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The line shape of the NMR signals of protons bonded to nitrogen shows that the longitudinal relaxation of
1N (Tyn) is much faster for dtert-butylpyridinium ions (DTBPH) than for pyridinium (PyH) in solution.

The relaxation times for ring carbong,€) indicate that the difference comes from a different rate of tumbling

in solution, rather than from a difference in the electric field gradient. Computer modeling gives ratios of
relaxation timesTiy = 1/Ryn) of 10—20. lon pairing has an opposite effect upon the two ions: it accelerates
the relaxation of PyH but slows down the relaxation of DTBPHIn the absence of electrostatic interactions
with the solvent, ion pairing should increase the correlation tigneecreasd;) for the anion positioned in

the plane of the ring and should have only a small effectdior the anion perpendicular to the ring (along
thez axis). The anion in the ion pair of PyHs positioned on th& axis (theC, axis of the ring) for maximum
hydrogen bonding with the NH group. The inability of DTBP to form hydrogen bonds at nitrogen was
confirmed by the equality of it8N chemical shifts in methytert-butyl ether, dry and containing water.
B3LYP/6-31G* calculations indicate that the positioning of an anion along teeés of DTBPH" induces a
charge redistribution that reduces the electrostatic interaction of the cation with the solvent dipolesyin the
plane, thus decreasing the tumbling correlation timeand increasing the NMR relaxation timig, These

data suggest that chemisorption of pyridine on acid sites on solid surfaces occurs with the nitrogen facing the
surface but that DTBP is chemisorbed on the side (flatwise) with its degree of hydronation depending on
the degree of curvature of the surface around the site.

Introduction CHART 1

Pyridine has been extensively used as a probe base for the @ Z |

characterization of acid sites on solid catalysT$he methods Sy SN

of analysis employed have included IR spectroscopyicro-

calorimetry? proton? carbon® and nitrogen NMR, and tem- 1 2

perature-programmed desorptibriThe use of the thermal

methods, however, has been criticiZé8ecause pyridine reacts

with both Lewis and Brgnsted acid sites, 2,6-dimethylpyridine 7 7

(DMP) has been proposed for use in targeting specifically the O ~ |

Brgnsted site$? Other workers, however, reported IR bands ’It Wﬂ

assigned to complexes of DMP with Lewis acid sites on various H H

solids!! The sterically hindered 2,6-dért-butylpyridine has 3 4

been proposed for use in distinguishing the sites on the external

surface of solid®12from those inside pores. required, in the ion pair of the pyridinium cation (P, 3)
Differences between the interactions of pyridine (Byand forme_d by chemisorption. The voluminous substituen twbld

2,6-ditert-butylpyridine (DTBP,2) with acid sites on solid  the nitrogen atom farther away from the surface.

surfaces are likely. (See Chart 1.) It is known that ionic reactions ~As an additional factor, it has been determined that te p

on solid surfaces involve tight ion pairs as intermediates and ©f 2 in solutionis abnormally low, particularly in comparison

that separation of the ions does not octtifhe steric bulk of ~ With those of the lower 2,6-dialkylpyridine homologues and with

2 is expected to reduce its ability to form ion pairs. Because the relative basicities in the gas phaSélhis anomaly was

the physisorption of pyridine through hydrogen bonding orients rationalized by steric hindrance, which prevents the hydroge-

the ring with the N--C4 axis (theC, axis) perpendicular to the ~ nated DTBP from forming a hydrogen bond with the anié,

Surface];5 the same orientation should be preferred, if not Or by the steric inhibition of cation solvatidfab17The analySiS

was complicated, however, by a study that concluded that both

* Author to whom correspondence should be addressed. Telephone: 412-2 @nd the corresponding cation (DTBH4) are hydrogen-
624-7449. Fax: 412-624-9639. E-mail: dfarca@pitt.edu. bonded at nitrogen in waté¥ The reduced basicity was assigned
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to a decrease in entropy because of an increased bartent-to
butyl group rotatiod® To further the controversy, it was
concluded from an IR spectroscopic investigation that 4-fluo-
rophenol forms hydrogen bonds with theelectron system of
DTBP, rather than with the nitrogen atdthwhereas it was
concluded from another study that, despite the steric hindrance,
DTBP interacts not only with Brgnsted acid sites, but also with
Lewis acid sites on the surface of boron phosph#te.

