% (NMR) yield that proved to be difficult to
isolate and was carried to the next step without purification
(Scheme 5). The azide 2g was therefore obtained in a 23%
yield over two steps. Thermally initiated C-H amination fol-
lowed by hydrolysis gave the desired nitro-amino-alcohol 4i
that successfully rearranged to the nitro-aldehyde 6i in 55%
yield (Scheme 3C).

Postfunctionalisation

An advantage of the reaction products is the versatility of the
carbaldehyde functional group, allowing for oxidative or reduc-
tive transformations such as Jones oxidation, hydride
reduction or reductive amination to afford corresponding car-
boxylic acids, methylene alcohols and amines respectively. The
protected or masked functional groups also allow for con-
venient desymmetrisation for further derivatisation.
Deprotection of benzyl ethers or reduction of the nitro-group
with an H, balloon over Pd/C, together with previously men-
tioned transformations, proceed without the ring expansion
back to adamantane. Reactions involving radical processes are
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also feasible, as demonstrated on a nickel-catalysed decarboxy-
lative Giese reaction of 13c with tert-butyl acrylate, giving ester
15 in 65% yield (Scheme 4A).%"

Regarding the products of the diamantane contraction
(Scheme 4B), the mixture of carbaldehydes 6h turned out to be
inseparable by conventional separation techniques. Luckily,
reduction with methanolic sodium borohydride allowed the
individual separation of methylene alcohols 7c and 7d and
confirmation of their structures with X-ray crystallography. To
our best knowledge, the parent hydrocarbons of these deriva-
tives had not been fully isolated and characterized.** Thus, we
took the challenge of their synthesis. Jones oxidation con-
verted alcohols 7¢ and 7d to carboxylic acids 8g and 8h.
Decarboxylation attempts with both thermally and UV pro-
moted Barton decarboxylation®® or a photochemical iron-cata-
lysed decarboxylation®* gave only trace amounts of the desired
products (see SI page 43-45). A nickel catalysed decarboxyl-
ation procedure®' of redox-active esters 13a and 13b produced
the hydrocarbons in isolable yields after eluting the crude
through a short pentane silica gel column.
Interestingly, derivatives of the unsymmetrical scaffold (7d, 8h
and 13b) were well soluble in most organic solvents when com-
pared to the symmetrical scaffold (7¢, 8g and 13a) that exhibi-
ted extremely poor solubility, making any manipulation fairly
difficult. Nonetheless, we managed to crystallize hydrocarbon
14a and confirm its structure by X-ray crystallography
(Scheme 4D).

mixture

Structural analysis

We then took on the task of analysis and comparison of the
synthesized products (Scheme 4C). Both 3,7- and 1,3-disubsti-
tued noradamantane derivatives 9a and 9b were compared to
ortho- and meta-substituted benzene 9a’ and 9b'. The struc-
tures were computed using the Orca 6.0 software package.*®
The C-C bond length of the symmetrical diol 9a bridge is, as
expected, longer at 1.60 A compared to the 1.40 A of ortho-sub-
stituted benzene 9a’. However, its substituent exit vector is
slightly shallower at 118° setting the two methylene carbons
the same distance of 3.0 A apart. As for the un-symmetrical
diol 9b, the distance of 2.38 A between the two quaternary
carbon atoms almost matches the case of meta-substituted
benzene 9b’ at 2.42 A. Substituent exit vector angles vary at
148° and 153°, most likely due to the slightly different hybrid-
ization of the carbon atoms, but balance out, setting the two
methylene carbons 5.0 A away from each other, matching its
benzene counterpart. The different substituent positions intro-
duce a torsion angle of 26° along a virtual bond between the
quaternary carbons. An overlay of the structures shows a high
degree of similarity, when replacing both ortho- and meta-
phenyls with di-substituted noradamantanes (Scheme 4C). The
rod-shaped diamantane-derived compounds (7¢ and 7d) can
be envisioned as linear and rigid linkers or spacers that could
be used in material science or as guests in macrocyclic mole-
cules such as cyclodextrins or cucurbiturils (Scheme 4D).*®
The symmetrical diol 7c separates both hydroxy-methylene
substituents 6.68 A apart with a dihedral angle of 180° and an
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exit vector angle of 156°, relative to its centre axis. Its elongated
C~C bonds of 1.60 A correspond to the computed values for
noradamantane diol 9a. The unsymmetrical diol 7d spans the
distance of 6.28 A between the methylene carbon atoms with a
torsion value of 51° and exit vector angles of 147°, also relative
to its centre axis. Buckling the cage in the same direction shor-
tened the previously longer bonds to 1.57 A. As for the parent
hydrocarbon 14a, its height was measured to be 3.78 A. The
central cyclohexyl belt is puckered, stretched to 3.00 A in the
direction of the elongated bonds and contracted in the perpen-
dicular direction to 2.63 A (Scheme 4D).

