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Abstract

Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6, 7, or 8 glucose moleeylgs, (or y-cyclodextrin,
respectively) which are used widely in industry due to their ability to form inclusion complexes with a variety of molecules
in aqueous solution. Much speculation has been made as to whether inclusion complexes form as a result of hydrophob
interactions between guest molecules and the inner hydrophobic cavity of the CDs in water. Fourier transform ion cyclotror
resonance (FTICR) mass spectrometry was used to study adducts of cyclodextrins with various amines in the gas pha:
Protonated cyclodextrins were generated using electrospray ionization, and were allowed to react with neutral amines. Adduc
of each amine studied were observed to form with all three cyclodextrins. Equilibrium constants were measured for the
exchange of neutral amines on protonated CD molecules. Size and shape dependent trends, especially with bulkier amin
suggest inclusion complex formation. Molecular modeling studies also support the formation of inclusion complexes rathel
than nonspecific adducts, and suggest that solvation of the charged guest by the CD host provides a large driving force for tf
formation of inclusion complexes, which are then stabilized by van der Waals interactions between the host and the guest.
second series of experiments was performed using gas phase hydrogen/deuterium exchange of protonated cyclodextrins
cyclodextrin—amine complexes with,D. The protonated cyclodextrins have a rapid rate of exchange that slows by more than
a factor of 10 when an amino guest is added. The amino groups of the guests are expected to have significantly higher gas ph:
basicities than the hydroxyl sites on the cyclodextrins or the deuterating agent, accounting for the observed decrease
exchange rates for cyclodextrin—amine complexes. Observed differencesan thesusB- versusy-cyclodextrin exchange
rates suggest an exchange mechanism dependent upon the size of the cyclodextrin ring and its gas phase conformation.
J Mass Spectrom 193 (1999) 181-195) © 1999 Elsevier Science B.V.
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1. Introduction of the cyclodextrin molecules arises from physical
properties that allow for their use in the cosmetics,
Over the past two decades, there has been muchagriculture, food, and pharmaceutical industries as
interest in the study of cyclodextrins. The popularity well as their applications in chemical separations and
enzyme modeling [1]. Although the cyclodextrins
have been characterized in a great variety of crystal
* Corresponding author. E-mail: david_dearden@byu.edu and solvated forms—it is estimated that by 1995, over
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Fig. 1. Structural drawing and space-filling views @fcyclodex-
trin. In both space-filling views, the secondary rim is shown on top.

1200 publications dealing with cyclodextrin research
had been submitted [2]—little work has been done in
the gas phase. This article will partially characterize

cyclodextrins in the gas phase and answer some

guestions concerning the fundamental binding prop-
erties of these molecules.

Cyclodextrins consist of six, seven, or eight glu-
cose monomers bound together widl,4-linkages to
form a ring (Fig. 1), and are commonly referred to as
a-, B-, and y-cyclodextrin, respectively. Crystallo-
graphic data indicate that all the secondary hydroxyl
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become included within the cyclodextrin cavity and
remain bound there by noncovalent interactions. The
guest molecules remain included once the complex
has been crystallized from solution, hence the com-
mon use of cyclodextrins in the encapsulation of
drugs and coloring or flavoring agents. Despite the
vast number of studies on the inclusion properties of
cyclodextrin molecules—approximately 85% of the
studies published in 1995 dealt either directly or
indirectly with inclusion properties and inclusion
complexes [2]—the driving force for inclusion within
the cyclodextrin cavity is not completely understood.
Many factors are believed to play a role in this
process, most notably van der Waals interactions,
release of CD ring strain upon complexation, and
hydrogen bonding (where applicable) [3]. However,
the extent to which each of these factors helps to drive
complexation is not yet known.

Fourier transform ion cyclotron resonance mass
spectrometry (FTICR-MS) offers many unique advan-
tages to the study of these compounds. First, com-
pounds may be studied in the gas phase without the
complicating effects of solvent, which can also affect
selectivity [4]. Second, ions may be trapped in the
ICR cell for a period of time ranging from seconds to
hours, depending upon instrument conditions, while

groups are situated on one edge of the cone whereageactions proceed between the trapped ions and neu-

the primary groups are all situated on the other [1].
The cavity diameter is slightly larger for the second-
ary hydroxyl rim, hereafter referred to as the upper
rim, than for the primary hydroxyl, or lower rim.

Thus, in condensed media cyclodexrins generally

have the shape of a truncated cone, with a hydropho-

bic interior and a hydrophilic exterior. Cyclodextrin
cavity dimensions are listed in Table 1.

This unique structure enables guest compounds,

including those that are hydrophobic or apolar, to

tral background molecules.