Because all of the previous studies were based on an
examination of changes in the spectra of the hydrogen-bond
donors, we determined the solvent effects on ¥i¢ NMR
chemical shifts oR. There was no dependence of chemical shifts
on the hydrogen-bond donor ability of solvents, in stark contrast
to the behavior of..2° We can, therefore, expect differences in
the interactions ot and2 with external acid sites. In particular,
not all of the sites that react with pyridine should be expected
to react with 2,6-dtert-butylpyridine.

In continuation of our studies of probe bases for acidity
measurements of solid and liquid acid$we examined the
hydronation ofl and 2 in acids of varying strength, biH,
13C, and!>N NMR spectroscopy. The study has yielded results
on the NMR relaxation of the hydronated bases, which are
significant for understanding their interactions with anions in
solution and with anionic sites on solids. We report our results
in full here.

Methods

NMR Experiments. All reagents and solvents were reagent
grade and were used as purchased. The NMR sjS&gise
recorded at 300.13 MHZ fotH, 75.468 MHZ for13C, and
30.424 MHZ for 5N. Each acid solution was prepared by
weighing the components on an analytical balance (0.1 mg
accuracy) to give a 1.5 M solution of base in acid in the 8-mm
NMR tube. External cooling was applied during mixing. The
sample of pyridine in trifluoromethanesulfonic acid (TFMSA)
was prepared by freezing pyridine in the NMR tube in liquid
nitrogen, adding less than the total calculated amount of
TFMSA, then bringing the mixture to room temperature and
adding the rest of the exact weight of acid required. After the

solution was prepared, each tube was tightly capped and placed

in a thin-walled 10-mm OD NMR tube containing the lock
solvent and the chemical shift reference compound, which was
CDClz with 1% TMS for thelH and13C spectra and an 80:20
Py/DMSOds mixture for the >N spectra. ThelH NMR
chemical shifts were then recalibrated from internal dichloro-
ethane ¢ 3.72 ppm), as described previoudlRoom tem-
perature” was the normal probe temperature; @2

Computations. The ab initio calculations were performed
with the Gaussian 98 prograrfisThe charge distributions were
obtained by Mulliken population analyses on structures opti-
mized by density functional theory (DF?F)at the B3LYP/6-
31G* level?

Hydrodynamic calculations of the rotational relaxation times
were conducted in the manner described previotfsiyhe
dimensions of the cations were obtained from B3LYP/631G*
calculations. For the ion pairs with the anion on the side, the
trifluoroacetate anion was placed with the-C bond on thex
(Cy) axis and with the oxygen atoms at equal distances (1.7 A)
from the hydrogen bonded to the nitrogen atom. For the ion
pair with the anion on the top, the trifluoroacetate was likewise
placed along the axis (perpendicular to the plane of the ring)
and with the oxygen atoms at a distance of 4.00 A from the
ring.
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Figure 1. NMR signal of the proton bonded to nitrogen in PyH
(frequency scale: 50 Hz/division). (a) Trifluoroacetate anion, trifluo-
roacetic acid solution; (b) trifluoromethanesulfonate anion, trifluo-
romethanesulfonic acid solution; and (c) trifluoromethanesulfonate
anion, trifluoroacetic acid solution.

The simulated curves in the figures were generated with the
computer program SigmaPlot, developed by Jandel Sciefftific.

Results and Discussion

The proton NMR spectrum of the conjugate acid of Py<Py
H*, 3) in trifluoroacetic acid (TFA) was first reported in a study
that exploited the triplet for the NH™ resonance to measure
chemical shifts (in that case &) by double resonancé.wWe
also observed a triplet for the-NH* signal of 3, at 6 13.96
ppm in TFA and at 12.70 ppm in trifluoromethanesulfonic
acid (TFMSA), as shown in Figure 1. The acid protons (OH)
resonated at 12.21 and 11.99 ppm, respectively. The chemical
shifts measured from an internal reference (see the Methods
section) are somewhat different from the values based on an
external reference, reported earfiéBecause of the much higher
field, the NH and OH signals in TFA solution were much better
separated in our experiments than in the pioneering work of
Baldeschweiler and Rand&ll put for the TFMSA solution, the
N—H* resonance was riding on the tail of the TFMSA proton’s
peak. We also examined a sample of PyFFMSA™ in TFA
solution (Figure 1c), which gave a triplet fo{NH) that was
well separated from the acid peak.

