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The syntheses of three hexadecaimino nanocapsules
4b-d via the trifluoroacetic acid-catalysed condensation
of four equivalents of a tetraformylcavitand 2 with eight
equivalents of 1,4-phenylenediamine 3b, benzidine 3c
or 4,4'-ethylenedianiline 3d, respectively, are reported.
These nanocapsules are shaped like a tetragonal
tetrahedron and have solvodynamic diameters of 2.5-
3nm, which were estimated from their diffusion
constants. The smallest of these tetragonal tetrahedra
4b, which has a cavity volume of 1250 A3, forms 1:1 and
2:1 complexes with RyN*Br ™ salts (R = n-pentyl, n-hexyl,
n-heptyl) in organic solvents. Complexation-induced
shifts and the slow exchange rates between the free and
complexed guests are consistent with the guest being
fully encapsulated inside the nanocapsule.

Keywords: Dynamic covalent chemistry; Nanocapsule; Host—
guest chemistry; Encapsulation; Molecular container molecule

INTRODUCTION

Molecular container compounds offer new interest-
ing opportunities in chemical and biological sciences
[1-7]. They have shown great promise as nano-
reactors [8,9], in which fleeting intermediates are
stabilised [10-15] and reaction rates [16—18], regio-
and stereochemistry are altered [19-21], as building
blocks for nanodevice fabrication [22, 23], and in
delivery [24], storage and separation technology [25].
Container molecules that are large enough to
encapsulate multiple guest molecules also allow
probing of weak intermolecular interactions between
these guests [6, 26—28]. In recent years, highly
efficient self-assembly processes utilising hydrogen
bonding or metal coordination chemistry have been
developed for the multicomponent synthesis of large
molecular capsules [4-7, 29-40]. Self-assembly
provides a proofreading and error correction
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mechanism and typically yields the desired nano-
capsule quantitatively, provided that it is the
thermodynamically most stable assembly. The same
virtues are inherent to dynamic covalent chemistry
(DCQ), in which reactants are linked by dynamic
covalent bonds that form reversibly under the correct
reaction conditions [41]. DCC has been applied
successfully for the synthesis of dynamic combina-
torial libraries [42—-44], responsive materials [45-47],
topologically and structurally highly complex mol-
ecules [48-50] and molecular container compounds
[51-56]. For example, octaimine hemicarcerands
le-h are the only observable products in the acid-
catalysed condensation of two equivalents of tetra-
formylcavitand 2 with four equivalents of diamines,
such as 1,3-phenylenediamine 3e, propane-1,3-dia-
mine 3f, butane-1,4-diamine 3g or pentane-1,5-
diamine 3 h (Chart 1) [51-55]. We recently discovered
that this condensation leads to larger nanocapsules,
whose size and shape are solvent dependent,
if ethylene-1,2-diamine 3a is the diamine building
block [53-55]. In chloroform, this reaction yields an
octahedral nanocapsule 5 composed of 6 cavitands
and 12 ethylenediamines [54,55]. On the other hand,
the tetragonal tetrahedron 4a or the square antiprism
6 are the major products in tetrahydrofuran or
dichloromethane, respectively (Scheme 1) [53].

The lack of formation of hemicarcerand 1a is likely
a consequence of higher conformational energy of
the 1,2-diaza-ethylene linkers in 1a, which require a
gauche conformation as apposed to 4a, 5-6, in which
an anti conformation is possible. Thus, our hypo-
thesis has been that linear diamines, in which the
angle between the C—N bonds is 180° in the lowest
energy conformation, have the propensity to yield
larger nanocapsules and those, whose angles are
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CHART 1

around 120°, preorganise linked cavitands for further
growth into an octaimine hemicarcerand [53]. Here,
we address the question whether other, more rigid
linear diamines will yield related tetrameric, hex-
americ and/or octameric nanocapsules that were

4a

SCHEME 1 Nanocapsules assembled from cavitand 2 and
ethylene-1,2-diamine.

observed with 3a. For this investigation, we choose
diamines 3b—d, which are more rigid than 3a, whose
conformational flexibility decreases in the order
3a > 3d > 3b = 3¢ and which might provide nano-
capsules with a broad spectrum of cavity sizes.