Electrospray ionization (ESI) has been shown to be
a useful tool in the analysis of large molecules and is
a popular method for the analysis of cyclodextrins.
Unlike other ionization methods, ESI can produce
ions in the gas phase without the requirement that the
sample be volatile and without the use of an interfer-
ing solvent matrix. In addition, ESI can allow the
study of the intact molecule without significant frag-
mentation [5,6] and can produce ions stable enough

Table 1

Physical dimensions of cyclodextrin molecules [1]

Cyclodextrin Inner diam. of 2° rim (A) Outer diam. (A) Cavity volume (mL/mol) Height (A)
a-CD 57 13.7 174 7.8

B-CD 7.8 15.3 262 7.8

y-CD 9.5 16.9 472 7.8
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for characterization by mass spectrometry [7—9]. We placed in the first leak valve with methylbenzylamine
have used FTICR coupled with ESI to study gas phase (Fluka) in the second.

cyclodextrin complexes by two different techniques: The cyclodextrins were obtained from Sigma, and
equilibrium studies of the exchange of neutral amines used without further purification. Each was first dis-
on protonated cyclodextrins, and gas phase hydrogen/solved separately in high performance liquid chromatog-
deuterium (H/D) exchange of protonated cyclodex- raphy (HPLC) grade water (Baxter), then diluted into a
trins and cyclodextrin—ramine complexes. Each of solution of water/methanol/acetic acid (48.5:48.5:3) to
these techniques has been used by this as well as othegive a spraying solution containing all three cyclodex-
research groups to elucidate structural and thermody- trins at a final concentration of 1Qay/mL each.

namic information for various systems and will be Once cyclodextrin—amine adducts had formed in
discussed later [10-13]. the cell, the adducts of one amine with each cyclo-

The goals of this study are twofold: to determine dextrin were isolated by ejecting adducts of seeond

whether cyclodextrins form adducts with guest mol- amine using a home-built implementation of the stored
ecules in the gas phase, and to determine whether thewaveform inverse Fourier transform (SWIFT) technique
complexes formed are inclusion complexes rather [15]. Protonated cyclodextrins were then allowed to

than nonspecific adducts.

2. Experimental

All experiments were performed using a Bruker
(Billerica, MA) APEX 47e Fourier transform ion
cyclotron resonance mass spectrometer equipped with
a 4.7 tesla magnet and external electrospray ionization
source with a hexapole ion guide (Analytica; Bran-
ford, CT). Our instrument and general experimental
approach have been detailed in a previous work [14]
and will not be described here.

2.1. Equilibrium

Equilibrium experiments were performed by intro-
ducing neutral amines into the ICR cell via variable
leak valves (Varian; Palo Alto, CA). The amines were
first degassed using a minimum of three freeze—
pump-thaw cycles, then leaked into the cell, with the
partial pressure of each amine between %.a0 8
and 5.0x 10 ® mbar. The pressure of the first amine
was allowed to stabilize before the addition of the
second. In each case but ongyropylamine (Aldrich)
was placed in one leak valve with one of the following
placed in the second leak valve:butylamine (EM
Science) secbutylamine (Matheson)so-butylamine
(Baker), tert-butylamine (Kodak), or cyclohexyl-
amine (Baker). All amines were used without further
purification. In the final case, cyclohexylamine was

react with the neutral amines until equilibrium was
reached, with reaction delay times typically up to 30 s.
Adducts of the other amine with all three cyclodextrins
were then ejected and treated in the same manner, and
the results were compared to ensure equilibrium condi-
tions were reached for all species present.

2.2. H/D exchange

For H/D experiments, deuterium oxide (Cam-
bridge) was leaked into the ICR cell using a variable
leak valve (Varian) following multiple freeze—pump—
thaw cycles and allowed to passivate cell surfaces
overnight. The cell pressure was then adjusted to
between 7.0 and 8.% 10 ° mbar and allowed to
stabilize. A solution okx-, 8-, andy-cyclodextrin was
then prepared as described for the equilibrium exper-
iments at a final concentration of 1Qy/mL «-cy-
clodextrin, 150 ug/mL B-cyclodextrin, and 150
pg/mL y-cyclodextrin in methanol/water/acetic acid
(48.5:48.5:3). This solution was electrosprayed into
the ICR cell and the protonated cyclodextrins were
trapped for up to 120 s while the proton exchange
reaction was monitored. The experiment was then
repeated for a series of similar cyclodextrin solutions
where one of the following amines had been added at
a concentration of 3ulL/mL of solution: n-bu-
tylamine,tert-butylamine, cyclohexylamine, or meth-
ylbenzylamine [R-{-)]. All experiments were per-
formed at ambient temperature-298 K).
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Table 2 _ o 2 [16]. In all cases, the rate of adduct formation was
Rate constants for the formation of cyclodextrin-amine considerably more rapid than that of proton transfer to

complexes . .
the neutral amine, which was not observed. All of the
—9 51 o1 . . .

