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ABSTRACT

In this contribution, we propose an alternative reaction pathway for the formation of isowurtzitane cages. These cage products
are the basis for the synthesis of CL-20, a highly prized energetic material and propellant. Isowurtzitane cages are typically
formed under acid-catalysed conditions via the condensation reaction between glyoxal and certain amines. Here, we report the

cage formation proceeds via a series of addition reactions from the previously established diimine intermediate. This reaction
pathway has been investigated in detail with HRMS and NMR, as well as isolation of key intermediates providing a comprehensive

alternative pathway for the cage formation.

1 | Introduction

CL-20 1 (Figure 1), also known as HNIW, is one of the most
powerful secondary explosives currently known. It has superior
detonation velocity and higher crystal density than RDX, which
is currently the most common energetic material in the defence
industry (CL-20: 9500 m s™! and 2.04 g cm™! in the & polymorph
vs. RDX: 8750 m s™! and 1.81 g cm™) [1]. Due to its favourable
characteristics as a propellant, it is highly valuable to further
understand the formation of this cage molecule and to provide
room for synthetic exploration [1, 2].

Typically, CL-20 1 is synthesised via the polycyclic isowurtzitane
cage HBIW 4 as reported by Nielsen et al. (Scheme 1) [3].
Following the formation of the isowurtzitane cage structure,
the benzyl groups are replaced with acetyl groups via a
palladium catalysed hydrogenation in the presence of acetic

anhydride, to form TADBIW 5, which is then nitrated
[4].

The nitration has been performed by various methods;
NOBF,/NO,BF, [4], mixed acid media [5], HNO,/N,Os [6],
oxidation using cerium(IV) ammonium nitrate (CAN) [7], ionic
liquids [8], or a zeolite/HNO, system [9]. Much of the synthetic
work on isowurtzitane cage synthesis has focused on optimising
reaction conditions where different acids [10, 11], catalysts [12,
13], solvents [10, 11, 14], and amines [11], have been investigated.

Another well-studied area of synthetic research is the preparation
of isowurtzitane cage structures beyond compound 5. These
synthetic routes provide further ways to access CL-20 1 by avoid-
ing toxic by-products (TAIW 8 [15]), utilising cheaper materials
(HAIW 7 [7, 16], and HSIW 10 [17]) or improving reaction rates
(TADF 9 [18, 19]) as shown in Figure 2.

Abbreviations: CAN, Cerium(IV) ammonium nitrate; HAIW, Hexaacetylisowurtzitane; HBIW, Hexabenzylisowurtzitane; HRMS, High resolution mass spectrometry;
HSIW, Hexasulfonylisowurtzitane; NCIs, Non-covalent Interactions; N.D., Not detected; NMR, Nuclear magnetic resonance; TADBIW, Tetraacetyldibenzylisowurtzitane;
TADF, Tetraacetyldiformylisowurtzitane; TATW, Tetraacetylisowurtzitane; TOF, Time of flight analyser.
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SCHEME 1 | Reported synthesis of CL-20 1 from benzylamine 2 and
glyoxal 3.
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FIGURE 2 | Some reported modifications of isowurtzitane cage

investigated as precursors to CL-20 1.

In the original publication, Nielsen et al. suggested an initial
formation of diimine 11 from glyoxal 3 and benzylamine 2 [3],
which is in-line with known amine condensations [20].

As glyoxal 3 is commercially available and typically used as an
aqueous 40% solution, the role of water in the reaction conditions
is worth considering. Scheme 2 depicts a plausible six-membered
transition state and provides a theoretical role of water in the
reaction system. Compound 11a may also be formed during the
reaction (Scheme 2) [20-22].

Nielsen et al. reported that diimine 11 reacts with itself in a
trimerisation sequence [3]. They propose a series of intermediates
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SCHEME 2 | Formation of diimine 11 from benzylamine 2 and
glyoxal 3.
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SCHEME 3 | Formation mechanism of isowurtzitane structure as
proposed by Nielsen et al. [3].

starting with a dimerisation of 11 to form 12 under acidic
conditions and subsequent ring closure to 13. Another molecule
11 is added to generate 14, which undergoes ring closure to
produce the bicyclic intermediate 15. After a conformational
change (not shown), the two secondary amine moieties undergo
further ring closure at the remaining iminium positions, to give
the final isowurtzitane cage structure 4. The two bonds formed in
the final cyclisation to give the six-membered ring are indicated
by arrows in 15 and are highlighted in bold in 4 (Scheme 3).