EXPERIMENTAL SECTION

General Methods

All reactions were conducted under argon. Reagents
and chromatography solvents were purchased from
Aldrich and used without any further purification,
except that chloroform was passed through K,CO;
prior to use. "H NMR spectra recorded in CDCls,
toluene-dgs or THF-dg were referenced to residual
CHCl;, CHD,C4¢Ds5 and (CHDCD,CD,CD,)O at 7.26,
2.09 and 1.73ppm, respectively. ?C NMR spectra
recorded in CDClj or toluene-dg were referenced to
13CDCl; at 77.0ppm and 13CD,CyDs5 at 20.8 ppm.
Mass spectra were recorded on an Applied
Biosystems Voyager DE-Pro mass spectrometer
(MALDI-TOF). 2,4,6-Trihydroxyacetophenone was
used as the matrix. Gel permeation chromatography
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(GPC) was performed on a Thermo SpectraSYSTEM
HPLC system equipped with dual wavelength
UV/Vis detector (280nm), Eppendorf CH-30 col-
umn heater and two Jordi GPC columns (cross-
linked DVB, 10° A pore size, MW cut-off ~ 25,000,
7.8mm X 30cm) with CH,Cl,/1% NEt; as the
mobile phase at a flow of 1ml/min. Approximate
molecular weights of analytes were determined
from a semi-logarithmic calibration plot (In(MW)
against retention time) using the following molecu-
lar weight standards: benzene (MW 78), cavitand 2
(MW 928), NMP hemicarceplex (MW 2348) [70] and
three polyamino nanocapsules (MW 3941, 5912 and
7882) [53,54].

Synthesis of Hexadecaimino Nanocapsule 4b
(Procedure A)

A solution of cavitand 2 (105.6 mg, 0.114 mmol), para-
phenylenediamine 3b (25.0mg, 0.231 mmol) and
CF;COH (TEA) (0.79 pl, 0.0107mmol) in toluene
(21.0 ml) was stirred for 0.5h. Molecular sieves (3 A)
were added to the flask and stirring was continued
overnight. The mixture was filtered and solid
anhydrous K,CO; was added to the filtrate. After
stirring for 5 h, salts were filtered off. The filtrate was
concentrated under reduced pressure and the yellow
residue was dried at high vacuum overnight
(121 mg, 99% yield, >95% purity based on 'H
NMR integration).

"H NMR (500 MHz, toluene-dg, 25°C), 8 (ppm):
8.71 (s, 8H, Himine), 8-28 (s, 8H, Himine), 7-65 (s, 8H,
H.), 7.60 (s, 8H, H,), 7.01 (s, 16H, H(14)), 6.73 (s, 16H,
H(14)), 6.28 (d, J=8.20Hz, 4H, H,), 599 (d,
] =7.80Hz, 8H, H,), 553 (t, | = 7.79Hz, 4H, H,,),
5.37 (t,] = 8.20Hz, 8H, H,,)), 5.17 (d, ] = 8.20 Hz, 4H,
H,),5.14 (t, ] = 7.79Hz, 4H, H,,), 4.83 (d, ] = 7.79 Hz,
8H, H,), 401 (d, J=7.38Hz, 4H, H,), 3.97 (d,
] =7.79Hz, 4H, H,), 2.49-2.26 (m, 32H), 1.54-1.25
(m, 96H), 0.92-0.88 (m, 48H, CH,). *C NMR
(125 MHz, toluene-ds, 25°C), 6c (ppm): 156.83 (C12),
156.77 (C12), 155.76 (C10), 155.57 (C10), 154.49 (C10),
154.31 (C12), 154.25 (C12), 153.72 (C10), 153.18 (C13),

151.76 (C13), 140.09 (C9), 140.08 (C9), 138.99 (C9),
138.86 (C9), 124.69 (C11), 124.66 (C11), 122.78 (C8),
122.56 (C8), 122.15 (C14), 121.74 (C14), 102.08 (C7),
101.35 (C7), 99.72 (C7), 37.33 (C6), 37.18 (C6), 37.03
(C6), 32.48 (C4), 32.34 (C4), 30.90 (C4), 30.44 (C5),
30.31 (Cb), 30.04 (Cbh), 28.21 (C3), 28.16 (C3), 28.11
(C3), 23.24 (C2), 23.20 (C2), 23.18 (C2), 14.32 (C1),
14.31 (C1), 14.27 (C1). MALDI-TOF MS: m/z 4294.02
(1000/0, M + H+, 4294.16 calcd for C272H289N16032).
GPC: tg = 12.91 min (column temperature 25°C).

Synthesis of Hexadecaimino Nanocapsule 4c

From 2 (99.6 mg, 0.107 mmol), benzidine 3¢ (40.3mg,
0.219 mmol) and CF;CO,H (TFA) (0.8 p.1, 0.0107 mmol)
in chloroform (10.0 ml) according to procedure A. Deep
yellow solid (121 mg, 92% yield, > 95% purity based on
"H NMR integration).