Rate constx 10 ° (cn® molecule ™ s ) results are within an order of magnitude of the
Amine Ko Kpy Ky collision rate, and for most systenig, ~ kg ~ k..
n-Butylamine 249+ 039 3.64+0.37 2.84+ 0.44 This implies that the mechanism of binding is similar
Secbutylamine 1.1+ 0.31 1.21+0.32 1.76+ 0.30 for all of the systems tested.
Iso-butylamine 3.10+ 0.82 2.65* 0.17 1.74+ 0.77

Tertbutylamine 2.08-0.38 1.86+-0.46  2.18+0.58

Cyclohexylamine ~ 1.25:0.22  2.06+0.25  1.46+ 0.24 3.2. Rate of guest exchange

The rate constants for displacement of one guest by
another during the equilibrium experiments are listed
in Table 3. Exchange reactions involving the smaller
amines are all rapid, approaching the collision rate.
However, the rate constants for exchange involving
the release of larger amines, namdyt-butylamine,
cyclohexylamine, and methylbenzylamine, decrease

in the cyclodextrin cavity, and the other beginning . 1_5 orders of magnitude relative to the exchange
with the amine rotated 180°. No conformational rates involving release of small amines

searching was used. Energies were minimized using

the MMFF molecular mechanics package included in

SPARTAN, then full geometry optimizations were ~3-3. Equilibrium
carried out at the PM3 semiempirical level.

2.3. Molecular modeling

All calculations were carried out using SPARTAN
4.0 (Wavefunction, Inc.; Irvine, CA). Starting geom-
etries were obtained using the SPARTAN builder, one
conformer beginning with the amine R group included

Adducts (1:1) with each of the amines were ob-
served for all three cyclodextrins. In contrast to

3. Results previous studies [17,18], there was no evidence of
clusters formed from multiple cyclodextrin molecules
3.1. Rate of adduct formation or of multiple amines attached to a single cyclodextrin

in any of our experiments, suggesting that either the
The rate constants for the formation of cyclodex- cluster species formed in solution or were artifacts of
trin—amine adducts in the gas phase are listed in Tablethe electrospray process. In addition, protonated cy-

Table 3
Rate constants for the exchange of amines by cyclodextrin-amine adducts during the equilibrium exgeriments

a-CD B-CD y-CD
Amine pair Ky ko Ky ko Kk, Kk,
nba/npa 24915 1.48+ 0.55 1.64+ 0.45 0.74+ 0.41 1.96+ 0.53 0.87+ 0.35
sba/npa 2.250.59 0.83+ 0.3 2.19+ 0.97 0.70= 0.3 0.23+ 0.2 0.96+ 0.1
iba/npa 1.91+ 1.0 2,16+ 1.0 1.74+ 0.78 0.98+ 0.5 1.55+ 0.47 1.00+ 0.41
tba/npa 1.50+ 0.70 1.46+ 0.10 2.90* 1.0 0.78+= 0.3 3.78x 3.0 0.39+ 0.3
cha/npa 1.21 0.65 0.37=0.3 6.09+ 4.0 0.44+ 0.2 2.79+ 2.3 0.35+ 0.3
mba/cha 0.63- 0.2 5.35+ 2.4 0.09+ 0.07 8.98* 8.0 0.05+ 0.02 6.27+ 2.2

aAll values X10° in units of (cn? molecule* s™%). Abbreviations as follows: npa is-propylamine, nba isi--butylamine, sba is
secbutylamine, iba isso-butylamine, tba igert-butylamine, cha is cyclohexylamine, and mba is methylbenzylamine. Kerefers to the
formation of the adduct containing the larger guest &pdefers to the formation of the adduct containing the smaller guest (usually
n-propylamine).
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Fig. 2. Exchange ofert-butylamine anch-propylamine on cyclo- Fig. 3. Exchange ofert-butylamine anch-propylamine on cyclo-
dextrins. Then-propylamine adducts were initially isolated in these ~ dextrins. Thetert-butylamine adducts were initially isolated in
experimentsl Open Symbols represent CO”\p'exmbpylamine’ these eXperImentS. SymbOlS are the same as in Flg 2. Lines are
whereas filled symbols represeett-butylamine complexes. Cir-  exponential fits to the data. Note the similarity to Fig. 2.

cles= a-, squares= -, and triangles= y-cyclodextrin. Lines are
exponential fits to the data. Note that the same product ratios are

+ .
reached as in Fig. 3, where the other adduct was initially isolated. K. = [CDH npa]PN

€4 [CDH" *N]Ppa (2)

_ _ ) for the exchange af-propylamine (npa) and a neutral
clodextrin and cyclodextrin—amine complexes were amine,N, on a-, B-, or y-cyclodextrin. The concen-

observed in the 1 charge state only. When two yations of the cyclodextrin—amine adducts were

amines were in the cell simultaneously, adducts of ;55umed to be proportional to the normalized peak
each cyclodextrin were observed with each amine.  jntensities of the adducts of interest [19]; neutral

Equilibrium was generally attained rapidly, with  pressures were obtained from the observed partial
the normalized adduct peaks reaching a constant ratiopressures of the two amines. Obser¥eg values are
approximately four seconds following ion isolation, summarized in Table 4 along with standard deviations
as shown in Figs. 2 and 3. from replicate measurements.