To support this mechanistic proposal, Nielsen reported the
isolation of two key intermediates. Firstly, a dihemiaminal 11a
resulting from the addition of two benzylamine 2 molecules to
glyoxal 3 and, secondly, the diimine 11 (Scheme 2, see above).
Nielsen achieved their synthesis and isolation by changing the
reaction conditions to a more polar solvent system, causing 11 to
precipitate prior to forming product 4 [3]. Nielsen subsequently
reported that the isolated diimine 11 can react under the reaction
conditions to produce the desired isowurtzitane cage structure
HBIW 4 [3]. This work has stood as the standard mechanism of
this reaction for over 30 years, and little further synthetic work
has been undertaken since.

In addition to the synthetic work surrounding isowurtzitane cage
formation, computational studies have examined various aspects
of the mechanism. In 2017, Dong et al. investigated the formation
of the dihemiaminal 11a via DFT studies and reported that the
formation of the diimine 11 requires acid for the elimination of
water to be favourable. They report a calculated energy barrier of
217.6 and 253.1 kJ mol~! for each water elimination step without
acid, respectively. This is clearly unfavourable in comparison to
their calculated energy barrier of 71.6 kJ mol™ for the same
reaction with acid [23].

By comparing the energy barriers of three amines, Shang et al.
suggested that the -7 stacking effect produced by benzylamine
has a favourable effect on the isowurtzitane cage formation. They
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reported that for their proposed rate-determining step, benzy-
lamine has the lowest energy barrier of 82.0 kJ mol~, allylamine
an energy barrier of 88.7 kJ mol™', and methylamine (which has
not been used in a successful cage formation experimentally) had
atheoretical energy barrier 0£92.9 kJ mol™. They hypothesise this
decrease in energy barrier is due to the ability of the benzene rings
to coordinate with each other due to non-covalent interactions
(NCT’s) between the 7-systems [24, 25].

Preceding the rate determining step, Shang proposes that the
bicyclic intermediate 15 could form different rotational isomers,
due to the four chiral centres present in the proposed structure.
It was concluded that two of the fourteen possible structures
(there are two meso-compounds) are feasible for the cyclisa-
tion step. Shang reported a calculated 10.9 kJ mol™! difference
between investigated cages. This difference is too small to fully
account for the fact that methylamine cannot form the cage
experimentally, but both allyl- and benzylamine can. The energy
barriers corresponding to this investigation of chirality were
used explain the experimental observations and also highlights
the importance of the chirality for these intermediates (see the
Supporting Information for an exhaustive list of intermediates
15).

In this work, through NMR and HRMS studies, we describe
evidence for an alternative reaction pathway, starting from the
same diimine intermediate 11. This alternative pathway can act as
inspiration for future authors to tackle alternative isowurtzitane
synthesis. These could include further improvements of existing
routes or all together novel routes which could even bypass the
challenging palladium catalysed step.

2 | Experimental Section

For this work, ‘standard reaction conditions’ refer to the use of
benzylamine 2 and glyoxal 3 in a ratio of 2.2:1 under formic acid
catalysed conditions, at room temperature for 24 h. All high-
resolution mass spectra discussed were obtained from Cardiff
University on a Waters GC-TOF spectrometer or Water LCT
premier XE spectrometer. Ions were generated using electron
ionisation (EI) or electrospray ionisation (ES). All signals are
reported as a mass-to-charge ratio (m/z). For a full list of the
experimental protocols, see Supporting Information.

3 | Results and Discussion
3.1 | Diimine Isolation

Nielsen reported the isolation of the diimine 11 using reaction
conditions modified from the original synthesis. Utilising a more
polar solvent mixture H,O:EtOH in a 1:1 ratio, should cause
the diimine 11 to precipitate prior to forming the cage product.
However, it was found that cage products could be detected by
NMR and HRMS analysis. Isolation of the diimine 11 proved more
challenging than expected. Even with conditions that should
be very unfavourable for cage formation, the NMR showed
characteristic signals for HBIW 4 around the 4-4.2 ppm region
matching the reported values [3].

Formic Acid
H,O
HO._ _O. _O.__OH 2
2 + I I I Me_CN» 1M1 + 4
HO®™ O 'O OH rt., 72 h
16

SCHEME 4 | Use of glyoxal trimer dihydrate 16 under standard
reaction conditions for 72 h.

