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ABSTRACT

The chemical shifts and line-shapes of cross-polarisation—magic-angle sample
spinning *C-n.m.r. resonances have been analysed for p-nitrophenol, p-hydro-
xybenzoic acid, benzoic acid, and m-nitrophenol in the solid state and likewise for
inclusion complexes with host cyclomalto-hexaose and -heptaose. The trends of the
chemical-shift displacements induced by complexation with the cycloamyloses in
the solid state did not fully correspond with those for solutions. The line-shapes
showed evidence of the rotational motion of the benzene compounds in the cavity
of cyclomaltohexaose, but not in that of cyclomaltoheptaose.

INTRODUCTION

The cycloamyloses (cyclodextrins, CD) are cyclic oligosaccharides composed
of at least six (1—4)-linked a-D-glucosyl residues, which have the shape of a hol-
low, truncated cone with primary and secondary hydroxyl-groups crowning the
narrower and the wider rims, respectively. The interior of the cavity of CD is rela-
tively hydrophobic, whereas the exterior is relatively hydrophilic. Each CD can ac-
cept various guest molecules into the cavity, without any covalent bonds being
formed, and form host—guest inclusion complexes in the solid state as well as in so-
lution' =3

High-resolution n.m.r. spectroscopy is of value in the analysis of the
geometry and dynamics of CD inclusion-complexes in solution *~8. High-resolu-
tion, *C-n.m.r. spectra of solids have become easily measurable by combining
high-power dipolar decoupling, cross-polarisation (CP), and magic-angle spinning
(MAS) techniques’. The observed, isotropic chemical shifts are usually very close
to the corresponding chemical shifts in solution, but fixation of the molecular
geometry and packing in the solid state bring about different chemical shifts even
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for carbon atoms that are chemically equivalent in solution. Recently, CP-MAS
C-n.m.r. spectroscopy has proved to be useful'® ?° for the characterisation of
oligo- and poly-saccharides, including CD.

We have reported”' on the CP-MAS "*C-n.m.r. spectra of the crystalline in-
clusion-complexes of cyclomaltohexaose (cyclohexa-amylose, a-CD) with p-nit-
rophenol (PNP) and p-hydroxybenzoic acid (PHBA). We now report on the CP-
MAS '3C-spectral features of m-nitrophenol (MNP) and benzoic acid (BA), as well
as PNP and PHBA, in a-CD inclusion-complexes, and of PNP in the cyclomal-
toheptaose (cyclohepta-amylose, 8-CD) inclusion-complex in the solid state. The
a-CD inclusion-complexes of these guests in aqueous solution have been well
characterised by 'H- and "*C-n.m.r. spectroscopy*®’?>=2%_ In solution, these
guests form 1:1 complexes with ¢-CD. The molecular structure of the crystalline
complexes between a-CD and PNP?, PHBA%, and MNP?® have been charac-
terised by X-ray diffraction; both PNP and PHBA form 1:1 inciusion complexes
with a-CD, whereas MNP forms a 2:1 complex with one MNP located in the a-CD
cavity and the other sandwiched between a-CD molecules. We now report on an
analysis of the chemical shifts and line-shapes of CP-MAS '*C-n.m.r. spectra,
based on the X-ray crystallographic data and by comparison with the correspond-
ing '*C-data for solutions.

EXPERIMENTAL

Materials. — All compounds were commercial materials and were recrystal-
lised from saturated aqueous solution. Each solid-state inclusion-complex was ob-
tained by slowly cooling a hot aqueous solution containing CD and guest com-
pound in a 1:1 molar ratio?'-2%:26,