To ensure that the reaction reached equilibrium,  Due to the nature of FTICR instrumentation, it is
two procedures were followed. First, data were col- difficult to obtain an accurate measurement of the
lected until a change in the ratio of the two adduct pressure in the ICR cell. In fact, the pressure mea-
species was no longer observed. Second, ion ejectionsurement may be off by as much as a factor of 5 [20].
was performed in both directions; that is, adducts of Because the equilibrium constants are pressure depen-
one amine were ejected and allowed to reform, then dent, they contain an inherent error that makes direct
the procedure was repeated for the other amine. comparison of absoluté,., values difficult; however,
Equilibrium constants were calculated relative to the because all three cyclodextrins were analyzed simul-

formation of protonated cyclodextr{m)-pro- taneously, the comparison &, for a- versusp-
pylamine adducts according to the following equa- Versusy-cyclodextrin for a given pair of amines can
tion: be made with relatively high confidence. A value of
Keq greater than 1 indicates a preference for
CDH" - N + n—propylamine propylamine, whereas a value less than 1 indicates a

preference for the other amine. These ratios are more
easily observed in the bar graph in Fig. 4. Comparison
where of the ratios for the three cyclodextrins with each

— CDH™ - n—propylamine+ N (1)



186

K.A. Kellersberger et al./International Journal of Mass Spectrometry 193 (1999) 181-195

Table 4
Equilibrium constants for the exchange of neutral amines on protonated cyclod&xtrins

Keq
Amine a-CD B-CD v-CD
n-Butylamine 0.589+ 0.070 0.282+ 0.088 0.377+ 0.11
Seebutylamine 0.333+ 0.024 0.290+ 0.017 0.470+ 0.057
Iso-butylamine 1.22-0.18 0.519+ 0.13 0.663* 0.16
Tertbutylamine 0.089+ 0.020 0.273+ 0.021 0.093+ 0.013
Cyclohexylamine 0.246: 0.045 0.097+ 0.093 0.104+ 0.14
Methylbenzylamine 2.05 0.07 9.64+ 3.4 1.40+ 0.30

Al values reported as means with standard deviations from replicate measurements. All are equilibria with resjgopytamine

formation [reaction (1)].

amine pair shows some small reproducible differ-

approximately within error limits of one another. In

ences, but no clear size-dependent trends. Most con-the case ofert-butylamine, theB-cyclodextrin con-
stants are similar, varying by no more than a factor of stant is three times the others; for cyclohexylamine
10, and often two of the three constants for a given the a-cyclodextrin constant is two and a half times

amine pair are within statistical limits of one another.
For n- andiso-butylamines a-cyclodextrin shows
slightly less preference for the butylamine relative to
n-propylamine than the larger cyclodextrins, wjgh
andy-cyclodextrin within error limits of one another.
For secbutylamine, the picture changes slightly, with
vy-cyclodextrin showing a slightly higher preference
for the propylamine and- and 3-cyclodextrin within
error limits of one another. The most drastic differ-
ences in ratios are seen in ttegt-butylamine, cyclo-

larger than the others; and for methylbenzylamine, the
B-cyclodextrin constant is more than four times the
others. In this experiment, methylbenzylamine was
measured versus cyclohexylamine, then the results
were converted to results relative mpropylamine

for comparison with the other results. This set is
interesting for two reasons: first, the cyclohexylamine
versus n-propylamine data set shows thgt and
y-cyclodextrin prefer cyclohexylamine so strongly
that the equilibrium constants are very small and error

hexylamine, and methylbenzylamine sets. In each of limits are as large or larger than tig, values them
these sets, one constant is significantly greater in selves, making the error bars appear very large for this

magnitude than the others,

100.000

10.000 -

£ 1.000

0.100 -

Fig. 4. Equilibrium constant¥,, for the exchange of various amines
with n-propylamine in adducts with-, -, andy-cyclodextrin. Values
greater than 1 indicate equilibrium favors thgropylamine adduct;
values less than 1 indicate the other amine is favored.

and the remaining two are data set; second, although bath and y-cyclodextrin

appeared to prefer methylbenzylamine over cyclohexy-
lamine, B-cyclodextrin very strongly preferred cyclo-
hexylamine over methylbenzylamine. In fact, the
B-cyclodextrinmethylbenzylamine adduct peaks were
just above the noise level, regardless of the relative
background amine pressures. This may give the false
appearance of a vast preferencepatyclodextrin for
n-propylamine over methylbenzylamine, which may or
may not in reality exist. In addition, it raises a question
as to what would cause a reversal of this nature for two
amines of such similar size and functionality.