Synthesis of drug analogues

Following the structural assessment, we synthesized analogues
of drug molecules containing the disubstituted noradaman-
tane core to demonstrate potential applicability. First idea was
to mimic modified nucleosides, that are used in the develop-
ment of antiviral agents, that often modify or replace the
central sugar fragment,”” such as Abacavir (11c)
(Scheme 4E).**?° Reduction of benzyl ether 6e followed by a
Mitsunobu reaction with chloro-amino-purine gave product
11a in excellent 70% yield. Nucleophilic displacement of the
chlorine with excess of sodium azide in DMF gave 11b in 86%
yield. A final hydrogenation over palladised charcoal reduced
the azide and cleaved the benzyl protecting group, successfully
affording the modified nucleoside mimic 11c in a yield of 89%.
Overlay of the mimic 11c (grey) and Abacavir 11¢’ (violet, trans-
parent) shows similarity in the spatial disposition and distances
between the key functional groups and fragments. The two sub-
stituted carbons of the cyclopentene (11¢’) ring span a distance
of 2.48 A, whereas the noradamantane derivative 11c sets the
substituents 2.71 A apart (Scheme 4E). Phthalylsulfathiazole
12b’, an antimicrobial drug,’®*" was chosen as our next target,
replacing the ortho-substituted benzene ring with 3,7-di-substi-
tuted noradamantane (Scheme 4F). Oxidation of diol 9a with
aqueous KMnO, gave the carboxylic acid 12a in 73% yield.
Reaction of 12a with EDC-HCl and DMAP afforded the corres-
ponding anhydride 12a’ that was carried over without isolation.
Refluxing the anhydride 12a’ in anhydrous MeCN with in-
expensive and commercially available sulfathiazole in the pres-
ence of Et;N and DMAP produced the desired analogue 12b in a
57% yield without column chromatography. The bridge C-C
bond of 12b is slightly stretched to 1.61 A, shallowing the exit
vector angle and shortening the distance of the carbonyl
carbons to 2.93 A, compared to 3.06 A for 12b’' with the phenyl
ring carbons, remaining at 1.40 A apart. Overlay of 12b (grey)
and 12b’ (violet, transparent) shows near perfect overlap of the
noradamantane bioisostere 12b with the phthalylsulfathiazole
(12b’) phenyl ring (Scheme 4F).

Mechanistic investigation

In contrast to the ring-expansion of noradamantane back to
adamantane,*®*® mechanistic studies of the contraction to
noradamantane have been conducted only recently.'® The reac-
tion is proposed to be driven by the difference in the thermo-
dynamic stability of the formed bridgehead carbocation and

This journal is © the Partner Organisations 2025
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Scheme 4 A) Postfunctionalisation of noradamantane carbaldehydes. (B) Synthesis of parent hydrocarbons 14a and 14b. (C) Structural analysis and
comparison of noradamantane carbaldehydes 9a and 9b with ortho-(9a’) and meta-substituted (9b’) benzene rings. (D) Structural analysis of dia-
mantane derived compounds 7c, 7d and 14a. (E) Synthesis of antiviral analogue 11c. (F) Synthesis of antifungal analogue 12b.