Methods. — CP-MAS '*C-n.m.r. spectra were recorded with a JEOL JNM
FX-200 spectrometer and a CP-MAS accessory, operated at 50 MHz and ambient
temperature. Cross polarisation was carried out with r.f. field-strengths of ~15
gauss ('H) and ~60 gauss ('*C), and a contact time of 2 or 5 ms. The MAS rate of
the sample was 3.5 kHz. The spinning side-bands were not removed artificially*’,
because they did not overlap with any other resonances and their intensities were
very small in the spectra of the inclusion complexes®'. The Opella-Frey pulse se-
quence was used to observe selectively the resonances of non-protonated car-
bons®®. Samples of ~300 mg were measured in bullet-type rotors®® (5.8-mm i.d.)
made of Kel-F [poly(chlorotrifluoroethylene)]. The '*C-chemical shifts were meas-
ured with respect to the high-field resonance of adamantane, which was taken as
29.7 p.p.m. downfield from the resonance of Me,Si.

RESULTS

We have found?! that the CP-MAS "*C-resonances of the protonated car-
bons of PNP and PHBA broaden and disappear from the spectra following com-
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plexation with «-CD (Figs. 1B and 2B*). To investigate these interesting
phenomena further, CP-MAS BCn.m.r. spectra of three new inclusion-complexes
were measured, namely, PNP-8-CD (Fig. 1C), MNP—a-CD (Fig. 3B), and BA—a-
CD (Figs. 4C and 4D). All resonances of the free guest compounds, except for BA,
appeared in the region expected from the corresponding spectra of aqueous solu-
tions?3, and are assigned as shown (Figs. 1A, 2A, and 3A). It is noteworthy that the
signal-to-noise ratios for the spectra of free PNP and MNP were not improved even
after a large number of accumulations. The resonances of PNP C-2 and PHBA C-3,
which are ortho to the hydroxyl groups, are broad with small splitting, indicating
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Fig. 1. CP-MAS C-n.m.r. spectra (50 MHz) of (A) PNP (6000 scans; contact time, 2 ms; Tepetition
time, 10 s), (B) PNP in the a-CD-PNP inclusion-complex (700 scans; contact time, 2 ms; repetition
time, 5.0 s), and (C) PNP in the 8-CD-PNP inclusion-complex (620 scans; contact time, 2 ms; repetition
time, 5.0s).

*The numbering of carbon atoms for PHBA shown in Fig. 2 obeys the usual convention, but is not the
same as shown in the previous paper?!.
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Fig. 2. CP-MAS “C-n.m.r. spectra (50 MHz) of (A) PHBA (200 scans; contact time, 2 ms; repetition
time, 205}, and (B) PHBA in the o-CD~PHBA inclusion-complex (700 scans; contact time, 2 ms; repe-
tition time, 5.0'5).

non-equivalence of the two ortho carbons of each compound. The resonances from
the carbons bonded to nitrogen, i.e., C-4 for PNP and C-3 for MNP, were split into
asymmetric doublets because of the "N-'C dipolar coupling, which cannot be
suppressed by magic-angle sample spinning®®>!,

The appearance of the aromatic carbon resonances of BA in the solid state
(Fig. 4A) is different from that for solutions?3-3>33, The resonances with relatively
small shifts and relatively large line-widths cause severe overlapping and hide the
peak separation. To ascertain the position of the C-1 resonance, non-protonated
resonances were selectively observed (Fig. 4B).

Peak assignments for the complexed guests are based on thase for the corres-
ponding free guests. The resonances for complexed MNP, especially those for C-
3, C-4, and C-6, appeared as doublets, corresponding to the presence of two kinds
of MNP molecules in the complex with a-CD. The broad component of the C-3
doublet at 150.5 p.p.m. may be assigned to MNP included into the a-CD cavity for
the reason described below. For comparison of signal intensities, the C-1 resonance
of «-CD is included in the spectra of the complexed guests.
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Fig. 3. CP-MAS "*C-n.m.r. spectra (50 MHz) of (A) MNP (1600 scans; contact time, 5 ms; repetition
time, 8.0 s), and (B) MNP in the a-CD-MNP (1:2) complex (8000 scans; contact time, 5 ms; repetition
time, 8.0's).