'H NMR (500 MHz, CDCl,, 25°C), 6y (ppm): 8.66
(s, 8H, Hjmine), 8.51 (s, 8H, Hjmine), 7.61 (d,
] =8.30Hz, 16H, CsHy), 7.54 (d, ] =8.30Hz, 16H,
CeHy), 7.29 (s, 8H, H,), 7.28 (s, 8H, H,), 7.19 (d,
] =8.30Hz, 16H, C¢Hy), 7.06 (d, ] =8.30Hz, 16H,
Ce¢Hy), 591 (d, J=7.64Hz, 4H, H,), 587 (d,
] =7.31Hz, 8H, H,), 546 (d, ] =697Hz, 4H, H,),
5.06-5.00 (m, 12H, H,,), 493 (t, ] =7.97Hz, 4H,
H.,), 4.82(d, |=7.64Hz, 4H, H;), 4.75 (d,
J]=7.31Hz, 8H, H;), 436 (d, | =697Hz, 4H, H)),
2.31 (br s, 32H), 1.48-1.39 (m, 96H), 0.98-0.94 (m,
48H; CH;). '3C NMR (125MHz, CDCls, 25°C), 8¢
(ppm): 156.50 (C12), 155.36 (C12), 154.37 (C10),
154.22 (C10), 153.77 (C10), 152.89 (C10), 152.14
(C13), 151.80 (C13), 139.25 (C16), 138.96 (C16),
138.70 (C9), 138.50 (C9), 138.46 (C9), 138.26 (C9),
127.64 (C15), 127.52 (15), 124.10 (C11), 123.79 (C11),
122.27 (C8), 122.10 (C8), 121.48 (C14), 121.11 (C14),
100.67 (C7), 100.55 (C7), 99.67 (C7), 36.55 (C6), 36.44
(C6), 31.99 (C4), 31.96 (C4), 31.94 (C4), 29.93 (C5),
29.82 (Cb), 29.51 (C5), 27.61 (C3), 27.59 (C3), 27.57
(C3), 22.73 (C2), 22.70 (C2), 14.11 (C1). MALDI-TOF
MS: m/z 4902.62 (100%, M + H™; 4902.41 calcd for
C320H321N16032). GPC: tR = 12.54 min (Column tem-
perature 25°C).
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Synthesis of Hexadecaimino Nanocapsule 4d

From 2 (110.2 mg, 0.119 mmol), 4,4'-ethylenedianiline
3d (51.1mg, 0.241 mmol) and CF;CO,H (TFA) (0.05 pl,
0.00067 mmol) in CHCl; (11.0ml) according to
procedure A. Reaction times: 2h without and 1h with
3 Amolecularsieves. Bright yellow solid (141 mg, 92%
yield, >90% purity based on 'H NMR integration).

'"H NMR (400 MHz, CDCl3, 25°C), 6y (ppm): 8.60
(s, 8H, Hjmine), 855 (s, 8H, Himine), 7.29 (d,
] =8.49Hz, 16H, C¢Hy), 7.27 (br s, 16H, H,), 7.22
(d, J=829Hz, 16H, C¢Hy), 7.05 (d, | =8.19Hz,
16H, C¢Hy), 6.99 (d, ] = 8.10 Hz, 16H, C¢H,), 5.81 (d,
] =751Hz, 12H, H,), 5.71 (d, ] = 7.51Hz, 4H, H,),
5.04-4.93 (m, 16H, H,,)), 4.78 (d, ] = 7.71 Hz, 4H, H;),
471 (d, ] =7.73Hz, 8H, H;), 4.53 (d, ] = 7.06 Hz, 4H,
H;), 2.90 (s, 32H, Ar-CH,-), 2.31 (br s, 32H), 1.54-
1.35 (m, 96H), 0.98-0.94 (m, 48H, CH,). *C NMR
(125MHz, CDCl;, 25°C), 6c (ppm): 15548 (C12),
155.14 (C12), 154.20 (C10), 154.05 (C10), 153.61
(C10), 153.14 (C10), 150.88 (C13), 150.57 (C13),
140.40 (C16), 140.06 (C16), 139.05 (C9), 138.91 (C9),
138.67 (C9), 138.53 (C9), 128.90 (C15), 128.81 (15),
124.13 (C11), 124.08 (C11), 122.06 (C8), 121.96 (C8),
120.98 (C14), 120.82 (C14), 100.65 (C7), 100.51 (C7),
100.06 (C7), 38.18 (C17), 37.39 (C17), 36.48 (Ce),
36.44 (C6), 31.98 (C4), 31.96 (C4), 31.94 (C4), 29.89
(C5), 29.75 (C5), 29.63 (Cb), 27.61 (C3), 27.57 (C3),
22.72 (C2), 22.71 (C2), 22.70 (C2), 14.10 (C1). IR
(NaCl), v (cmfl): 2957, 2932, 2860, 1622, 1581, 1504,
1468, 1448, 1242, 1206, 1093, 958. MALDI-TOF MS:
m/z 5126.15 (100%, M + H'; 5126.66 calcd for
C336H353N16032). GPC: IR = 12.03 min (column tem-
perature 60°C).