3.4. H/D exchange

Exchange of deuterium for hydrogen was observed
to proceed at a very rapid rate for protonated cyclo-
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dextrins. Qualitatively, we expected to observe seven
exchangeable protons oa-cyclodextrin, eight on

B-cyclodextrin, and nine ony-cyclodextrin, corre-

sponding to the hydroxyl hydrogens on the primary
rim plus the charge-carrying proton for each cyclo-
dextrin molecule. The hydroxyl hydrogens on the
secondary rim experience a fairly high degree of
intermolecular bonding, the strength of which is
believed to increase with ring size [21], and would not

be expected to exchange as rapidly as the primary rim.

This appears to be true farcyclodextrin, but not for
B- and vy-cyclodextrin. In order to avoid possible
problems arising from translational heating of the ions
during isolation, naturally occurrintfC isotope peaks
were not ejected prior to the reaction delay, and likely
account for all of the peaks above M 7 in a-cyclo-
dextrin. However, this does not account for all of the
peaks above Mt 8 for B-cyclodextrin or above M+
9 for y-cyclodextrin, indicating that H/D exchange in
these molecules is not limited to the primary hydroxyl
rim. Both of the larger cyclodextrins exhibited sixteen
exchanges or more, but both tBe and y-cyclodex-
trin signals deteriorated significantly before the full
extent of the exchange could be determined.

The ICR leak valves and cell were allowed to
passivate with DO prior to running the experiment;
however, some kD was still likely to be present, and

back reactions must be accounted for in rate calcula-
tions, although the reaction can be treated as pseudo

first order. If we plot the normalized signal intensity
of the M+ 1 (cyclodextrin+ proton) peak over
time, we see that for the protonated cyclodextrins,
exchange is very rapid, and is in fact very near the
collision rate. Qualitativelyk, > kg > k, for
multiple exchanges on the protonated cyclodextrins
(see Fig. 5).

Examination of the rate constants for the first H/D

187

cyclodextrin and some cyclodextrin-amine complexes
are shown in Fig. 7. Again, results were similar for all
cyclodextrin—amine complexes tested. In addition,
these complexes demonstrated significantly lower de-
cay of signal at longer trapping times than their
protonated counterparts. This signal loss is most
likely attributed to proton transfer from the analyte
molecule to a neutral species [22]. Consistent with
this, our results suggest that proton transfer to a
neutral species is greatly reduced when a cyclodex-
trin—amine complex is formed. This topic will be
addressed again in Sec. 4.

3.5. Molecular modeling

The molecular modeling calculations were aimed
at determining whether inclusion of the amine R
group in the cyclodextrin cavity is preferred. Because
extensive conformational searches were not carried
out, the results (Table 5) represent only a small
sample of the possible conformers. However, from
these limited results it is clear that there is a signifi-
cant enthalpic driving force for inclusion of guests
small enough to enter the cyclodextrin cavity.

4. Discussion
4.1. Inclusion versus non-specific adduction

An inclusion complex is one where a host mole-
cule containing a cavity forms an adduct with a guest
in such a way that the guest is situated in the cavity,
and is held there by strictly noncovalent forces [3].

exchange of cyclodextrin—amine complexes shows Traditional mass spectrometry measures mass-to-
that the exchange is more than ten times slower than charge ratio only and gives structural information
for protonated cyclodextrins (see Fig. 6). This is true based on fragmentation patterns. Under the conditions
for all the guest amines examined. During the 2 min Of our experiments, electrospray ionization does not
duration of each experiment, only one proton ex- produce fragmentation. How then can we determine
changed observably, as opposed to six or more for the whether the observed compounds are nonspecifically
protonated cyclodextrins. Representative plots of the bound adducts formed as an artifact of the electro-
normalized peak intensity over time for a protonated spray or selectively bound inclusion complexes?
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Fig. 5. Mass spectra of protonated (&) (b) 8-, and (c)y-cyclodextrins as a function of reaction time with®@in the ICR cell. Shortest
reaction times are at the bottom of the plot, and the longest reaction times are at the top.