Different reaction conditions for diimine 11 formation were
investigated (see Supporting Information), but the HRMS signal
for HBIW 4 was consistently present. Careful examination of
starting materials showed no contamination. The hypothesis
to explain the rapid cage formation is in line with the work
of Shang et al. In their work, they conclude that the rate
determining step of the cage formation is complex including the
formation of many possible stereoisomers. Thus, if the correct
stereoisomers are energetically favoured, they could form quickly.
This suggests that the extended reaction time (up to 24 h)
arises from the formation of unfavourable conformers, which
must surmount the reverse activation energy barrier to revert to
intermediates capable of re-forming the favoured stereochemistry
[24, 25].

It was necessary to find a procedure which could reliably form
the diimine 11 without also forming cage 4, so alternative starting
materials were investigated. It has been reported that glyoxal
favourably forms its mono- and di-acetal-hydrates in aqueous
conditions. Additionally, glyoxal oligomerises to its stable trimer
dihydrate 16 under acidic conditions [26, 27].

When 16 was reacted under the standard reaction conditions (for
72h) an inseparable mixture of 11 and 4 was formed, this indicates
the reaction is much slower in comparison to aqueous glyoxal
(Scheme 4).

The reaction was monitored in situ via NMR and compound 11
was detected immediately and compound 4 was not detected
until after 30 min of reaction time had elapsed. This provided
a window wherein diimine 11 could be isolated separately from
HBIW 4. This monitoring was extended over a period of 72 h via
NMR; however, there were too many overlapping signals to obtain
meaningful quantitative data.

This window was utilised to directly synthesise the diimine
11 with a shortened reaction time and use of 16 as a starting
material.

3.2 | Cage Formation From Diimine

Compound 11 was exposed to the standard reaction conditions
described by Nielsen et al. [3], in the absence of benzylamine 2.
However, compound 4 could not be detected by HRMS. When the
reaction was repeated in the presence of benzylamine 2, a new
species, compound 17, was detected (Scheme 5).

This compound 17 suggests that diimine 11 is reactive towards
amines and with this new perspective we were able to explore a
different angle to the cage formation via HRMS.
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SCHEME 5 | Reaction between diamine 11 and benzylamine 2.
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SCHEME 6 Benzylamine derivatives 2’ monitored by HRMS, x-ray
structures have been obtained for 4 and 4’ (R = 4-Me-C¢H,-CH,-) [29].
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SCHEME 7 | Formation of diimine 11, brackets: N.D.

3.3 | A New Pathway: Conclusions From HRMS

The reaction was monitored via HRMS utilising a scope of seven
benzylamine derivatives under the standard reaction conditions
and samples were taken after 2 h to monitor for corresponding
(m/z) signals across multiple spectra. In all cases reported species
have at least two corresponding signals, most species have MS
signals in all spectra (for full spectra breakdown see Supporting
Information) (Scheme 6).

The alternative pathway starts with the previously reported
diimine 11’ formation (Scheme 7).

The hemiaminal 11a’ that Nielsen et al. reports was not detected
by HRMS; however, Nielsen also reports that this product elimi-
nates water to give 11’ under low pressure conditions [3]. Thus,
it is possible that the reduced pressure conditions of the TOF
detector in MS could cause this elimination, thereby rendering
the parent ion undetectable [28].

*NH \I HN
1" — —_— N.
R\N&N\R HO NJ\? R
H R
17 20

SCHEME 8 | Subsequent reaction of diimine 11 to 20.
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SCHEME 9 | Pathway from 20 to 22.
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SCHEME 10 | Branching pathway from 20.

The addition of 2’ to 11’ gives 17’, as previously discussed, followed
by addition of another moiety of 3 to form a new compound 20
(Scheme 8).

Here, a diversion in the reaction pathway is suggested. These are
likely competing pathways, and each contributes to the overall
picture from the HRMS data, so they are considered separately.
The pathways have been assigned Pathway A: The imine route
and Pathway B: The hemiaminal route.

3.3.1 | Pathway A: The Imine Route

In pathway A, the imine moiety is preserved throughout most
of the reaction. This moiety is likely in equilibria with the
corresponding hemiaminal [20], but it is represented as an imine
here for clarity.

Intermediate 20 can undergo a cyclisation to 21 and water
elimination to 22 (Scheme 9).

