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Structure Deter mination of Terpenes by the Crystalline
Sponge M ethod
Faiza Habif Derek A. Tochér Neil J. Pressand Claire J. Carméit
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U.K.
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ABSTRACT: The crystalline sponge method was used to produoeeln
encapsulation complexes with the aim of structdetbrmination of terpenes, such as
geraniol-monoterpenoid, farnesol-sesquiterpenoid @rdamascone-tetraterpenoids.
Along with the structure determination of the terpiels, non-bonding CH; n-n
interactions were identified in the host-guest clax@s, which were responsible for
holding the guests in the specific position witepect to the framework. In addition,
the orientation of guests with respect to the fraork& was studied.

KEYWORDS:. Crystalline sponge method, Structure determinatidost-guest

interactions.

1. INTRODUCTION

The crystalline sponge method is a technology afigwprecise, unambiguous molecular
determination of a non-crystalline compound whicbuld otherwise be not suitable for single
crystal X-ray diffraction (SCXRD) analysis due te state in isolation, such as powder, amorphous
solid, liquid, volatile matter or oil. In this meitl, metal-organic frameworks (MOF) are used as
‘crystalline sponges’, which can then absorb thrgdasample from a solution into the pores and
allow them to arrange themselves in a regular patiéth the help of specific interactions between
the MOF framework and the guests. These interagtiosluden-r, CH-t, and charge-transfer
interactions. The technique was first introduced~byita et al.[1] in 2013 and since then has grown
rapidly and proven helpful in the structure elutiola of natural products[2],[3] volatile
compounds[4],[5], ozonides[6], metabolites[7], itudying reaction mechanisms[8],[9] and in
absolute structure determination[10],[11]. With theccess of the crystalline sponge method many
researchers developed alternative crystalline sgaj@g],[13]. These new crystalline sponges can be
searched in the crystallographic database usirgdetines published by Fujit al.[14] In this study



we used the most successful crystalline sponge #&be d[{(Znk)s(tris(4-pyridyl)-1,3,5-
triazine}- (CHCk)} ] (1) developed by Fujita and co-workers[1] to encagsuterpenes, since its

applicability has been tested and clearly demotestran multiple occasions.

Terpenes are naturally occurring organic chemigatguced by plants and some insects. Their
strong aromatic qualities are valued by the perfuntstry, agribusiness is interested in their
potential pesticidal properties and their role raditional herbal remedies has been used by
pharmaceutical and biotechnology industries to gtine synthesis of drugs. With this motivation the
guest molecules selected for this research weranger(GoH;;0), farnesol (GH2¢0) and -
damascone (gH200) (Figure 1). Geraniol is an acyclic monoterpelomtzol, which exhibits anti-
tumour and potent chemo-preventive effects in calancer treatment and has proven to sensitize
cell differentiation to conventional anti-colitibdrapies[15]. In addition, studies of geraniol have
shown anti-inflammatory and antiatherogenic prapsfi6]. Similarly, farnesol has the ability to
selectively kill leukaemia cells and functions as kay synthetic intermediate in the
mevalonatgcholesterol synthesis pathway[17],[18]. Therefostructural information on these
terpenes would be useful in understanding complefular processes and potentially help

pharmaceutical industries to design new drugs ddriv from these terpenes.

Absolute structure determination of other terpesesh as astellifadiene[19], LphTPS-A - a
sesquiterpene synthase[20] - and prenyltransfdesipene synthase[3] has been previously achieved
using the crystalline sponge method, demonstrativag this technique is suitable for structure

determination of complex natural products.

2. EXPERIMENTAL

2.1 Crystalline Sponge Synthesis.

[{(Znl )s(tris(4-pyridyl)-1,3,5-triazine} (CHCk)},] (1) was prepared following the modified
procedure reported in the literature.[21]. Detailssponge pore dimensions and solvent accessible
voids can be found in Supporting Information.

2.2 Guest encapsulation.

Initial guest encapsulation experiments crystalsevagtempted by soakirgin neat guest, however
deterioration of the crystals was observed in ezde. Therefore, a strategy was developed where
guests were dissolved in a solvent, such as cldorofind cyclohexane prior to soaking. Several
soaking conditions were investigated to obtainkibst quality data and optimised guest occupancy,

as detailed in the supplementary information.



For successful guest encapsulation the guest Bqdd-40 uL) were dissolved in 2 mL of
cyclohexane, followed by pipetting of the solutiorio a vial containing well-formed rod-shaped
crystals ofl, (wheremass ofeachcrystal is approximately of the order of 4@) and left in the
incubator at 25 or 100C. Full experimental details are given in the sepmntary information.
After a few days of incubation suitable crystalsreveselected and subjected to SCXRD. The
optimised encapsulation conditions for the inclast@mplexes described in this paper are listed in
Table 1.