Reduction of 4d

NaBH;CN in THF (1M, 0.47ml, 0.47 mmol) was
added dropwise over 10 min to a mixture of tetramer
4d (30.0mg, 0.00585mmol), Ni(AcO), (25.7mg,
0.103mmol) in THF (14.6ml). The mixture was
stirred overnight at room temperature. The solvent
was removed. The residue was stirred with 10ml

H,O and 1 ml NH3/H,O for 20 min. It was extracted
with 30ml CH,Cl,. The organic layer was washed
with 10 ml saturated NaHCOj3 (aq) and concentrated.
The product was precipitated with methanol. The
crude product was dried overnight at high vacuum
at room temperature to yield an off-white solid. The
solid was redissolved in 1ml CH,Cl, and precipi-
tated with methanol. The precipitate was filtered off,
washed with 3 X 1ml methanol and dried overnight
at high vacuum at room temperature. The crude
product was purified by HPLC (PrincetonSPHER-
300 Silica 300 A, 5w, 150 X 4.6mm, 1ml/min,
280nm, tg = 4.55min), which gave 7 as a white
solid (23 mg; 72% yield based on cavitand 2 used for
the synthesis of 4d).

'"H NMR (300MHz, CDCl;, 25°C): 6 =7.22 (s, 8H,
H.), 7.18 (s, 8H, H,), 7.13 (d, ] = 8.49Hz, 16H, C¢H,),
7.02 (d, ] = 8.49Hz, 16H, C¢Hy), 6.69 (d, ] = 8.38Hz,
16H, C¢Hy), 6.56 (d, ] = 8.38 Hz, 16H, CcHy), 5.97 (d,
] = 6.95Hz, 4H, H,), 591 (d, ] = 6.95Hz, 8H, H,), 5.80
(d, ] = 6.95Hz, 4H; H,), 4.89-4.81 (m, 16H, H,,), 4.46
(d, ] = 6.83Hz, 12H, H,), 4.38 (d, | = 6.37 Hz, 4H, H)),
4.19-411 (m, 16H, aryl-CH,—N), 4.06 (d,
J=10.76Hz, 8H, aryl-CHH—N), 398 (d,
] =10.23Hz, 8H, aryl-CHH—N), 2.84-2.71 (m, 32H,
Ar—CH,—CH,—Ar), 2.32-2.20 (m, 32H), 1.50-1.33
(m, 96H), 0.98-0.92 (m, 48H, CH;). C NMR
(100.6 MHz, CDCls, 25°C), 8¢ (ppm): 153.99 (C10),
153.82 (C10), 153.67 (C10), 146.56 (C13), 145.94 (C13),
138.60 (C9), 138.44 (C9), 138.20 (C9), 13243 (C16),
132.17 (C16), 129.28 (C15), 129.00 (15), 125.42 (C11),
124.32 (C11), 120.07 (C8), 119.85 (C8), 114.05 (C14),
113.62 (C14), 100.39 (C7), 99.86 (C7), 99.67 (C7), 39.55
(C12), 38.71 (C12), 37.95 (C17), 37.67 (C17), 37.05 (C6),
32.03 (C4),30.19 (C5), 27.62 (C3),22.69 (C2), 14.10 (C1).
MALDI-TOF MS: m/z 5159.07 (100%, M + HT;
5159.92 caled for C336H385N16O32).

DOSY Experiments

DOSY NMR experiments were performed on a
500MHz Varian spectrometer equipped with a
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gradient system that generates magnetic field pulse
gradients in the z-direction of about 50G/cm. A 5-
mm broadband probe was used to carry out all the
measurements. Samples were put into a 4-mm NMR
tube that was inserted into a 5-mm NMR tube to
reduce convection. Temperature was controlled at
298 K. Samples were equilibrated at least 10min
before the measurement started. The diffusion
experiments were performed using the pulse
sequence Dbppste (Bipolar Pulse Pair Stimulated
Echo Experiment), which is implemented in the
Varian Vnmr] software package. The diffusion delay
(del, A) was set to 0.15s. The gradient pulse strength
(gzlvll, G,) was varied from 400 to 25,000 (G/ cm)?.
For all other parameters, the default values were
used. The diffusion rate constant (D) and its error
reported in Table I are the mean average of the
diffusion rate constants of each individual host
proton signal ina D against 6 plot and the SE of mean,
respectively.