It should be noted that one limitation of this heavy reliance
on HRMS is that iminium ions exist in equilibria with their
enamine counterparts, and these species cannot be differentiated
by HRMS, due to equivalent chemical formulae of the ions
(enamine as [M + H|*, iminium as [M]*) [20].

Subsequently, 20 can undergo multiple reactions. The previously
discussed route to 22 allows direct access to 24 upon the addition
of 2’, or 20 can first react directly with another equivalent of
amine 2’ to give 23 which can then cyclise to 24. As both 23 and 24
are detected, the pathways are likely in competition (Scheme 10).
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SCHEME 12 | Branching pathway from 26. Brackets: N.D.

Either route furnishes compound 24, which can either eliminate
water to give compound 25 or directly react with an equivalent of
glyoxal 3 to give compound 26. In either case, the formation of
species 27 proceeds from either 26 or 25 (Scheme 11).

Whilst intermediates 26 and 27 are in equilibria, they retain the
branched pathway as both are able to react with an equivalent of
amine 2’ to give compounds 28 and 29, respectively (Scheme 12).

It should be noted that compound 28 is not directly observed,
however, due to the presence of 3 hemiaminal groups, it is
possible that, similar to how Neilsen et al. describes hemiaminal
11’ (see above), it is not possible to detect such a parent ion via
MS due to the reduced pressure of a TOF analyser. Compound
28 is still proposed as a logical step in the synthesis due to the
surrounding evidence, although it does highlight a challenge with
this method of reaction monitoring.

The branching pathway can reunite via forming of 30 from 28
and 31 from 29, respectively, and give the equilibria between these
species (Scheme 13).

Intermediate 31 is also capable of undergoing a divergent path-
way, if compound 31 is directly attacked by amine 2’ compound 32
is formed, followed by compound 33. If water elimination occurs
first, to give compound 34, this is attacked by 2’ to give 35. Here,
the amine moiety is substituted directly on the six-membered

28] 29
-H,0 Cyclisation

HO

R * R o R
N\(§N Cyclisation HO\Q\N <
HCh N/i\fN\ /N\<)\N,
. :;‘HR R R ,L\/
e N7 =N
R R

30 31

SCHEME 13 | Compounds 30 and 31 in equilibria with compounds
28 and 29.
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SCHEME 14 | Branching pathway from compound 31.

ring, as opposed to an attack at the imine, as in compound 33
(Scheme 14).

Finally, 33 and 35 converge to give two alternative penultimate
intermediates, 36 and 37, respectively. These intermediates are
chemically equivalent; the only difference is which bond is
formed in the penultimate step. Both of these bonds are part of
the five membered rings, the formation of the bond in the six-
membered ring as the last intermediate is explored in pathway B.
These intermediates both undergo elimination of water to give 38
which can complete the final intermolecular cyclisation to give
cage 4’ (Scheme 15).

3.3.2 | Pathway B: The Hemiaminal Route

Pathway B is characterised by the preservation of the branched
hemiaminal moiety, after the formation of 11’, giving 39.
Inevitably, these two species are in equilibria with each other, but
as there are often signals in the MS corresponding to both species,
and some alternative chemistry can be demonstrated by treating
them separately, they are shown as such (Scheme 16).
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SCHEME 15 | Cage 4’ formation from pathway A.
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SCHEME 16 | Pathway B splits from 11’, giving 39, 41, and 42,
possibly via 40. Brackets: N.D.
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SCHEME 17 | Compound 42 reacts with 3 to give 43, and then 44 via
water elimination.

Intermediate 42 can cyclise from 41 if the pathway proceeds via
40, an intermediate which was not observed by MS. However,
intermediate 40 is suggested as a logical follow though for the
formation of 41 as it explains otherwise unattributed MS signals.
The masses of 42 (Scheme 16, see above) and 43, 44, 45, and
46, see below (Scheme 17 and 18), are explained exclusively by
pathway B. Compound 42 is able to attack glyoxal 3 to give 43,
which can eliminate water to give the corresponding iminium 44
(Scheme 17).
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L,
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N IIR N Il?
HO N
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R NH R
R* O H O~ 'H
45 46

SCHEME 18 | Compound 44 forms enamine 44a or reacts with 2’ to
give 45.
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SCHEME 19 | Compound 45 undergoes a cyclisation to 47 and
eventually 50 via two eliminations of H,O and an addition of 2’.