Table 1. Specific encapsulation conditionsfor the crystals soaked in guest: solvent solution.

Guest Solvent Guest Solvent Soaking Incubation
(ul) (ml) temperature time/days
geraniol cyclohexane 40 2 25°C 3
farnesol cyclohexane 10 2 10°C 12
B-damascone cyclohexane 40 2 25°C 5

2.3 Crystallographic Procedures.

Crystals were placed in Fombliand single crystals were selected and mountedrombm loops. X-
ray diffraction data were recorded at 150 K on ajileht Super Nova dual diffractometer (Agilent
Technologies Inc., Santa Clara, CA) with Cu Kadiation & = 1.5418 A). Unit cell determination,
data reduction, and absorption corrections werdethiout using CrysAlisPro.[25] The structures
were solved by direct methods and refined by fudknin least-squares based orf Esing
SHELX[26] within the OLEX2.0[27] graphical user arface. Non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were includgidgia riding model. Details of the treatment of

individual guest molecules in each structure cafobad in the Supporting Information

3. RESULTSAND DISCUSSION

The crystalline spongel) was synthesised by following the modified progeddescribed in the
literature[21]. To obtain higher occupancies thesjuencapsulation was first attempted with neat
guests which resulted in cracking of the crystglading to poor crystallinity of the samples, which
were therefore not suitable for the X-ray diffractiexperiment. Hence a strategy was developed
where the guest was dissolved in cyclohexane poasoaking. Several soaking conditions were

investigated and optimisation of parameters, sucltha concentration of the guest, soaking time



length and temperature were developed in eachtoasgtain the best and optimised occupancies as
well as best quality crystals for X-ray diffractiomeasurements. During SCXRD analysis chemical
occupancies of each guest molecule were initiaBfined freely which, resulted in higher
occupancies than we are reporting in the paperehery free refinement showed disorders in the
guest molecules. The reported values are consisidnthe best models we were able to develop
modelling the disordered quests. Details of soaldrgeriments can be found in the Supporting

Information.
3.1 Encapsulation complex with geraniol

Single crystal X-ray analysis showed the structfrgeraniol within the pores of the framework
Figure 2. The guest—-host complex was found to alyst in the centrosymmetric space grafic,
showing a slight expansion in cell dimensions comgavith the as-prepared crystalline spohgas
expected from the specific interactions of gueghivithe host structure. One guest molecule was
found per asymmetric unit with 40% occupancy, alarndp one well-characterised residual CHCI
molecule (from the synthesis &f. All the atoms of the guest were found and madelhowever,
the hydroxyl group of the guest shows disorder @vidrom the larger thermal ellipsoids shown in

Figure 2a.

A detailed examination of the packing diagram digpt in Figure 2b reveals that the guest
molecule was positioned over the aromatic paneltri(4-pyridyl)-1,3,5-triazine (TPT) and
interacting with two of the pyridyl rings and aazine ring Figure 2c, d. The formation of GH-
interactions ana-r interactions were observed between the guestranftamework. The C§dranior
centroigyrigineinteractions were 3.187 and 3.374 A, fahhiorcentroidiazine was found to be 3.839 A,
and rn-n interactions between=ECyeranioand the centrojgyidine Of the framework was observed at
distances of 4.115 and 4.216 A with a dihedral @l 10.60°, as illustrated in the Figures 2c and
2d. Since geraniol has a hydroxyl group it mighekpected to form a hydrogen-bond with the host
framework, however, the length ofQuniorHpyridgineinteraction was 3.053 A, larger than that normally

expected of a hydrogen bond which would be ~2.5 A.
3.2 Encapsulation complex with farnesol

The encapsulation complex bfwith farnesol crystallised in the centrosymmesp@ace groui2/c.
One guest molecule was found per asymmetric urit 80% occupancy and was found disordered
about the 2-fold axis. One of the methyl groupaditéd to C44 was severely disordered, therefore

could not be modelled, and hence is not showneargtrest structure presented in Figure 3b.
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Packing details illustrated in Figure 3a show tfaahesol was positioned over only one of the
pyridine rings and appears to be stabilised by radweteractions with that unique pyridine ring of
the host and the ends of the chain are extendedanijacent pores. Each farnesol molecule forms
four CHst and oner-n interaction with the unique pyridine. Each of theee G=C bonds in farnesol
interact with the host framework. Ther interaction between &Cnesoiand the centroidf the
pyridine ring was observed at 4.071 A. The four £Hteractions displayed in Figure 3b were 3.156
A, 3.850 A, 3.679 A, and 3.449 A. Similarly, to geiol, no H-bonding between the hydroxyl group
of farnesol and the framework was observed, becdngsshortest GnesotHpyridine distance was 3.233