The one-bond coupling constants that we measured were
somewhat different in different media: 62.5 Hz in TFA, 68.3
Hz in TFMSA, and 67.3 Hz for Py TFMSA™ in TFA. These
are absolute values; the sign éfwas not determined. The
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TABLE 1: 'H NMR Spectral Data for the

Di-tert-butylpyridinium lon 2 g
proton N-H p y Me g
chemical shift §, ppmyp 11.28 7.98 8.55 1.59 3
coupling constants (Hz) 1#0.Z 8.0+0.2 8.0+0.2 «
91.4+ 0.7 1.7+0.2
4.0+ 0.2
aIn TFMSA, from 1,2-dichloroethanej(3.72) as internal standard.
bThe values in TFA are 11.17, 7.93, 8.48, and 1.59 ppm, respectively.
¢J(H—CB—N—H), measured on thg hydrogen signal (see text).
4 JH—CB—Cy—H). ¢ |J|(**N—H), measured in the">N spectrum. b A
F1J](**N—Ca—CpB—H), measured in thé°N spectrum. d

variations in|J|(**N—H) are in line with literature reports, which
give J*°N—H) = —96.3 Hz for the PyH-TFA~ in TFA
solution?® |J|(**N—H) = 83—89 Hz for the hydrochloride in
CDCIF,/CDF; between 168 and 112 ®,and |J|(**N—H) =
88—91 Hz for the nitrate in CDCI#CDF; between 144 and
112 K2 Conversion of these published values with the
equation: J*°N—H) = 1.4027(**N—H),%° gave values for
|J/(**N—H) of 68.6, 59.2-63.4, and 62.764.8 Hz, respectively.
Theoretical calculations indicate that the coupling constants
increase with the dielectric constant of the mediifhut the
values measured fa(*>N—H) of methylacetamide;-92.9 Hz a
in tetrachloromethane and 93.0 Hz in water, seem too close
to each other to account for the differences cited aliéve.

In contrast, we observed a broad singletat1.17 in the
spectrum of 2,6-diert-butylpyridine in TFA (Table 1 and Figure Frequency, Hz
2a), well separated from the acid peakdal2.65. The same Figure 2. NMR signal of the proton bonded to nitrogen in DTBPH
line shapes and chemical shifts were observed for the Corre_(frequgncy_scale: '50 Hz/divisipn) (a) Trifluoroacetate anion, trifluo-
sponding signals in th&H NMR spectrum of DTBP in TFAd. roacetic acid solution-, experimental;--, calculated fom = 2.49)
The chemical shifts in TEMSA were 11.28 (br s. NH. Fiqure and (_b) trlﬂuoromethanesuIfonate anion, trlflui)romethanesulfonlc acid

_( » NH, FIg solution (=, experimental;+-, calculated fom = 1.46).

2b) and 12.53 (OH). Thé’N NMR chemical shifts were
—185.78 in TFA and—185.76 in TFMSA (lower frequency
from external, neat nitromethane), thus showing that hydronation
was complete in both acids (DTBH4).

Several lines of evidence indicated that the shape of the NH
signal of4 did not result from chemical exchang&First, Gold
and Lee established that the sterically hindered chemical
exchange of DTBPH is much slower than that of Py#f2
Second, we found that the NH singlet sharpéhdnistead of

shape of the composite signal footand Hy and reduced its
width, indicating some coupling of the-\H and thea protons.
Also, irradiation of the composite signal for theandy protons
narrowed slightly the lines of the NH triplet. The chemical
exchange should be faster in the weaker acid, TFA.

The NMR signals of protons bonded to nitrogen in various
compounds have been known to vary, in the absence of chemical

broadenin@® upon cooling from 22 to 0 and then t620 °C. ex_change,_ from sharp triplets (e.g., for the_ammonium ion in
Third, the fully coupled!N spectrum showed a doublet of acid solutionj* to more or less broad singlets (e.g., for
triplets, with the large splitting givingJ|(:3N—H) = 91.4 + pyrrole)3335 The reported differences were brought about by

0.7 Hz (three determinations) and the triplet splitting giving C©"2nges in the bonding of the nitrogen atom and its ligands
13|(35N—Co—Cf—H) = 4 + 0.2 Hz. Likewise, the signal for and were rationalized by variations in the effectiveness of the

the 8 hydrogens was, in our spectra, a doublet of doublets, with electric quadrupole relaxation of th&\N atoms3? The difference
J(H—CA—Cy—H) = 8 + 0.2 Hz andJ(H—CA—N—H) = 1.7 between the line shapes of the-N™ signals of3 and 4
+ 0.2 Hz (Table 1). The closer doublets collapsed upon observed by us can also be assigned to the faster electrical

irradiation of the N-H signal. The small HCA—N—H signal quadrupole relaxation df'N in the latter, caused this time by
would be the first eliminated by the exchange of the-H the introduction of substituents at other sites of the molecule,
proton. rather than at nitrogen.