There are several striking differences between the spectra of free and com-
plexed guest-compounds. The most outstanding is the broadening and virtual
disappearance of the resonances of protonated carbons of PNP (Fig. 1B) and
PHBA (Fig. 2B), as pointed out previously?!. In these cases, the intensities of the
remaining resonances are nearly full, as judged by comparison with those of the C-
1 resonances of a-CD. The resonances of the protonated carbons of MNP, espe-
cially that of C-2, have decreased intensities for the complexes with «-CD (Fig.
3B). There are two remarkable changes in the spectra of the BA—a-CD complex
(Fig. 4C). The first is the reduction in intensity with severe line-broadening of the
C-1-C-4 overlapping resonances. The intensity ratio for the total C-1-C-4 reso-
nance of BA to the C-1 resonance of a-CD, estimated by the cutting-and-weighing
method, was 1:2.8, which is markedly smaller than that (1:1) expected
stoichiometrically. The position of the C-1 resonance was again confirmed by selec-
tive observation (Fig. 4D). The second is the splitting of the carbonyl resonance
into two peaks of equal amplitude, indicating the presence of at least two non-
equivalent BA carbonyl groups per unit complex.
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Fig. 4. CP-MAS *C-n.m.r. spectra {50 MHz) of (A) BA (7500 scans; contacttime, 5 ms; repetition
time, 8.0's), (B) BA non-protonated carbons (6000 scans; contact time, 2 ms; delay period without pro-
ton decoupling prior to data acquisition, 75 us; repetition time, 5.0 5), (C) BA in the o-CD-BA inclu-
sion~complex {650 scans; contact time, 2 ms; repetition time, 5.0 s}, and (D) BA pon-protonated car-
bons in the a-CD-BA inclusion-complex (11,000 scans; contact time, 2 ms; delay period without proton
decoupling prior to data acquisition, 100 us; repetition time, 5.0's).

In the spectra of the PNP-B-CD complex (Fig. 1C), all of the PNP reso-
nances appeared clearly with sharp line-shape and without severe reduction in in-
tensity. The “N-1C splitting of the C-4 resonance of PNP could not be observed
in the spectra of - and 8-CD complexes.

Table I contains the '*C-chemical shifts of guests in the solid states, and, for
comparison, those for aqueous solutions.
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TABLE !

BC.CHEMICAL SHIFTS® OF GUEST COMPOUNDS IN THE FREE STATE, AND *>C-DISPLACEMENTS® INDUCED BY
COMPLEXATION WITH CYCLOAMYLOSES

Com- Carbon atom Ref.
pound
1 2 3 4 5 6
Free 165.6 1175 1279 1407 — —
Complex _c e . _
Sohd  witha-cD (32 (+1.8)
Complex, (=14 (-16) (-1 (+0.6 —  —
PNP with g-CD
Free 16375 11677 12750 14147 — — 23
C: |
Solution®  Complex ' (1188 (+0.23) (+087) (-12) —  — 23
Free 1588 109.5 1491 1165 1323 1232
Solid Complex 4 ¢ _on (14 (-0.2) (+1.9)
NP witha-cp (700 COD - gg gy C1O (Zoh)
Free 157.57 11129 14972 11637 13149 123.50 23
s nd
Solution Sﬁg‘g‘g‘D (+1.14) (+0.80) (~0.71) (+0.18) (=0.05) (+1.26) 23
Free 1236 1345 1166 1599 1720 —
Solid Complex (__04) —t - (—O 1) (_37) —
PHBA with a-CD
Free 12254 1332 11648 161.81 17155 — 23
Solution* Complex _ B N
oDy (F0.78) (+1.70) (-0.85) (+0.72) (-165) 3
Free 1308 1309 1309 1309 122 —
Solid Complex (-12) =< ¢ e (+1.4)
BA with -CD ' (—4.0)
Free 130.91  130.64 12974 13472 171.97 — 3
L |
Solution™  Complex ;1) (11 50) (~0.76) (+0.93) (~1.70) — 23

with a-CD

“In p.p.m. downfield from Me,Si. *Shown in parentheses as the difference between chemical shifts in
the free and complexed states. Negative signs indicate upficld displacements, ‘Not determined. “In
2H,0. “Averaged shifts for C-"*N split doublets (141.3 and 140.1 p.p.m. for PNP, and 149.47 and
148.69 p.p.m. for MNP).