the rearranged N-methylated iminium salt, calculated to be
approximately 22 kcal mol™, where the rate determining step
(RDS) is the formation of the bridgehead carbocation. The 1,2-

This journal is © the Partner Organisations 2025

alkyl shift was calculated to have a shallow barrier of 0.79 kcal
mol™". The impact of additional functional groups on the
rearrangement hasn’t been explored so far (Scheme 5A).
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The Burgess reagent is known to be thermally unstable.**
Our case is no exception, as the reagent undergoes complete
decomposition at 70 °C within 60 minutes (measured by NMR)
(Scheme 5A). To gain deeper understanding of the individual
reaction steps, we conducted NMR kinetic measurements at
different temperatures. In the case of the simple amino-
alcohol substrate 5¢ the RDS turned out to be the nucleophilic
substitution of the substrate with Burgess reagent followed by
immediate imine (Intl-c) formation. The proposed sulfami-
date intermediate Int2-c could not be observed. The reaction
proceeds until the complete consumption/decomposition of
Burgess reagent. The competition of the RDS and reagent
decomposition would account for the necessity of excess
reagent loading to reach full conversion of the starting
material 5¢ (Scheme 5B). As apparent from Scheme 2, most of
the substrates, bearing substituents bound closer or further
from the migrating C-C bond, underwent the transformation
at the same rate except for nitro-derivative 5i and inverted
amino alcohol 5d. When monitoring the reaction progress of
nitro-derivative 5i by LCMS and NMR, the sulfamidate inter-
mediate Int2-i was detected and could be observed, suggesting
the reversed speed of the individual reaction steps
(Scheme 5B). The initial nucleophilic substitution of the sub-
strate with the reagent becomes faster, whereas the cleavage of
the C-O bond to form the carbocation becomes the RDS. The
rearrangement maintains a rather shallow barrier, with no
side-products, resulting from external trapping of the carbo-
cation, observed (Int3, Int3’). The barrier of the RDS is likely
higher due to the strong electron-withdrawing character of the
nitro-group, that diminishes the hyperconjugative stabilisation

Org. Chem. Front.

of the forming positive charge, characteristic to adamantyl
cation systems.””

We then performed a control experiment, where deprotona-
tion of amino alcohol 5¢ would form the more nucleophilic
alkoxide, compared to the neutral alcohol, that would undergo
the addition faster (Scheme 5C). Treatment of 5¢ with NaH fol-
lowed by Burgess reagent, evaporation and measurement of
the crude mixture with NMR resulted in complete conversion
and a 67% combined yield of the imine (Int1) and aldehyde
(6a) products. The sulfamidate intermediate Int2-c could only
be detected with LCMS of the crude reaction mixture,
suggesting the fast nature of the rearrangement step (see SI
page 47 and 51-58). Combined with the absence of side-pro-
ducts from solvent attack (Int3, Int3’), it can be suggested, that
the 1,2-alkyl shift proceeds through a concerted transition
state with a high degree of Sy2-like behaviour (TS).

Conclusion

In conclusion, we’ve developed a new method for the prepa-
ration of previously hard to obtain 1,3- and 3,7-di-substituted
noradamantane building blocks from their corresponding ada-
mantane precursors together with new functionalized C12
caged hydrocarbons, including their parent hydrocarbons,
derived from diamantane. Structural analysis of the products
and representative analogues of drug molecules containing the
noradamantyl scaffold showed remarkable similarities with
their phenyl containing counterparts. At last, we briefly investi-
gated the impact of additional substituents on the nature of
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the rearrangement. These results could motivate their appli-
cation as isosteres of both ortho- and meta-substituted benzene
in medicinal chemistry or as rigid spacers/linkers with defined
angles and distances in catalysis and material design, increas-
ing the poor recognition of the noradamantane scaffold in the
current environment of chemical synthesis.
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