Binding Studies

Binding constants K for the encapsulation of
tetraalkylammonium bromides inside the host 4b
were measured in THF-dg (or toluene-dg) in the
temperature range between 268 and 308 K. For all
binding experiments, a 500 MHz Varian NMR
spectrometer was used. NMR samples containing a
known total host concentration ([H]y) and total guest
concentration ([G]) were equilibrated at least 10 min
before each measurement. The 1:1 binding constants
K were calculated from the integrals of the selected
host, free guest and encapsulated guest signals
according to the following equation: K=
[HG]/([H] X [G]) = ((GencapCH3)/12) / (I(Himine) /
16 — I(GencapCHB)/lz) X ((I(GfreeCHZ)/8)/(I(Gfree'
CHZ)/8 + I(GencapCH3)/12)) X [G]O)r where [H]/ [G]
and [HG] are the concentrations of free host 4b, free
guest and complex, respectively, and 1(GeneapCHa),
I(Himine) and I(GgeeCHy) are the integrals of the 12
CHj; protons of the encapsulated guest, the 16 imine
protons of the host (free and complexed) and the
eight a-CH, protons of the free guest, respectively.
The enthalpy AH and entropy of complexation AS
reported in Table III were determined from van't
Hoff plots: In(K) = AS/R — AH/R x1/T).

TABLE 1 Diffusion constants D in CDCl; at 25°C and
solvodynamic radii r* of 4b-d.

Nanocapsule 4b 4c 4d

D (10 ""m?/s) 3.19 £ 0.05 2.77 £ 0.03 2.74 * 0.02
r (A) 12.7 £ 0.2 147 £ 02 148 = 0.1

1 = kT/6mnD with n = 0.538 mPa/s (58, 59).

RESULTS AND DISCUSSION

Condensation of Tetraformylcavitand 2 with
Diamines 3b-d

Addition of two equivalents of freshly sublimed 3b to
a solution of 2 in toluene containing 2.5mol%
trifluoroacetic acid (TFA) and activated molecular
sieves gave a single condensation product as judged
by the 'H NMR spectrum and gel permeation
chromatogram of the reaction mixture (Figs. 1 and
2). The addition of molecular sieves was important in
order to drive the condensation reaction to com-
pletion by removing the formed water. The same
product was also formed in chloroform and partially
precipitated during the reaction. After removing the
acid catalyst with solid potassium carbonate, the
product was isolated in quantitative yield by solvent
evaporation. We assign this product to the distorted
tetrahedron 4b. Our assignment is based on 'H NMR,
13C NMR spectra and MALDI-TOF MS spectra of 4b
and binding studies (vide infra), which show that 4b is
able to encapsulate one or two guest molecules,
whose exchange with the free guest is slow on the
NMR timescale. In the MALDI-TOF MS spectrum, the
major ion has the correct mass-to-charge ratio
m/z=4294.0 expected for protonated 4b
(IM + H]*, caled m/z=4294.2). Further support
for 4b comes from its "H NMR spectrum, as shown in
Fig. 1. Consistent with the D,4 symmetry of 4b, two
sets of imine (Himine), cavitand aryl (H,) and linker
aryl protons (H;)—each with a ratio 8:8—and three
sets of cavitand methine (H,,), inwards (H;) and
outwards pointing acetal protons (H,)—each in a
ratio 4:4:8—are observed.

The condensation reaction between four equiva-
lents of 2 and eight equivalents of 3¢ or 3d gave
tetrameric nanocapsules 4c (quantitative) and 4d
(90% yield), respectively. Again, the assignment of
these products to tetrahedral capsules was based
on the similarity of their 'H and '*C NMR spectra
to those of 4b. The other products in the reaction
of 3d are small amounts of a trimer and
hemicarcerand 1d, which is supported by GPC
and MALDI-TOF MS of the reaction mixture

RHmHﬂ
00
H-“x N7 Hjp;
Himine i H, mne

L

Illl\LIIII|\lllllIll||l|I|l~\ll|llllil|lll\

9 8 7 6 5 4 3 2 1 ppm

FIGURE 1 'H NMR spectrum (500 MHz, C¢DsCD3, 25°C of 4b.
Multiplets assigned to protons Himine, Hi, Ho, Hy and H,, are
marked.
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(A) (B) ©

12.91 (4300) 12.54 (4900) 12.03 (5100)
12.53 (3800)
13.27 (2500)

T 1 T 171 1T 1T 177 T T 1T 1771

11 15 11 15 11 15 min

FIGURE 2 GPC traces of products in the TFA-catalysed
condensation of four equivalents of 2 with eight equivalents of
3b (A), 3¢ (B) and 3d (C). Retention time (min) and estimated
molecular weight (in parentheses in Da) are given for each peak.

(Fig. 2). Reduction of all imine bonds of 4d with
NaBH;CN/Ni(OAc), in THF [56], or BHsTHF
followed by the hydrolysis of boramines with
NaOH in methanol-THF gave polyamino nano-
capsule 7, which was separated from the other
minor products by normal phase chromatography.