DISCUSSION

3C-Chemical shifts of guests. — In general, the chemical shifts measured by
the CP-MAS technique reflect conformations frozen out in the solid state, as well
as the crystal packing effects and such fixed interactions as hydrogen bonding®*.
Usually, these effects are not so large as to make impossible the assignment of reso-
nances by analogy with n.m.r. assignments for solutions. The '*C-chemical shifts
for almost all guests in the free solid-state agree, well within the probable experi-
mental error, with the corresponding chemical shifts for aqueous solutions. The
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substituents, i.e., nitro, hydroxyl, and carboxyl, of these compounds participate in
intermolecular hydrogen-bonding in the crystalline state®®**, In aqueous solution,
they are considered to be hydrated through hydrogen bonds. At least a part of the
chemical-shift difference between the solid state and solutions may be due to the
difference in the strength or partner of the hydrogen bond.

Earlier *C-n.m.r. studies of &-CD inclusion-complexes with substituted ben-
zenes in aqueous solution showed the included lead carbons to be largely shielded,
in contrast to the deshielding of the corresponding para-carbons?*243°, On this
basis, PNP, PHBA, and MNP in aqueous solution are considered to be included
into the a-CD cavity, with the nitro, carboxyl, and nitro groups, respectively, in the
lead. These conformations are the same as those in the crystal®>-*. As seen from
the data in Table I, the same rules for chemical shifts cannot apply to the shift
displacements of the '*C-signals for the PNP— and MNP—-CD complexes in the
solid state. The resonances of the lead carbons of PNP(C-4) and MNP(C-3) show
shifts to lower field, and the corresponding p-carbon resonance for PNP(C-1)
shows a relatively large shift to higher field. These shifts are opposite to those ob-
served for solutions. The shift of the signal for the p-carbon (C-6) of MNP cannot
be discussed because the assignments of the doublet are not clear, but the C-1 reso-
nance (singlet appearance) of MNP also shows the opposite shift. For the 8-CD in-
clusion-complex with PNP, there are no crystallographic data or solution '*C-
n.m.r. data. The CP-MAS '*C-data suggest that, in the solid state, PNP is included
into the B-CD cavity in the same manner as for «-CD, namely, with the nitro group
in the lead, since the displacements of C-1 and C-4 resonances of PNP induced by
B-CD complexation have the same signs as those induced by a-CD.

The C-1 resonances for PHBA and BA were shifted to higher field by the
complexation with a-CD, both in the solid state and in solution. These results
suggest that the BA molecule is included into the a-CD cavity with the carboxyl
group in the lead, although there are no crystallographic data on the BA—a-CD
complex. The carboxy! resonance of PHBA also shows the same shifts to higher
field in both states. The sign of the C-4 shift for PHBA in the solid state is opposite
to that in solution, but its magnitude is very small as compared to the shifts for
other carbons. As shown above, the sign and magnitude of the '*C-shifts for guests
induced by compiexation with CD in the solid state are not entirely the same as
those in solution. The absolute chemical shifts for the signals of the guests in the
complexed state in the solid and in solution are also not the same, as is the case for
the non-complexed molecules. These results may be due to differences in environ-
mental and dynamic effects on the guests in the solid state and in solution. The CD-
induced shift in the solid state is caused by transference of the guest molecule from
the free state, surrounded by the same molecules, to the CD cavity, whereas that
in solution is caused by transference from the free state surrounded by water
molecules. In the solid complexes, the lead groups of included PNP (nitro) and
PHBA (carboxyl) are hydrogen-bonded to the water molecules and the primary
hydroxyl groups of CD, and the hydroxyl groups of these and MNP are hydrogen-
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bonded strongly to the hydroxyl groups of neighbouring CD molecules %,
whereas, in solution, the included guest molecules have their hydroxyl groups ex-
posed to the aqueous medium®-** and they can rotate nearly freely in the CD cav-
ity>#:4041 In order to discuss the shifts quantitatively, further information, espe-
cially on the state of complex in solution, is required.