4.2. Equilibrium degrees of size and steric bulk (Table 4) with the
expectation that some would fit inside all three cyclo-
The use of FTICR should eliminate the type of dextrins, whereas others would fit only inside the
false positive results seen in previous studies [17] for larger 8- andy-cyclodextrins. Instead, we found that
the following reasons. In the equilibrium experiments, in all but one case, the equilibrium constants were
adducts are formed in the gas phase, not in solution. very similar, and even in the exceptional case—
This ensures that binding of amine guests to cyclo- methylbenzylamine versus cyclohexylamine—the
dextrin hosts is not an artifact of the electrospray largest and most sterically hindered molecule showed
process. The use of ion ejection demonstrates thata preference not only for the largercyclodextrin,
adducts re-form quickly and that for an amine pair, but also fora-cyclodextrin. If a guest were binding
the same relative concentrations of cyclodextrin— outside the cavity, we would expect to see clearly
amine adducts are reached regardless of which one isdefined trends in the equilibrium exchange of one
ejected. This indicates that adducts form with at least amine for another as the size and bulk of the amines
some degree of selectivity. changed, but such trends are not evident. This sug-
We analyzed a series of amines with varying gests that the binding process is more complex than
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Fig. 6. Mass spectra of cyclodextrin—cyclohexylamine complexes fax<a)p) 8-, and (c)y-cyclodextrins as a function of time in the ICR
cell. Shortest reaction times are at the bottom of the plot, and longest reaction times are at the top.
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adducts of the cyclodextrins, and (e)t-butylammonium adducts of the cyclodextrins. Lines are exponential fits to the data. These plots follow

the progress of the first H/D exchange as a function of time.

would be expected if nonspecific, exterior adducts of
the amine with the cyclodextrins were forming.
Semiempirical calculations performed by our group
on a limited number of conformers (Table 5) show the
included guest to be energetically favored over the
nonincluded guest for all of the butylamine isomers

Table 5
Semiempirical (PM3) heats of formation of
cyclodextrin-ammonium complexes

AH; (PM3, kJ mol'?)

Host/guest R group  R;, Rout Rin — Rout
a-CD/n-propyl —4742.6 —4716.6 —-25.9
a-CDliso-butyl —4776.5 —4746.7 —29.7
a-CD/cyclohexyl —4828.2 —4791.4 —36.8
a-CD/methylbenzyl —4575.2 —4548.2 —-27.0
a-CDftert-butyl —4809.7 —4824.4 14.6
B-CDttert-butyl —5687.7 —5707.1 194
y-CDftert-butyl —6580.9 —6572.3 -8.6

except tert-butylamine (and more recent calculations
with more thorough conformational searching indicate
even this guest is probably included drcyclodextrin)

[23]. Calculations performed by other groups have also
shown guest binding inside the cavity to be favored over
binding outside for guests less polar yet more bulky than
the amines used in this study [24—26]. Another series of
computational studies concluded that the most important
noncovalent forces involved in the binding of cyclodex-
trin host—guest complexes are the short-range dispersion
forces, and these are generally one to two orders of
magnitude smaller than hydrogen binding-type forces
[27]. Although amines were not used in either study,
there does seem to be a consensus among computational
chemists that cyclodextrins prefer to include guests, and
that solvent effects are not as important as specific
interactions between the guest molecules and the cyclo-
dextrin [4,24,28].
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In solution, the driving force for inclusion complex comfortably inside more than one of the cyclodextrin
formation is believed to be a combination of four cavities. However, we expect that in the gas phase the
effects. These are polar—apolar interactions betweencyclodextrin cavity that exhibits the tightest fit with
an apolar guest and a polar solvent, such as water, inthe guest, achieving the most van der Waals contact
the presence of the apolar cyclodextrin cavity; release without inducing large amounts of steric strain,
of ring strain upon complexation; van der Waals should form the more stable complex.
interactions; and hydrogen bonding. In the gas phase, |n our study,tert-butylamine showed a great pref-
no solvent interactions are present. The ring strain erence for a-cyclodextrin, and cyclohexylamine
argument applies only te-cyclodextrin, which is  showed nearly equal preference f&r and y-cyclo-
distorted in its hydrated form. However, there is N0 gextrin when compared to-propylamine, but a sig-
evidence that ring strain exists in the gas phase pficant preference fog-cyclodextrin when compared
molecule and even in solution, this is not the most {4 methylbenzylamine (Table 4). Calculations indi-
significant effect [3]. This leaves van der Waals (ate that based on the diameters of the molecules, all
interactions and hydrogen bonding to account for yree of these compounds should fit inside the wide
differences in selectivity. - rims of all three cyclodextrins [23]. However, the

The tendency in nature is to solvate a bare Cha“%le- sterics surrounding the amino groups are quite differ-
Therefore, the charged proton on the.cyclodextrln ent. If hydrogen bonding is taking place between the
_mo.lecule would_have a tgndency to migrate to the amino groups and the hydroxyl hydrogens on either
inside of the cavity where it can be better solvated by rim, the amines with appropriately sized substituents

the host. This would provide a driving force for the . ) .
) ) near the nitrogen would fit more snugly against the
amines to enter the cavity where they would be held . . .
. walls of the cyclodextrin cavity and experience
by a combination of van der Waals forces and S
greater stabilization from van der Waals forces when

hydrogen bondlpg. the amines bind inside the cavity. This might explain
The only amines that appeared to demonstrate a _ . . .
the relatively high affinity oftert-butylamine for

significant preference for one cyclodextrin over an- :
a-cyclodextrin.

