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ABSTRACT

Octa-acid 1 is a water-soluble cavitand that has been used to investigate hydrophobic solvation
and Hofmeister effects, control photophysical and physicochemical properties, modulate the
reactivity of encapsulated guests, and as a tool to engender novel separation protocols. The
synthesis of 1 has largely centered around its formation from 2, a host that is itself most readily
synthesized on the multi-gram-scale in crude form (>75% purity). In this Methods Article we reveal
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improvements in the synthesis of 2, as well as a new synthetic strategy that efficiently converts host
crude 2 into pure 1. This provides access to 1 in only a five-step linear sequence, shortening the
total reaction time from previous methods, improving the purity, and increasing the final yield of 1.
We therefore anticipate that the described protocols will be of interest to researchers seeking to

utilize octa-acid in their studies.

Five steps
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Octa-acid 1 (Figure 1), a water-soluble deep-cavity cavitand
first reported by our group in 2004, was the first of its kind
to self-assemble in water through the hydrophobic effect
into well-defined nano-capsules [1,2]. This bowl-shaped
amphiphile is composed of a concave hydrophobic pocket,
a wide hydrophobic rim, and a convex outer surface coated
with eight water-solubilising carboxylic acid/carboxylate
groups. These ‘coating groups’ ensure excellent solubility
above pH=8. Since it was first reported, cavitand 1 has
been of utility to a number of groups for probing hydro-
phobic solvation [3-6], Hofmeister effects [7-10], control-
ling photophysical and physicochemical properties of
encapsulated guests [11-14], bringing precise control to
photochemical reactions [15-21], and engendering novel
separation protocols [22-24].

Arguably the most important deep-cavity cavitand for
the synthesis of 12 and other water-soluble hosts [25] is

octol 2 (Scheme 1). Crude octol is formed in three linear
steps in an overall yield of ~25%. Thus, it is synthesised by
first carrying out an acid catalysed Friedel-Crafts acylation
of resorcinol with 2,3-dihydrofuran. This provides resorcin
[4]arene 3 in 83% yield and on the tens-of-gram scale. This
resorcin[4]arene is then bridged with 3,5-dibromo benzal
bromide (itself made in 97% vyield by treating the corre-
sponding aldehyde with BBr3) to give the octa-bromide 4
in 40%. Ullmann ether ‘weaving’ with 3,5-dihydroxybenzyl
alcohol provides octol 2 on the multi-gram scale in 68%
crude ‘yield’ at ~70% purity, i.e. in ~47% yield. Since the
previous reported synthesis of 1, we have made modifica-
tions to these steps, including considerable changes to
the Ullmann ether ‘weaving’ step in response to the loss
of commercial availability of CuO nano-particles of suita-
ble size [26]. We present these updates in the attendant
Supporting Information.
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Figure 1. octa-acid 1.

Neither the resorcin[4]arene nor the cavitands shown
in Scheme 1 is amenable to chromatographic or crystal-
lisation protocols. Consequently, the over-arching pro-
blem with the synthesis of 1 has largely been how to
convert the readily available, gram quantities of crude
octol 2, into pure octa-acid 1. As a solution to this pro-
blem, the first reported synthesis of octa-acid 1 employed
tetra-benzylation of 4 with BnBr (combined 40% yield for
bridging to form 4, and subsequent benzyl protection).
Protected 4 could then be purified by column chromato-
graphy. Subsequent Ullmann ether weaving gave, after
a second chromatographic purification, the pendent
group benzyl-protected derivative of 2 in 40% vyield.
Quantitative debenzylation (H, and Pd/C) gave pure 2,
and oxidation (KMnO,) gave 1 in 92% vyield.
Unfortunately, as evidenced by'H NMR signal broaden-
ing, the octa-acid obtained from this procedure is now
estimated to have been typically 90-95% pure (Table 1).

This synthesis was improved upon in 2011 (Table 1)
[1]. The primary strategic change was to remove the
protection and deprotection steps used to form pure 2,
and forego obtaining the clean cavitand. Rather, crude 2
was taken forward to generate crude octa-acid 1, which

Br.

Br\@,Br

EtOH/H,0 Br” Br

was purified by esterification, column chromatography
of the octa-ester, and then hydrolysis. This had the
advantage of removing a single chromatographic pur-
ification and providing octa-acid 1 in higher purity. In
this Methods Article, we detail a shorter and faster synth-
esis of octa-acid 1, involving only four linear steps from
resorcin[4]arene 3. Furthermore, the total reaction time
for these steps has been more than halved compared to
the 2011 strategy. Nevertheless, the overall yield for 98%
+ pure 1 has been doubled.