Following formation of 44, there is a potential branch in the
pathway. Compound 44 can react with 2’ to give 45 or can form
the enamine 44a and eliminate water to give 46. The formation
of the enamine explains why the corresponding [M]** ions for
subsequent intermediates are not observed but the masses for the
[M]* ions are (Scheme 18).

The branches from compound 44 are shown separately, starting
with the formation of 45. This cyclisation gives 47, followed
by water elimination to 48. This iminium can react with 2’,
however, intermediate 49 is not directly observed, only the
corresponding elimination product 50. As before there are three
readily eliminated hemiaminal moieties, so the non-detection of
49 is not wholly surprising (Scheme 19).

The next step in this part of this route is an addition of 2’ to 50 to
give 51, followed by water elimination to 52 (Scheme 20).

Compound 52 leads to the penultimate step in this route,
which will be considered in tandem with the other branch, first
mentioned in Scheme 17 (see above). Thus, the alternative route
proceeding from compound 46 is shown (Scheme 21).
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SCHEME 20 | Compound 50 forms 52 via 51.
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SCHEME 21 | Pathway branch from 46 gives 56 via two additions of
2’ and an elimination of H,O.
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SCHEME 22 | Formation of 59 from 56 via 57 and 58.

In Scheme 21, the formation of compound 53 via an addition of
2’ is shown. Subsequent water elimination, followed by further
addition of 2’ gives compounds 54 and 55, respectively. At
this point, the charge that was otherwise present on the five-
membered ring has been neutralised and so the iminium position
as shown in compound 56 can be reconsidered.

Following the formation of compound 56, an addition of 2’ to
give 57 can occur. This is the same substitution that took place
in the formation of 45 from 44, enabling cyclisation to 58 and
elimination to give 59 (Scheme 22).

Finally, the branches reunite as 52 and 59 cyclise to give the same
compound 60. This acts in a similar manner as the penultimate
step of pathway A, where water is eliminated to give 61 and the
final intermolecular reaction gives the cage 4’ (Scheme 23).

Cyclisation
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SCHEME 23 | Cage 4’ formation via pathway B.
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SCHEME 24 | [M]*? species 62, and corresponding enamine 62a.
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SCHEME 25 | Cage 4’ formation from compound 62.

One last consideration for pathway B is an alternative order of the
final steps. Instead of cyclising to 60, 52 can eliminate another
equivalent of water to give the doubly charged species 62, which
was observed as an [M]**, this species is identical to the final
intermediate proposed by Nielsen et al. (Scheme 24) [3].

Lastly, this alternative intermediate, 62 can ring close at both
iminium positions to give the cage 4’ (Scheme 25).

With this, an extensive alternative reaction pathway is shown
for the formation of the isowurtzitane cage HBIW 4 and several
of its derivatives. HRMS is used as the primary technique to
explore this complex array of plausible species (time delayed
NMR is presented in the Supporting Information) and whilst
this methodology does have the limitation of not being able
to distinguish between alternative suggestions for the same
chemical isotope, it offers unprecedented means to explore the
otherwise unnavigable branches of this synthesis.

4 | Conclusion

An extensive alternative reaction pathway for the formation of
isowurtzitane cages is shown and the evidence for this via HRMS
and NMR is explored. The NMR data shows a clear signal for a
rapidly forming imine species, in-line with the literature-reported
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diimine 11. The NMR study shows that benzylamine 2 and glyoxal
3 readily form some amount of cage 4, even under synthetically
unfavourable conditions. This NMR observation in conjunction
with HRMS showed that the reaction of benzylamine 2 with
glyoxal trimer 16 was sufficiently slow to allow proper isolation
of the diimine intermediate 11. This was exploited to uncover
evidence of a complex alternative pathway to cage formation.

The alternative pathway is intricate and contains multiple
branching pathways in competition with each other, hence HRMS
was the most suitable means to explore this chemical space. This
does have a limitation, in that multiple plausible suggestions
for the same chemical isotope signal are indistinguishable. To
alleviate this a small substrate scope of benzylamine derivatives
to relate multiple corresponding HRMS signals for equivalent
structures was explored.

We hope this work can serve as the basis for future synthetic
exploration of this multi-faceted reaction and aid other authors
in exploring this chemical space.

Furthermore, the greater understanding of the complexities of
this cage formation will enable authors to envision brand new
synthetic pathways, potentially even bypassing the troublesome
palladium catalysis step.
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