A

Since farnesol is similar in structure to geraroot with a longer carbon chain, it was expected to
show some similarity in positioning inside the paseour previous studied had suggested for related
molecules.[22] However, in this case these two uemlecules were found situated at a different
site relative to the tris(4-pyridyl)-1,3,5- triag)p, TPT linker. Geraniol interacted with two pyridyl
rings and a triazine ring, whereas farnesol showesaction with that unique pyridyl ring only, with
which geraniol had not shown any interaction (Sieere 2d and 3b). In addition, the molecular size
of farnesol is higher than geraniol it is therefam&eresting to compare the extent to which they
occupy the pore space in the host. It is therepamaps unsurprising that the higher occupancy is
observed for the smaller geraniol (40%) rather tlaanesol (30%).

Other related guest molecules containing hydroxglg have been encapsulated in spohgeéth
the chiral reference installed within the framewank Fujitaet al.[23] Among the four guests, 2-
azido-1-phenylethanol and dimethyl L-(+)-tartraterevfound interacting with the framework with a
hydrogen bond. In both the cases, thveeee four molecules present in the asymmetric tioiyever
only one molecule sitting in a unigue site wasriaténg with the TPT panel through a hydrogen
bond. The hydrogen bond distances were OHuanf 2.308 A and OH---HGidine 2.425 A

respectively, which suggests that only specifiessdllow hydrogen bonding interactions.

3.3 Encapsulation complex with g-damascone

The crystals of3-damascone encapsulated idtavere obtained in th€2/c space group with one

guest molecule per asymmetric unit at 50% occupadoyng with one molecule of cyclohexane, and
no disorder in the guest molecule was observed.p8le&ing diagram, shown in Figure 4a, displays
the structural details in which the guest molecanterestingly was positioned on the site similar to
geraniol with a slight rotational difference wittspect to TPT linker, which is evident by comparing

CH-centroid distances. Two CH-centroid distance&scammparable because the pyridyl and triazine
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rings involved in interactions are common for bitle guests. However, the third CH-centroid is
different, since both guests were interacting aittifferent pyridyl ring. (See Figure 2d and 4b) In
addition, the guest molecule has appeared to ocewpyy alternate pore, unlike the other two
encapsulation complex discussed above. Howevemnuheer of guest molecules in the unit cell is
the same in all three complexes. With closer exation of the packing diagram it was revealed that
B-damascone was positioned in such a manner thataitwn chain of the molecule is held within
the same pore. In contrast, for geraniol and faiiné® carbon chains extend into the adjacent pore,
therefore geraniol and farnesol occupy a largee mmace compared fadamascone. Since, the
molecular shape gf-damascone is entirely different from the other guests, therefore, comparing

its refined occupancy with the other two guests isnot useful.

The dominant host-guest interactions in this examygre found to be Ch-interactions with CH
damascone CENtOiGhyridine Of 3.393 and 3.520 A, GHamascorrCENtI0iGhiazineOf 3.474 A and the carbonyl
group ofB-damascone interacting with the triazine ring forgnia contact distance=Og.gamascore
NiaizineOf 3.025 A. Although two &C bonds are present fadamascone, ne-n interactions were
observed because the orientation of the side at@amaining the &C bond was in the pore, as
shown in Figure 4b. In addition, the shortest@y_gamascordpyridinedistance was 4.095 A, suggesting
that the position and orientation @fdamascone in the pore does not allow hydrogen bond
formation. A similar observation was found in oureywous study[22], where arans
cinnamaldehyde molecule forms a hydrogen bond atsite in the pore whereas on the other site a
carbon chain containing the carbonyl grougrahs-cinnamaldehyde extends too far into the pore,
therefore not forming a hydrogen bond with the fearark. Furthermore, Fujitet al.[7] analysed a
metabolite from adrenosterone within spoidgend observed£€0- --H, hydrogen bond interactions
between only one guest molecule and the frameworkng the three guest molecules present in
asymmetric unit. This guest molecule is positiomeda unique site compared to the other two
molecules. Thus, the orientation and site of thesginside the pore plays an important role in the
formation of a hydrogen bond. In all three hostgjummplexes discussed above, guest ordering was
dominated by CHe andr-nt interactions, and the site they occupied was anatdrable for hydrogen
bonding.

The dominant interactions in all three complexesaweund to be comparable to previously reported
non-aromatic terpenes as detailed able 2. Since the novel terpenes encapsulated in thiy site
non-aromatic, the pi electron density of an isalateuble bond present in the guests engagestin
interactions with the centroid of the aromatic Tjphel. Thetr-r and CH= distances were compared

with the reported non-aromatic terpenes, and siityilan the distances were observed. However, the
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strength of the host-guest interactions cannotonepared with other non-aromatic guests because in
CSM interactions are required only to be strongughao regularly order the guest molecules in the
pores, which was achieved in all the inclusion clexgs reported. Additionally, this work was
compared with the other functionalised terpenesgsudated by Fujita[22]T able 2. Six terpene
natural products extracted frorhaurencia pacifica with a hydroxyl functional group were
encapsulated and in no instance were any OH grémpsd to form hydrogen bonds with the

framework.