As mentioned, the over-arching problem here is
how to convert gram quantities of crude octol 2
into pure octa-acid 1. The 2011 synthesis solved this
by forming an octa-ester of 1, which could be sub-
jected to chromatographic purification before being
hydrolysed back to the target [1]. As an alternative to
this, we sought a reaction that could convert crude 2
into a direct precursor of 1, which was itself amen-
able to chromatography. As shown in Scheme 2, we
identified the Parikh-Doering oxidation as a suitable
strategy [27]. Thus, a combination of anhydrous
DMSO, triethylamine, and sulphur trioxide pyridine
complex was found to oxidise crude octol 2 smoothly
and rapidly into crude octa-aldehyde 5 [28]. This
readily soluble mixture could then be chromatogra-
phically purified to yield pure octa-aldehyde 5 in 40%
yield (full characterisation of this novel host is pro-
vided in the Supporting Information). We also con-
verted pure 2 (obtained by acetylation (Ac,0),
chromatography, and hydrolysis (LiOH/DMA)) to
pure 5 in 66% vyield [29]. Like many deep-cavity
cavitands, pure 5 was found to have limited solubi-
lity. It was found to be insoluble in many common
solvents, be of limited solubility in halogenated sol-
vents, but be soluble in polar aprotic solvents such as
DMSO.
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Scheme 1. Column-free synthesis of octol 2.
Table 1. Summary of octa-acid syntheses.
Year Total steps Rct. time (d) No. columns Yield of octa-acid 1 from resorcin[4]arene 3
2004 5 14 2 12%°
2011 5 31 1 4%
2023 4 9 1 8%°

®Purity of 1 was 90-95%.
bYield for 98%-+ pure 1. For 95%-+ purity the yield was 8%.
“Purity of 1 98%-+.
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Scheme 2. New late-stage steps for the synthesis of octa-acid 1.

We note in passing the importance of aldehydes in
organic transformations and the potential for 5 to there-
fore act as a key precursor for other targets. However, for
the task at hand, we sought a clean oxidation procedure
that would convert 5 into pure octa-acid 1. The clean-
ness and efficiency of the Pinnick oxidation made it
a prime candidate, and ultimately, we found that the
combination of DMSO, water, NaH,PO, and NaClO,,
identified by Dalcanale and Montanari [30], worked
best. Thus, by this approach octa-aldehyde 5 could be
converted to octa-acid 1 in an excellent 83% yield. As
was necessary, the workup for this reaction was straight-
forward: removal of the solvent, suspension in aqueous
HCl, and then washing the product with acetone and
drying gave the pure product.

Overall, as Table 1 reveals, this new synthesis of octa-
acid 1 doubles the yield of high-purity host. Not only is the
total reaction time of the new synthesis considerably
shorter, and avoids the use of environmentally costly
MnQ,, but all steps are amenable to scale-up, such that
batches of octa-acid 1 can be synthesised on triple the
scale as previously, i.e. >1 g scale.

In summary, in this Methods Article, we demonstrate
a new, efficient synthesis of high-purity octa-acid 1. This
has been made possible by a new two-step conversion of
crude 2 to pure 1, combined with changes to the reaction
conditions and work-up protocols for the formation of
crude 2. A such, we believe the described work will be
of interest to those studying water-soluble hosts and
encapsulation phenomena.

Acknowledgments

BCG thanks the National Institutes of Health (GM 125690) and
National Science Foundation (CHE-2305018) for financial
support.

Disclosure statement

No potential conflict of interest was reported by the author(s).

SUPRAMOLECULAR CHEMISTRY e 3

NaH;PO4, NaClO,

DMSO

Funding

The work was supported by the National Science Foundation
[CHE-2305018]; National Institutes of Health [GM 125690].

ORCID

Corinne L. D. Gibb
André J. Hebert
Yahya A. Ismaiel
Priyanka Prusty
Theodore Wyshel

http://orcid.org/0000-0002-2985-6799
http://orcid.org/0009-0001-8203-2289
http://orcid.org/0009-0009-7909-1948
http://orcid.org/0009-0008-2706-6428
http://orcid.org/0009-0001-2194-9093

Supporting information

Supporting Information available: Updated synthesis of octol 2,
the Parikh-Doering oxidation of 2 into 5, characterisation of host
5, and Pinnick oxidation procedure to convert 5 to octa-acid 1.