Line-broadening mechanisms of resonances of included guests. — Some reso-
nances of the guests were broadened and their intensities severely reduced by
forming inclusion complexes with a-CD. In particular, those of protonated carbons
of PNP and PHBA disappeared from the spectra. These phenomena are not ob-
served in the spectra of the PNP-8-CD complex. Several explanations for the line-
broadening and intensity reduction in the CP-MAS "*C-spectra of organic solids
are possible, which can be separated into two classes. The first concerns inapprop-
riate setting of such experimental conditions as insufficient proton-decoupling
fields, off-resonance proton irradiation, magic-angle mis-setting, and/or rotor in-
stabilities. The size of line-broadening due to these causes in an ordinary experi-
ment is an order of 1 p.p.m. at most*’, undoubtedly less than the observed
linewidth. An excess or insufficient CP contact-time is also possible as a cause of
this class. Depending on the nature of the CD and guest compounds, and on the
strength of the interaction between them, the mobility of guests may differ more or
less from the mobility of CD. Consequently, the relaxation rates of the protons
may depend on the nature of the guests, so that the intensities of the '>C-signals of
guests and CD may vary considerably with the contact time. The disappearance of
only the resonances of guests cannot be explained on the basis of inappropriate CP
contact-time without assuming a fairly large extent of molecular motion, which will
be discussed below. It is inconceivable that inappropriate setting of experimental
conditions caused the intensity reduction and the disappearance of the peaks, since
the resonances for the quaternary carbons of the guests, as well as for all carbons
of a-CD, appear with high signal-to-noise ratio.

The second class involves the nature of the guests themselves, and is further
divided into static and dynamic mechanisms that arise from chemicai-shift disper-
sion and molecular motion*?, respectively. When the included guest molecule can
occupy two or more magnetically non-equivalent positions in the a-CD cavity, the
resonances of some carbons should show a splitting, resulting in severe line-
broadening in an extreme case. This mechanism may contribute a certain degree to
the line-broadening, but it cannot be a main mechanism, because it is difficult to in-
terpret the selective disappearance of resonances. In fact, the observable reso-
nances in the spectra of PNP- and PHBA—«-CD complexes have linewidths that
are not so large as those of the corresponding free states.

Line-broadening due to molecular motion may have three possible
mechanisms: (@) coalescence due to an exchange among magnetically non-equiva-
lent sites*****, (b) motional modulation of the resonance frequency via chemical-
shift anisotropy****>, and (c) motional modulation of the 'H-'3C dipolar cou-
pling*>*¢. For (a), two conditions must be satisfied, namely, (i) there should be at
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least two magnetically non-equivalent sites for the included guest in the a-CD cav-
ity; or two similar carbons of the guest (for example, C-2,2 and C-3,3 of PNP and
PHBA, which are nearly equivalent within the resolution of ~2 p.p.m. in the free
state) should become significantly non-equivalent in the a-CD cavity; and (ii) the
guest molecule should exchange its position between the non-equivalent sites, or
two non-equivalent carbons should interchange their non-equivalent environments
at a rate close to their chemical-shift differences, which means that the exchange
rate is intermediate on the n.m.r. time-scale. Under these conditions, the corres-
ponding peaks coalesce and may disappear in an extreme case, where the exchange
rate may be***” of the order ~10% s™!. For PNP and PHBA, the two C-2 and two
C-3 nuclei are essentially non-equivalent in the solid state, because the geometry of
the substituents is asymmetric with respect to the plane that includes C-1 and C-4
and is perpendicular to the aromatic plane®-*¢, To conform to mechanism (a), the
aromatic ring must undergo 180° flips about its two-fold axis (through C-1,4), since
the substituents form relatively strong hydrogen-bonds in the solid-state complexes
as described above. If the rate of flip is sufficiently high compared to the chemical-
shift difference, two signals (C-2 and C-3) would be observable at the average posi-
tion, as in solution spectra’-**. For very slow flips or a rigid state, up to four lines
might be discerned for these carbons. The resonances due to the quaternary car-
bons of PNP, PHBA, and BA can hardly be affected by the 180°-flip motion, be-
cause they are situated on the axes of rotation.