These comparisons suggest, since the orderingeajubsts inside the pores were dominated by CH-
n andn-n interactions, that the formation of hydrogen bonds not favoured unless the guest has
occupied a unique site and orientation favourabtestich a bond. This reflects the hydrophobic

nature of tris(4-pyridyl)-1,3,5- triazing)TPT link

Table 2. Comparison of CH-n and a-m interaction between non-aromatic terpenesin the pores
of the host framework.

Guest geraniol farnesol - rac- rac.o- B- astellifadiene
damascone camphene[24] pinine[24] pinene[24] [19]

CH- 3.187A 3.054A 3.393A 3.358 A 3.444 A 3.291 A 3.044 A
n-n 4.115A 3.984 A - 4.963 A 4.141 A 4.484 A 4.404 A

4. CONCLUSIONS

We have reported three novel inclusion complexdh varpenes as guests through the crystalline
sponge method, further validating the utility ofstlexciting new methodology and expanding the
range of structures solved. The chosen guestsdravmportant role in the biotech and agribusiness
context, and further understanding of their norstaline low energy conformations could provide

insights into biological mechanisms and potentiablague design. Along with the structure

determination of the guests, their interactionshvilie host framework were studied. These non-
aromatic terpenes have comparable host-guest dtitara to the other reported non-aromatic

terpenes. CHe andn-n were identified as the dominating interactions aondnteractions between

the functional group in the guests and the hosaésaork were observed.

APPENDICES




Supplementary information includes details of dissrand the restrains and constraints used to fix i

of the individual guest molecule in each structure.

Accession Codes CCDC 1991537-1991539 contain thelesmentary crystallographic data for this

paper. These data can be obtained free of chasggww.ccdc.cam.ac.uk/data_request/cif, or by

emailing data_request@ccdc.cam.ac.uk, or by contacthe Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fedd 1223 336033.
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Figure 1. Structures of the guest molecugeraniolb) farnesolc) p-damascone.
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Figure 2. @) Thermal ellipsoids of guest moleculﬁ;Pg:king diagram of geraniol inclusion complex vidva®wn the
axis. Framework shown as capped stick model, gelrasiellipsoids shown in blue colour, residuabebform in gree
colour. Hydrogen atoms have been omitted for gladf CH-t interactioys between part of the host framework
geraniold) n-n interactions of part of host framework and gerknio



Figure 3. a) Packing diagram of farnesol inclusion complex vidwi®wn the b axis. Framework shown as capped
model, farnesol as ellipsoids shown in red colblydrogen atoms have been are omitted for clab}yCH-t andrn -
interaction between host framework and farnesol.
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Figure 4. a) Packing diagram di-damascone inclusion complex viewed down the b &@smework shown as capj
stick model 3-damascone as ellipsoids shown in green colouduaktyclohexane in light blue colour. Hydrogennag
have been are omittdry CH-r interaction between host framework ghdamascone.
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Captionsfor thefiguresin the manuscript

Figure 1: Structures of the guest molecules a) geraniol b) farnesol c) B-
damascone.

Figure 2: a) Thermal ellipsoids of guest molecule; b) Packing diagram of
geraniol inclusion complex viewed down the b axis. Framework shown as
capped stick model, geraniol as ellipsoids shown in blue colour, residual
chloroformin green colour. Hydrogen atoms have been omitted for clarity; c)
CH-= interactions between part of the host framework and geraniol d) n-n
interactions of part of host framework and geraniol.

Figure 3: a) Packing diagram of farnesol inclusion complex viewed down the b
axis. Framework shown as capped stick model, farnesol as ellipsoids shown in
red colour, Hydrogen atoms have been are omitted for clarity; b) CH-rand n -
Interaction between host framework and farnesol.

Figure 4. a) Packing diagram of -damascone inclusion complex viewed down
the b axis. Framework shown as capped stick model, f-damascone as ellipsoids
shown in green colour, residual cyclohexane in light blue colour. Hydrogen
atoms have been are omitted b) CH-x interaction between host framework and
[-damascone.



Highlights

» Crystaline sponge method provides the opportunity to determine crystalline structure of
non-crystalline compounds.

» Terpenes are naturally occurring organic chemicals produced by plants and some insects.

e Structural information on terpenes would be useful in understanding complex cellular
processes and help pharmaceutical industries to design new drugs.

» Three novel inclusion complexes through the crystalline sponge method with interesting
host-guest interactions.
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