During these condensation reactions, we never
observed hexameric or octameric nanocapsules,
which were the major products in the reaction with
ethylenediamine 3a. Thus, linear diamines intrinsi-
cally prefer formation of a tetrameric nanocapsule
and yield those exclusively, if they are rigid. We
believe that enthalpic and entropic reasons contri-
bute to this preference. In the cavitand building
block, the angles between two Cary1—Cearbonyt bonds
of opposite and adjacent aryl units are 61° and 56°,
respectively, which are more appropriate to form a
tetrahedron, but which are too small for a strain-free
octahedron or square antiprism. However, even if
tetrameric, hexameric and octameric products are
equally strained, entropy will favour the smallest
capsule (tetramer), which has the highest ratio of the
intramolecular to intermolecular bonds (tetramer,
5:11; hexamer, 7:17; octamer, 9:23). Therefore, our
design principle (cavitand + diamine) can only
produce hexameric or octameric nanocapsules, if
the smaller capsules (tetramer 4 or hemicarcerand 1)
are disfavoured enthalpically, e.g. via a high strain
energy. The high strain energy is clearly the reason
why hemicarcerands 1b—d are not observed or only
as a minor product (1d, <5% yield).

Diffusion Rate of Nanocapsules

The size of nanocapsules 4b—d was estimated from
their diffusion rate constants in CDCls, which were
measured by DOSY NMR experiments (Table I) [57].
Application of the Stokes—Einstein equation yielded
solvodynamic radii r for 4b—d, which range from
12.7 to 14.8 A (Table I) and which are consistent with
energy-minimised structures of these capsules
(Fig. 3). For example, the average distance between

FIGURE 3 Energy-minimised space-filling models of
nanocapsules 4b-d (MM3 (60), gas phase). Pentyl groups are
replaced with hydrogens. Atom colouring: C, grey; O, red; N, blue;
H, white.

the centre of the cavity and the centre of each
cavitand of 4c is also approximately 2A longer
(123 A) when compared with the same average
distance in 4b (9.7 A), suggesting that these
nanocapsules have similar structures in solution.

Encapsulation of Tetraalkylammonium Bromides
inside Nanocapsule 4b

Preliminary binding studies with 4b, which has a
cavity volume of approximately 1250 A3 [61], show
1:1 and 2:1 complexation of medium-sized tetra-
alkylammonium bromides. Addition of excess (n-
CeH13)4NBr or (n-C;H;5)4NBr to solutions of 4b led to
the appearance of a new set of strongly upfield-
shifted signals, which are assigned to the encapsu-
lated guests being in slow exchange with the free
tetraalkylammonium bromides (Fig. 4; Table II) [62].
Based on integration, one guest molecule
is encapsulated inside 4b. Complexation was further
supported by the observation of signals for ions

(A)

el W

(B)

(©

JQ}J\}L o o o

LI L L L L L N B L S L B N BN

4 3 2 1 0 -1 -2 -3 ppm

FIGURE 4 Partial "H NMR spectra (500 MHz, THF-ds, 278 K) of
4b in the presence of 20 equivalents of (n-CsHi1)4NBr (A), (n-
CeHi3)4NBr (B) or (n-C;H;5)4NBr (C). Signals assigned to protons
of the encapsulated guests of 1:1 and 2:1 complexes are marked
with filled circles and asterisks, respectively.
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TABLEII Complexation-induced shift of guest protons for complexes 4bORN'Br~ and 4b®2(pen’fyl4N+Br7) in THF-dg at — 5°C, guest’s

van der Waals volume Vg (62c) and packing coefficient PC.

Guest Ve (A% PC AS8(Hy) AS(H,) AS8(H3) AS(Hy) AS(Hs) AS(Hyg) AS(CH3)
(n-CsHy,)sNBr 383 031 0.26 nd. 1.25 1.63 3.9

2 X (n-CsHy1)4sNBr 766 0.61 n.d. n.d. n.d. 0.45 0.55
(n-Ce¢Hy3)4NBr 448 0.36 0.26 n.d. n.d. 0.68 1.1 2.94
(n-C;H;5)4NBr 514 0.41 0.4 0.35 n.d. 0.3 0.84 1.38 3.65

n.d., not determined; PC = Vg/Vavity; Veaviy = volume of inner cavity of 4b = 1250 A? [61].

TABLE Il Thermodynamic properties (AGaos, AHz9g and TAS,9g at 298 K in kcal /mol) of complexes 4bOR,NBr

Guest Solvent Angs AHzgg TASzgg K] (Mil)
(n—C6H13)4NBr THF—dg —-23 —6.6 —43 45 5
(H—C7H]5)4NBI' THF—dS —-25 -6.9 —44 69 =7
(n-C;H;5)4NBr toluene-dg —4.6 1.3 5.9 2500 = 200
(n-C;H;5)4NBr CDCls n.c. n.c. n.c. n.c.
(n-CgH;7)4sNBr THF-dg n.c. n.c. n.c. n.c.

n.c., no complexation; K; at 298 K; K; = [4bOR4NBr]/[4b] [R4NBr].