Mechanism (b) arises from a loss of phase coherence in the transverse '*C-
magnetisation, as a result of random motional modulation of the resonance fre-
quency via the anisotropic '*C-chemical shift**%, The size of this line-broadening
depends on the strength of the static field (Bg) and the MAS frequency (v,,,); the
maximum line-broadening was estimated to be 40 Hz for a typical aliphatic carbon,
and 1 kHz for aromatic, carbonyl, vinyl, or carboxyl carbons, at B, = 4.7 T (corres-
ponding to a *C frequency of 50 MHz) and v, = 5 kHz*. Although the MAS fre-
quency in this experiment is insufficient to overcome fully the large chemical-shift
anisotropy of the aromatic and carboxyl carbons, it is difficult to explain the selec-
tive disappearance of the protonated carbons by this mechanism.

The last mechanism (c) arises from molecular motion with a rate close to, or
just the same as, the nutation rate of the proton-decoupling field. so that the cou-
pling process becomes inefficient and the '*C-resonance broadens. This mechanism
is particularly likely for carbons having dircctly bonded protons**+*®, where the rate
of motion may be of the order ~10° s™!. As discussed above, the selective line-
broadening of the guest resonances due to complexation with a-CD is explainable
more reasonably by assuming the appropriate molecular motion than by assuming
an inappropriate experimental setting. Based on few experimental data, it is hard
to specify the type of molecular motion responsible for the line-broadening. We
suppose that it is librational flip motion of the aromatic ring around the axis along
the symmetry axis of the CD cavity, that is, the two-fold axis through C-1,4 for
PNP, PHBA, and BA. The absence of such an axis may be the reason why the in-
tensity reduction or line-broadening is small for MNP.
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The difference between the solid-state n.m.r. line-shapes, which indicate the
presence of motion, and X-ray data, which indicate an apparent immobility, can be
reconciled with a motional model where the aromatic ring undergoes librational
flip motion with a very small amplitude. The rotation of the aromatic ring with a
large angle may be restricted in the o-CD cavity, because of severe steric
hindrance®®. Thus, mechanism (c) of the second class is the more likely. The result
is consistent with the fact that mononuclear aromatic compounds included in the a-
CD cavity are able to rotate rapidly in solution®**’. The reason why all carbons of
PNP included in the 8-CD cavity, in contrast with those in a-CD, show sharp reso-
nances is also deducible from the geometry and dynamics of the 8-CD inclusion-
complexes in solution. In solution, a mononuclear aromatic compound in the 8-CD
complex is more deeply inserted into the cavity and suffers more-severe steric hin-
drance than is the case for the a-CD complex®*. As a result, its molecular motion
is more extensively restricted in the 8-CD cavity than in that of @-CD®*’. The same
situation may also be true in the solid state, although not all of the results for solu-
tions necessarily correspond with those for the solid.

In conclusion, high-resolution, CP~-MAS, *C-n.m.r. spectroscopy of solids is
a sensitive method for obtaining microscopic information about chemical and phys-
ical properties of the guests included in the CD complexes, although it is unlikely
to replace X-ray crystallography for obtaining detailed information about atomic
positions in the complexes.
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