other (Table 4) weretert-butylamine, cyclohex- Why th Id lohexylami hich h
ylamine, and methylbenzylamine. These are also the | y then would cyclohexylamine, W Ich has a
diameter very close to that ¢ért-butylamine, prefer

most sterically bulky compounds used in our study. . i
B-cyclodextrin overa-cyclodextrin? van der Waals

van der Waals forces exhibit the greatest stabilizing ! ) ] _
interactions can be described as temporary attractions

effect on an inclusion complex when the guest fits ]
snugly into the cyclodextrin cavity [29,30]. If we can Petween adjacent noncovalently bound molecules due
to momentary induced dipole—dipole interactions.

assume that the degree of hydrogen bonding is similar
for all of the compounds studied, a difference in the Greater stabilization by van der Waals forces should

degree of van der Waals stabilization could account 0ccur in the guest which has the greatest amount of
for the difference in selectivity. three-dimensional contact space with the host and not

All of the amines used in these experiments are just the largest diameteflertbutylamine possesses
simple, primary amines capable of forming three threefold symmetry about a central carbon, which is
hydrogen bonds. There is no significant difference in also bound to the amino group-Cyclodextrin is
the electronegativity of the substituents bound to the composed of six glucose monomers, and also has a
amine nitrogen, or in the hydroxyl hydrogens forming threefold symmetry axis, unlike eith@ or y-cyclo-
the hydrogen bonds with each amine. Ignoring steric dextrin. This may explain why-cyclodextrin would
effects on the hydrogen bonding, it is reasonable to form a better “fit” with tert-butylamine than with
assume the degree of hydrogen bonding is similar for cyclohexylamine, whilgg-cyclodextrin shows just the
all of the amine compounds used here. opposite. Recent studies support the idea that in some

Based on size alone, many compounds will fit container-type molecules, guest selection is based
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upon how well the guest literally “fills out” the host
molecule cavity [31].

order of days, whereas H/D exchange in the gas phase
occurs at close to the collision-limited rate.

Lebrilla has proposed the presence of a proton-
bridged intermediate in the mechanism for gas phase
H/D exchange [36,37]. This differs from the proposed

H/D exchange has long been used in mass spec-mechanism of exchange in crystalline cyclodextrins
trometry to probe structure. Early work on the subject where exchange occurs on the shell of water mole-
suggests that deuterium exchange occurs sequentiallycules hydrating the rim of the cyclodextrins, which
and that exchange may be enthalpically driven then exchange the hydroxyl hydrogens of the cyclo-
[11,32]. The proposed mechanism involves the for- dextrin itself [35]. Once this hydration shell is re-
mation of an intermediate complex containing moved, the structural rigidity that slows exchange in
HD,O" where proton transfer occurs. a-cyclodextrin is also removed and H/D exchange

We are aware of no measurements of the gas phasemay become at least partially dependent upon the
proton affinity or basicity of any of the cyclodextrins. number of exchangeable protons, where we would
Therefore, we cannot say whether the differences in expectk ,, > kg, > K,), as observed.
basicity between the deuterating agent and the cyclo-  Our results show the first exchange fgrcyclo-
dextrins are driving the exchange reactions. Our dextrin to be considerably slower than that for either
results do support the idea of a sequential exchange,« or 8, which would not be expected if exchange were
as evidenced by the change in peak distribution over dependent solely on the number of sites. The exis-

4.3. H/D exchange

time.

Protonated cyclodextrin molecules have only one
type of functional group (hydroxyl) that could un-
dergo exchange. This would not allow for the same
type of accelerating effect seen in protein studies
[12,33], which could indicate that either cyclodextrin
proton affinity is within approximately 25 kcal/mol of
that of D,O (because it is generally believed that
proton affinities must be similar for exchange to occur
[34]) or that some other force is driving the exchange.

A recent study of H/D exchange in solid phase
cyclodextrins both with and without included guests
found that when cyclodextrin crystals were exposed to
D,O vapor over a long period of time (up to two
weeks) exchange did occur in both protonated cyclo-
dextrins and cyclodextrin—guest complexes. How-
ever, in contrast to our results, the rate of exchange in
a-cyclodextrin was observed to be slower than that of
B-cyclodextrin, and exchange occurred much more
rapidly when a benzaldehyde guest was included in
the a-cyclodextrin cavity [35].y-Cyclodextrin was
not included in the aforementioned study. It is not
particularly surprising that the gas and solid phase
results differ, because diffusion through the crystals is
probably rate-limiting in the latter. It is worth noting
that H/D exchange in the solid phase occurs on the

tence of a proton-bridged intermediate is partially
inferred from the observation that sites immediately
adjacent to each other do not exchange easily while
those that could be spanned by a bridging proton
exchange rapidly. The primary hydroxyl groups in all
three cyclodextrins are close enough together for easy
proton bridging.y-Cyclodextrin, however, is much
less structurally rigid than the other two mainly due to
its larger size. This floppiness might account for a
smaller degree of bridging ip-CD, leading to slower
exchange. Sterics might also play a rolexyityclo-
dextrin were to partially collapse on itself, attack on
the hydroxyl groups by the deuterating agent could be
sterically hindered and slowed enough to account for
the observed reduction in exchange rate. This would
not be as readily observed in solution, where water
molecules surrounding the hydroxyl rims of the mol-
ecule would help to maintain the ring shape [3].