On the other hand, some of the broadening of the bands of For an infinitely slow relaxation, the signal of the proton
the N-H triplet of 3 in TFMSA did result from chemical ~ bonded to!N is a 1:1:1 triplet. As the rate of relaxation
exchange. The signals of the protons bonded to the carbons inincreases, the triplet is distorted such that the lines are broadened
3 were somewhat broad, but we could ascertain that the peakand the central line increases in intensity at the expense of the
of the protons in thg8 positions was not split by coupling with ~ outer lines until the latter disappear altogether. The resulting
the proton bonded to the nitrogen atom, as it was in the spectrumbroad singlet sharpens upon a further increase in the relaxation
of 4, because irradiation at the center of the-ll resonance rate. Thus, the rate of the electric quadrupole relaxation can be
failed to produce any narrowing of thg-hydrogen triplet assessed by an analysis of the shape of the signal. For a certain
(overall half-line widths of 16.6 and 16.5 Hz for the two range of relaxation rates, the relaxation tim@sy) can be
experiments). The line width of the acid peak was about 2.7 obtained from the equations developed by Pople (eg) ¢
Hz in both cases. A further analysis of the spectrum was which give the relative spectral intensityas a function of the
rendered difficult by the overlap of the signals for theandy frequency (distance from the central proton resonangeand
protons, but irradiation at the-\H resonance altered the overall a dimensionless parameter(in the notation of ref 36a).
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_|_ 2
109 =1 Z3n—=rn
45+ p?(5¢ + 1) "
225¢ + n?(34x* — 2¢ + 4) + ' 0E — 2 + %O
5 = 107T, JIN—H) @)
vy
*Z3N—h) )

In the range of faster relaxation (the casedhfthe calculated
intensities can be fit to the experimental spectrum by varying
the parameter;, as indicated in the Methods section. The
simulation gave values fay of 1.46 in TFMSA and 2.49 in
TFA (Figure 2). The quality of the spectra, which would affect
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TABLE 2: NMR Longitudinal Relaxation Times of Carbon
Atoms (T,c) in Pyridine, Di-tert-butylpyridine, and Their
Cations in Various Solvents

Ca Cp Cy

solute solvent o,ppm Ti, s oO,ppm Ty, S oO,ppm Ti, S

Py hexane 150.7 21.1 123.8 225 1355 22.2
pheno? 147.3 1.6 1247 1.5 137.9 0.44
TFAP 148.3 1.6 128.2 2.9 141.7 2.7
TFMSA 148.8 35 1284 4.7 141.5 4.8

DTBP hexane 168.1 37.3 115.7 5.3 136.4 7.0
pheno?  167.6 9.9 a — 136.5 1.31
TFAP 164.2 6.1 1229 0.79 148.6 1.1
TFMSA 163.4 5.0 1226 0.55 147.8 0.79

aCovered by the solvent.Viscosities: 0.29 cP, hexane; 7.1 cP,
phenol; and 0.75 cP, TFA.

of then parameter from PyHto DTBPH' reflects entirely the

the line broadening, is similar for the two spectra, as shown by change in the correspondiAtN longitudinal relaxation times.

the half-height widths of 1.83 and 2.20 Hz for thet-butyl
lines in TFMSA and TFA.
For the spectra @3, signal shape fitting was less satisfactory,

For rapid molecular tumbling and axial symmetry of the
molecular electric field, the relaxation time is determined by
two variables, the electric field gradieqtand the correlation

because of the superimposed effect of chemical exchange. Theaime for tumbling,z.,3"2as shown in eq 5, where C is a collection
homodecoupling experiments described above indicate that theof constants.

effects of the unresolved spirspin coupling of N-H with the
a, 5, andy protons are marginal. It is, therefore, more accurate

to compare the calculated and experimental relative intensity

of the three bands of the-\H triplet. The chemical exchange

1Ty = Cofr, (5)

As both3 and4 fit the definition of “small” molecules (MW<

broadens the three lines equally and, thus, does not change thei200 daltons¥’they should satisfy eq 6, which is derived from

relative heights. The center band intenditg), is obtained from
eq 1 forv = vy (x = 0), and the sideband intensitl(s), is
obtained forv — vy = J(N—H) (x = 1). Their ratio is then
calculated using eq 4.