[4bOR4N]" in the MALDI-TOF mass spectra of these
solutions (Appendix A). Encapsulation of tetraoctyl-
ammonium bromide was not observed. However,
strong downfield shifts of the aryl protons of the
cavitands and CH»(CH,);CHj; protons of the pentyl
groups suggest that tetraoctylammonium ions bind
to the outside of the cavitands of 4b.

Upon addition of (n-CsH;1)4NBr to 4b, two sets of
upfield-shifted guest signals are observed (Fig. 4A).
We assign the set with the strongest upfield-shifted
CHj; group at 6= —2.96 to the guest in the 2:1
complex and the set with the CHj signal at 6 = 0.40 to
the guest in the 1:1 complex, since the ratio of the
methyl proton integrals I(CH;-2:1 complex)/I(CH;-
1:1 complex) increases with increasing guest concen-
tration. Complexation of one and two guests was
further supported by MALDI-TOF MS through the
observation of ions with a mass-to-charge ratio
calculated for [4bOpentyl,N]* and [4bO(pentyl4N),.
Br]* (Appendix A), and the ROESY spectrum which
shows exchange peaks between the CHj; signals of
the free and encapsulated guests and between the
CHj signals of the encapsulated guests in the 1:1 and
2:1 complexes. Both guests in the 2:1 complex must be
encapsulated inside 4b, since their protons are
considerably upfield shifted and exchange with free
(n-CsHi1)4NBr has a free energy barrier greater than
13.5kcal/mol.

Binding constants for all 1:1 complexes were
calculated from the integrals of the methyl protons of
the encapsulated and free guests and the integrals
of selected protons of 4b in the NMR spectra of
solutions containing known amounts of 4b and guest
(Table III). Determination of the binding constants
K; and K; for the 1:1 and 2:1 complex formation
with (n-CsHj1)4NBr by an NMR titration experiment
failed. A plot of the binding site saturation S as

a function of the added guest concentration is shown
in Fig. 5. At low guest concentration, S shows a steep
rise, but surprisingly levels off at an approximate
saturation of S = 70%, which prevented fitting of the
entire dataset to a 2:1 binding model. The origin for
the saturation at a lower than expected total
occupancy is not fully clear and awaits further
experimental studies. One possible explanation
might be weak binding of tetrapentylammonium
cations to the outside of 4b similar to our observation
in tetraoctylammonium bromide titrations of 4b.
Outside binding could electrostatically decrease the
binding affinity of the encapsulated guests.

We rationalise the formation of a 2:1 complex upon
addition of (n-CsHq;)4NBr to 4b with the calculated
packing coefficients PC of the 1:1 and 2:1 complexes
(Table II). The PCs of self-assembled hydrogen
bonding capsules in solution tend to be around 0.55
for neutral guests [63], but may be higher in the
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051
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Saturation S
Mole fraction of 1:1 & 2:1
complex
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014 %
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FIGURE 5 Binding isotherm for the encapsulation of (n-
CsHy1)4NBr inside 4b in THF-dg at —5°C showing saturation of
binding sites S (0 = S = 1; A), mole fraction of 4bO(1n-CsH1)4NBr
(O) and mole fraction of 4bO(2(n-CsH;1)4NBr) (O) as a function of
the guest concentration.
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complexes with quaternary ammonium guests or in
the solid state [62]. In the case of 4b, encapsulation of
the second (1-CsHj1)4NBr guest changes the PC from
an unfavourable 0.31 to a close to the ideal value of
0.61 [62b,d, 63]. Since proper space occupancy is often
associated with a high complex stability [63], the
stability gain associated with the ideal packing in the
2:1 complex could easily compensate for possible
electrostatic repulsion between the ammonium ions,
which destabilises the 2:1 complex.