References

[1] Liu S, Whisenhunt-loup SE, Gibb CLD, et al. An improved
synthesis of ‘octa-acid’ deep-cavity cavitand. Supramol
Chem. 2011;23(6):480-485. doi: 10.1080/10610278.
2010.550290

[2] Gibb CLD; Gibb BC. Well-defined, organic nanoenviron-
ments in water: the hydrophobic effect drives a capsular
assembly. J Am Chem Soc. 2004;126(37):11408-11409.
doi: 10.1021/ja0475611

[3] Barnett JW, Sullivan MR, Long JA, et al. Spontaneous
drying of non-polar deep-cavity cavitand pockets in
aqueous solution. Nat Chem. 2020;12(7):589-594. doi:
10.1038/s41557-020-0458-8

[4] Ashbaugh HS, Gibb BC, Suating P. Cavitand complexes
in aqueous solution: collaborative experimental and
computational studies of the wetting, assembly, and
function of Nanoscopic bowls in water. J Phys Chem B.
2021;125(13):3253-3268. doi: 10.1021/acs.jpcb.0c11017

[5] Rizzi A, Murkli S, McNeill JN, et al. Overview of the
SAMPL6 host-guest binding affinity prediction chal-
lenge. J Comput Aided Mol Des. 2018;32(10):937-963.
doi: 10.1007/s10822-018-0170-6

[6] Amezcua M, El Khoury L, Mobley DL. SAMPL7 Host-
guest challenge overview: assessing the reliability of
polarizable and non-polarizable methods for binding


https://doi.org/10.1080/10610278.2010.550290
https://doi.org/10.1080/10610278.2010.550290
https://doi.org/10.1021/ja0475611
https://doi.org/10.1038/s41557-020-0458-8
https://doi.org/10.1038/s41557-020-0458-8
https://doi.org/10.1021/acs.jpcb.0c11017
https://doi.org/10.1007/s10822-018-0170-6

4 (&) C.LD.GIBBETAL

[10]

(11l

[12]

[13]

[14]

[15]

(el

[17]

(8]

19

free energy calculations. J Comput Aided Mol Des.
2021;35(1):1-35. doi: 10.1007/510822-020-00363-5
Gibb CL, Gibb BC. Anion binding to hydrophobic con-
cavity is central to the salting-in effects of Hofmeister
Chaotropes. J Am Chem Soc. 2011;133(19):7344-7347.
doi: 10.1021/ja202308n

Carnagie R, Gibb CLD, Gibb BC. Anion complexation and
the Hofmeister effect. Angew Chem Int Ed. 2014;53
(43):11498-11500. doi: 10.1002/anie.201405796

Jordan JH, Gibb CLD, Wishard A, et al. lon-hydrocarbon
and/or ion-ion interactions: direct and reverse
Hofmeister effects in a synthetic host. J Am Chem Soc.
2018;140(11):4092-4099. doi: 10.1021/jacs.8b00196
Gibb CL, Oertling EE, Velaga S, et al. Thermodynamic
profiles of salt effects on a host-guest system: new
insight into the Hofmeister effect. J Phys Chem B.
2015;119(17):5624-5638. doi: 10.1021/acs.jpcb.5b01708
Cai X, Kataria R, Gibb BC. Intrinsic and extrinsic control of the
pK; of thiol guests inside yoctoliter containers. J Am Chem
Soc. 2020;142(18):8291-8298. doi: 10.1021/jacs.0c00907
Wang K, Cai X, Yao W, et al. Electrostatic control of macro-
cyclization reactions within Nanospaces. J Am Chem Soc.
2019;141:6740-6747. doi: 10.1021/jacs.9b02287

Yao W, Wang K, Ismaiel YA, et al. Electrostatic potential
field effects on amine macrocyclizations within yoctoli-
ter spaces: supramolecular electron Withdrawing/
Donating groups. J Phys Chem B. 2021;125
(32):9333-9340. doi: 10.1021/acs.jpcb.1c05238

Wang K, Yao W, Cai X, et al. Salt effects on the rates of
a thiol cyclisation reaction within a yocto-litre
inner-space. Supramol Chem. 2023;34(2):87-93. doi:
10.1080/10610278.2023.2231120

Ramamurthy V. Photochemistry within a water-soluble
organic capsule. Acc Chem Res. 2015;48(11):2904-2917.
doi: 10.1021/acs.accounts.5b00360

Baldridge A, Samanta SR, Jayaraj N, et al. Steric and
electronic effects in capsule-confined green fluorescent
protein chromophores. J Am Chem Soc. 2011;133
(4):712-715. doi: 10.1021/ja1094606