1(c) _ (45+ n))(75+ 129"

= 4
1(s) 60p° + 8y*
Typical values are
n 10 20 30 31.62 40 100
I(c)I(s) 2.15 1.66 157 1566 154 151 1.50

100/47 100/60 100/63 100/64 100/65 100/66 100/67

The highest value of for which the shape of thi€x) function
for the 1*N—H resonance was calculated in the literature was
31.62 > = 1000)3%2¢|n fact, the values beyond that do not
give a significant change in théc)/I(s) ratio, and at some point,
eq 1 itself is no longer valié® It is seen that the predicted
limiting value forl(c)/I(s) is 1.5 instead of 1.0. The experimental
values forl(c)/I(s) are 100/68 for Py in TFA}TFA~, Figure
la) and 100/(7% 2) for 3*-TFMSA~ in TFA (Figure 1c).
Because the NH signal of3-TFMSA™ in TFMSA (Figure 1b)
partially overlapped with the OH signal, only the high-frequency
(downfield) sideband could be measured; it gie!(s) ~ 100/
80. A comparison with the calculated values shows that, in all
three casesy was outside the limits of applicability of eq 1.
We can, therefore, conclude that the valueg &dr the spectra

eqgs 2 and 5.

n(PyH")  (DTBPH")r(DTBPH")
n(DTBPHY)  qX(PyH )z (PyH")

In fact, the temperature dependence observed for the line width
of 4 (a narrower N-H band at lower temperature) validates the
assumption of fast tumbling (extreme narrowing condition).

To help determine which factor controls the relaxation times,
we measured the longitudinal relaxation times for the carbon
atoms {1c) of Py and DTBP in various solvents. The results
are given in Table 2, and they are accurate to about 10% relative
uncertainty. For the acid solutions, it can be seen thafllike
values of @ and G’ are about the same for badtand4. Unlike
the nitrogen electric quadrupole relaxation tinfen), the Tic
parameter is not a simple function of%7¢but the similarity of
Tics andTag, is important, because it indicates that the variation
in the relaxation times is determined by the change in the
correlation time for tumblingg,, rather than in the electric field
gradient.

The relative contribution of the factors of eq 6 was also
assessed by calculating, at the B3LYP/6-31G* level, the
electrical field gradient at nitrogen f&; 4, and their ion pairs
with a model anion (F) placed on the side (facing the-NH
bond) or on the top of the ring. Although the absolute values
were large, the differences between the valueS8tand4 were
less than 0.1%. The ion pairing and the change in the position
of the anion change the component of the electrical field gradient

of 3were, in all cases, greater than 31.2 and that it was greaterthat is the main component, but the change in value for both

for the TFMSA solution than for the TFA solution. We note
that 3-TFMSA~ gave the samg(c)/I(s) value in TFMSA and

TFA solutions, which indicates that the counterion has a greater

effect on the relaxation rate than the solvent.
The coupling constantl|(**N—H) for DTBPH", 65.2 Hz

the main component and the asymmetry pararfetare
negligible.

The rate of tumbling in solution is determined by the size of
the molecule and the viscosity of the solvent, as shown by
comparisons of th&@;c values given in Table 2 fot (smaller

(calculated as 91.4/1.4027, see above), is about the same as theolecule) and2 (larger molecule) in hexane (low viscosity)

coupling constant]|(*“N—H) for PyH", for which our measure-

and phenol (high viscosity). The long relaxation times far C

ments give an average value of 66.0 Hz. Therefore, the variationof 2 are normal for its degree of substitution. It is noteworthy
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Figure 3. Principal axes for the rotation (tumbling) of catioBsand
4.

Facagu et al.

TABLE 3: Rotational Correlation Times 2 from
Hydrodynamic Boundary Condition Calculations

ion or ion Ty Ty tdtc (ip)  tdtc (ip) T(TFMSA)/
pair (ps/cP) (ps/cP)  stick slip 7o(TFA)P
3 26 7 - - -
3ip (side) 60 13 2.3 1.9 >1
3ip (topy 47 1 1.8 0.14 >1
4e 83 4 - - -
dip (side} 127 6 15 1.5 <1
dip (topf 118 4 1.4 1.0 <1

2 Rotational correlation timesz.. ® From NMR relaxation times.
¢ Fully solvated iond Cation in an ion pair, with the anion in the plane
of the ring (hydrogen-bondedjCation in an ion pair, with the anion
perpendicular to the ring.