Why does the presence of a guest in the cyclodex-
trin decrease the rate of exchange in the gas phase but
increase the rate in the solid phase? This could be due
to differences in conformation once a guest is in-
cluded which are likely to be observed in the solid
phase but not in the gas phase. It was mentioned
earlier that one of the arguments for driving an
inclusion reaction was the release of ring strain from
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the a-cyclodextrin molecule as a guest is included, adjacent hydroxyl hydrogens capable of forming pro-
but that this effect was only observed in the hydrated ton bridges. This would decrease the exchange rate as
molecule. The solid phase H/D studies used hydrated observed. However, in botB- and y-cyclodextrin,
a-cyclodextrin and indicate that with an apolar guest two or more adjacent hydroxyl groups capable of
included a much less rigid ring structure exists, which bridging would be present with a hydrogen-bound
could increase the proton transfer rate of the inclusion amine guest, and would be expected to have faster
complex. Ifa-cyclodextrin does not exhibit ring strain  rates of exchange thaa-cyclodextrin—-amine com-
in the gas phase, this increase in exchange rate wouldplexes. This was not observed. It was mentioned
not be observed. A similar argument could be made earlier that signal did not decay as rapidly with
for B-cyclodextrin. increasing trapping time for cyclodextrin—amine com-
Another explanation may have to do with the plexes as for protonated cyclodextrins and that in our
interactions between the cyclodextrin and the guest case, the decay is most likely due to proton transfer
molecule. All of the guest compounds used in the from the cyclodextrin molecule to a neutral species.
solid phase study are apolar and would exhibit only The amine guests are undoubtedly much more basic
van der Waals interactions with the cyclodextrin than the cyclodextrins, and are therefore much less
hosts, whereas the amines used in our study would belikely to lose protons than are the protonated cyclo-
expected to experience a high degree of hydrogen dextrins. Past studies have shown that when proto-
bonding to the cyclodextrins. The H/D exchange rate nated amino acid is complexed with a monosaccha-
constants have little or no dependence on which ride, the H/D exchange rates of the protonated amines
amine is bound, nor do the size or shape of the decrease significantly [39]. If the complex is really an
cyclodextrin appear to have a significant effect on the ammonium cation inside a cyclodextrin, it is not
H/D exchange rate in the gas phase. If the amines surprising that H/D exchange is suppressed: the pro-
were bound outside the cavity, we would expect steric ton affinity difference between water and any of the
hindrance to slow the rate of attack on the complex by amines used in these studies is large enough that
D,0O molecules. Since no such trends are present, thisexchange is not observed between ammonium cations
would again argue for inclusion complex formation, and D,O. Exchange between an ammonium cation
although this result alone is not conclusive. included in a cyclodextrin cavity and D would be
The gas phase proton affinities for all the amines expected to be even less likely, due to the steric
studied are documented to be well above that gDD  constraints imposed by the cyclodextrin.
[38]. The gas phase proton affinity of methylben-
zylamine is not known, but is expected to be near that
of cyclohexylamine. If we assume that the rate of gas 5. Conclusions
phase H/D exchange on cyclodextrins is proton affin-
ity dependent, as has been suggested for other com- The results presented here argue for the formation
pounds, it appears that the binding of an amine of cyclodextrin—amine inclusion complexes in the gas
inside the cyclodextrin cavity either inhibits the phase. Although the sizes and shapes of the guest
formation of a proton-bridged intermediate on the molecules used in the equilibrium studies did not
cyclodextrin or changes the gas phase proton affin- reveal any dramatic trends, the similarity of the
ity of the entire molecule. The latter is expected to equilibrium constants suggests that all of the guests
happen if the proton is transferred to the guest in used in our study are binding in similar ways, pre-
the complex. sumably inside the cyclodextrin cavities. Some minor
Since a-cyclodextrin possesses sixfold symmetry, trends were observed in the binding preference of
the hydrogen binding of a primary amine to the six certain amines by one cyclodextrin over the other,
hydroxyl groups of the lower cyclodextrin rim would  which can be explained by the role of van der Waals
be expected to have threefold symmetry, leaving no interactions as a stabilizing force in the formation of
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