Porel M, Chuang CH, Burda C, et al. Ultrafast photoin-
duced electron transfer between an incarcerated donor
and a free acceptor in aqueous solution. J Am Chem Soc.
2012;134(36):14718-14721. doi: 10.1021/ja3067594
Kaanumalle LS, Gibb CLD, Gibb BC, et al. Controlling
photochemistry with distinct hydrophobic
nano-environments. J Am Chem Soc. 2004;126
(44):14366-14367. doi: 10.1021/ja0450197

Kaanumalle LS, Gibb CLD, Gibb BC, et al. A hydrophobic
nano-capsule controls the photophysics of aromatic

[21]

[22]

[23]

[25]

[26]

[29]

molecules by suppressing their favored solution
pathways. J Am Chem Soc. 2005;127(11):3674-3675.
doi: 10.1021/ja0425381

Natarajan A, Kaanumalle LS, Jockusch S, et al. Controlling
photoreactions with restricted spaces and weak inter-
molecular forces: exquisite selectivity during oxidation
of olefins by singlet oxygen. J Am Chem Soc. 2007;129
(14):4132-4133. doi: 10.1021/ja070086x

Gibb CLD, Sundaresan AK, Ramamurthy V, et al.
Templation of the excited-state chemistry of a-(n-alkyl)
dibenzyl ketones: how guest packing within a nanoscale
supramolecular capsule influences photochemistry.
J Am Chem Soc. 2008;130(12):4069-4080. doi: 10.1021/
ja7107917

Liu S, Gan H, Hermann AT, et al. Kinetic resolution of
constitutional isomers controlled by selective protection
inside a supramolecular nanocapsule. Nat Chem. 2010;2
(10):847-852. doi: 10.1038/nchem.751

Gibb CLD, Gibb BC. Templated assembly of
Water-Soluble Nano-Capsules: inter-phase sequestra-
tion, storage, and separation of hydrocarbon gases.
J Am Chem Soc. 2006;128(51):16498-16499. doi: 10.
1021/ja0670916

Wang K, Jordan JH, Gibb BC. Molecular protection of
fatty acid methyl esters within a supramolecular
capsule. Chem Commun. 2019;55(78):11695-11698.
doi: 10.1039/C9CC06501F

Hillyer MB, Gibb CL, Sokkalingam P, et al. Synthesis of
water-soluble Deep-Cavity Cavitands. Org Lett. 2016;18
(16):4048-4051. doi: 10.1021/acs.orglett.6b01903

CuO nano-particles were replaced with CuBr, which was
noted to be slightly soluble in the pyridine reaction
solvent. This change also reduced the total reaction
time to seven days (see Supporting Information).

Parikh JR, Doering WVE. Sulfur trioxide in the oxidation
of alcohols by dimethyl sulfoxide. J Am Chem Soc.
1967;89(21):5505-5507. doi: 10.1021/ja00997a067

In developing this reaction we explored a number of
variables that did not prove to be beneficial. These
included the base (K,COs3, DIPEA, DBU) and co-solvents
(DMF, DMA, toluene, CHCI5 and CH,Cl,).

This yield was similar to that obtained for the bromina-
tion of pure octol 2, and corresponds to an average 95%
yield per reaction site. We therefore believe
octa-aldehyde formation to be close to optimal.
Dalcanale E, Montanari F. Selective oxidation of alde-
hydes to carboxylic acids with  sodium
chlorite-hydrogen peroxide. J Org Chem. 1986;51
(4):567-569. doi: 10.1021/jo00354a037


https://doi.org/10.1007/s10822-020-00363-5
https://doi.org/10.1021/ja202308n
https://doi.org/10.1002/anie.201405796
https://doi.org/10.1021/jacs.8b00196
https://doi.org/10.1021/acs.jpcb.5b01708
https://doi.org/10.1021/jacs.0c00907
https://doi.org/10.1021/jacs.9b02287
https://doi.org/10.1021/acs.jpcb.1c05238
https://doi.org/10.1080/10610278.2023.2231120
https://doi.org/10.1080/10610278.2023.2231120
https://doi.org/10.1021/acs.accounts.5b00360
https://doi.org/10.1021/ja1094606
https://doi.org/10.1021/ja3067594
https://doi.org/10.1021/ja0450197
https://doi.org/10.1021/ja0425381
https://doi.org/10.1021/ja070086x
https://doi.org/10.1021/ja7107917
https://doi.org/10.1021/ja7107917
https://doi.org/10.1038/nchem.751
https://doi.org/10.1021/ja0670916
https://doi.org/10.1021/ja0670916
https://doi.org/10.1039/C9CC06501F
https://doi.org/10.1021/acs.orglett.6b01903
https://doi.org/10.1021/ja00997a067
https://doi.org/10.1021/jo00354a037

	Abstract
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Supporting information
	References