In THF-ds, the stability constant K; of the 1:1
complexes decreases in the order K;(n-C;Hjs)a
NBI') > Kl(n'C6H13)4NBI') >> (K1(7’1—C8H17)4NBI')
(Table III). The stronger binding of (n-C;H;s5)sNBr
when compared with the smaller and larger binding
of (n-C¢H;3)4NBr and (n-CgH;7),NBr can be ration-
alised with better size and shape complementarities
between (n-C;H;5);N" and cavity of 4b (Fig. 6).
In space-filling models, each CHj; group of (n-
CyH;5).NT in its fully extended conformation can
properly CH-m-interact with a cavitand. This guest
orientation is qualitatively supported by the Com-
plexation-induced shift, which, for the guest’s
methyl protons, is close to the maximum value
Ad ~ 4-4.5 observed in the cavitand-based con-
tainer molecules and which steadily decreases
further along the chain (Table II) [64—-66]. For (n-
CeHi3)4N™, penetration of the CH; groups in the
cavitands is inferior (Fig. 6A). Accommodation of
(n-CgHy7)4N™ requires several gauche conformations
raising the guest’s conformational energy, which
may be the reason for the absence of complexation
despite a good cavity occupation in hypothetical
4b©(ﬂ-C8H17)4NBI‘ (PC = 047, Flg 6C)

Solvent has a substantial influence on the stability of
4bO(n-C7H;5)4sNBr, suggesting that desolvation of the
cavity of 4b and the guest is a major driving force
for complexation. No complexation was observed
in CDCl;. On the other hand, the free energy of
complexation AGcomp1 is ~ 2 kcal/mol more negative
in toluene-dg when compared with THF-dg. Further-
more, binding was entropy driven and enthalpy
opposed in the former and enthalpy driven and
entropy opposed in the latter solvent (Table III).

We explain this with the different strength of
solvent—host and solvent—guest interactions and the

FIGURE 6 Energy-minimised space-filling models of 4bO(n-
CeHi3)sN™ (A), 4bO(1-C;Hy5)N™ (B) and 4bO(n-CsHy7),N* (O)
(MM3 (60), gas phase). Colouring: 4b aquamarine; guest orange.

compensating enthalpy and entropy contributions
to AGcompr as the solvent is released during guest
binding [67]. Stronger host—solvent and guest—solvent
intermolecular forces are expected for toluene, in the
form of cation—m interactions with (1-C;H;5)sN' and
CH-m- and m-stacking interactions with cavitands and
linker aryl units of 4b. They will lead to a higher order
of the solvation shell when compared with THE. Thus,
release of the toluene solvation shell upon complexa-
tion of (n-C;H;5)sN™ will favourably contribute to
the entropy of complexation, but unfavourably to
enthalpy of complexation.

CONCLUSIONS

We have demonstrated several new examples of one-
pot multicomponent nanocapsule syntheses using
DCC, which complement earlier thermodynamically
controlled polyimino nanocapsule syntheses. Here,
we show that cavitand 2 inherently favours the
formation of spherical 4:8 assemblies 4b-d, if
condensed with rigid linear diamines, such as 1,4-
phenylenediamine 3b, benzidine 3c or 4,4'-ethylene-
dianiline 3d. These nanocapsules have the shape of
a tetragonal tetrahedron. Furthermore, we have
shown that nanocapsule 4b binds one medium-
sized tetraalkylammonium bromide and also forms
complexes with two guests, if an optimal space
occupancy inside the capsule results [63]. Water-
soluble derivatives are expected to show interesting
binding properties owing to their spacious cavities
with volumes greater than 1200 A°® and their
expected rigidity, which should prevent a hydro-
phobic collapse in water. We are currently pursuing
this direction.

The formation of tetragonal tetrahedra is remi-
niscent of the coordination chemistry of cavitands
bearing four dithiocarbamate ligands, which upon
addition of Cu”>" assemble into a related tetrahe-
dral coordination capsule [68]. We explain the
preference of tetragonal hexadecaiminotetrahedra
formation with the structural features of the
cavitand building block and the angles between
Caryl—Cearbonyt bonds, which are more suitable to
yield a tetragonal tetrahedron and which would
induce strain in the 6:12 octahedral or 8:16 square
antiprismatic assemblies. Thus, some conformation-
al flexibility in the X group of a linear diamine
H,N-X-NH, is needed to form the latter structures,
which is the case for ethylene-1,2-diamine [53].
Nevertheless, hexameric nanocapsules can be
assembled through an alternative strategy using
rigid trigonal planar triamines as the polyamino
building block [69].

Finally, from this and earlier nanocapsule syn-
theses using tetraformylcavitands, three general
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SCHEME 2 Rational design of cavitand nanocapsules.

guidelines for the rational design of polyimino
nanocapsules emerge (Scheme 2):

1. Condensation with rigid linear diamines H,N-X-
NH; yields tetragonal tetrahedra (Scheme 2A).

2. Condensation with a diamines, whose C—N
bonds form a 120° angle, yields octaimine
hemicarcerands (Scheme 2B) [51, 52].

3. Condensation with a rigid trigonal planar
triamine yields a rhombicuboctahedral nanocap-
sule (Scheme 2C) [69].

We believe that more guidelines can be added to
this list once other polyformyl building blocks have
been tested and may yield new nanocapsule
geometries that formally belong to the families of
Archimedean and Platonic solids [4]. Work along this
line is in progress in this laboratory.
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