slip hydrodynamic boundary condition calculations for the
rotational correlation times of solut8sand4 and their ion pairs.
These correlation times were obtained using an asymmetric rotor
model for the solute diffusion tensor and assuming that the
frictional coupling with the solvent can be described by
hydrodynamics. The two limiting cases of slip and stick

that the transfer from hexane to phenol has a significantly greater hydrodynamic boundary conditions are preseit¢dThe table

effect on the relaxation df than on the relaxation &, because
strong hydrogen bonding, which exists for the former but not
for the latter, produces an additional frictighlt is interesting,
however, that the transfer from TFMSA to TFA has an opposite
effect on the rate of rotation of the two cations: it slows down
that of 3 and speeds up that df as seen in Figures 1 and 2.

reveals a significant difference between the slip and stick
boundary conditions, ranging from a factor of 4 to a factor of
30. Whereas it is fairly well established that small nonpolar
molecules in a nonpolar solvent are described by slip boundary
conditions or something weaker, the boundary conditions for
charged or polar solutes in polar solvents can range from the

This difference is not caused by the change in solvent properties,slip limit to the stick limit (and beyond). Because of difficulties

because3-TFMSA™~ in TFA (Figure 1c) behaves exactly like
3*-TFMSA™ in excess TFMSA. The variation in tumbling rate
correlates with the difference in basicity of the anions. This

correlation suggests that the cation in the trifluoromethane-

sulfonate salt is fully solvated (free ion in solution), but it is
predominantly or fully ion-paired in the trifluoroacetate salt.
The ion pairing hinders the rotation 8fand aids the rotation

in determiningq from eq 5, it is not possible to confirm directly
which boundary condition is operative.

Comparison of the stick relaxation times for the different
systems is particularly useful, because it reflects the impact of
molecular size on the relaxation time. The faster rotation of
pyridinium, 3, than of ditert-butylpyridinium,4, is reproduced,
both for the free ions and for the ion pairs. Bpthe correlation

of 4, an effect that can be rationalized on the basis of the positiontime increases upon ion pairing for either orientation of the

of the anion relative to the axis of rotation responsible for
relaxation.
The rotation of3 and4 can be described with the use of three

anion. The increase for the orientation with the anion coordi-
nated above the ring is smaller than that for the orientation with
the anion in the plane of the ring, which reflects the more

axes, as shown schematically in Figure 3. Note that the origin spherical shape of the former ion pair; thus, it displaces a smaller
of the axes (taken to be the center of mass) is not the same forvolume of fluid and experiences less viscous drag. For the case

the two ions. An examination of the longitudinal relaxation times
for the carbon atomslyc, indicates that rotation about ti®
axis (), or for that matter about any axis connecting two atoms
located “para” to each other, does not contribute to the
relaxation. Thus, rotation about taexis (perpendicular to the
plane of the ring) is likely to be the most effective for NMR

of di-tert-butylpyridinium, 4, the free cation has a relaxation
time that is similar to that of the ion pair. As with the case of
3, one finds that the more spherical ion pair relaxes more rapidly
than the more elongated complex, but the differences are less
important for4. These shape effects are also identifiable for
the slip boundary condition calculations, which do not, however,

relaxation. For the case of strong hydrogen bonding, the anionreflect the differences betweéhand4 that were observed in

paired with3 should be aligned along theaxis!® Two different
scenarios can be envisioned for rotation about thexis
(perpendicular to the plane) and even aboutythgis (in plane).

both solutions. The experimentally observed trends in the
correlation timer. between TFA and TFMSA are reproduced
for the expected configuration of the hydrogen-bonded ion pair

In one limit, the cation and anion move as a unit. Because of of 3 (anion on thex axis), but they are somewhat closer to the
its size and shape, this rotor must displace a significantly larger prediction for the configuration with the anion at the top of the
solvent volume upon rotation, leading to more viscous drag. In ring for the ion pair of4.

the other limit, the rotation breaks the interaction between cation

The existence of hydrogen bonding at the nitrogen-bonded

and anion, possibly concertedly with a hydron transfer to the hydrogen atom ofl, which would place the anion along the
anion from an adjacent solvent molecule, such that the rotation axis, is unlikely in light of the absence of that interaction in the

of the cation is accompanied by a circular movement of
hydrons in the opposite direction. The breaking of the ion
pair acts as a slow, or rate-limiting, step in this mechanism.
Consequently, ion pairing should slow the rotation 3fin
agreement with the results shown in Figure 1 and Table 2.
A more quantitative and subtle analysis is required to
understand the opposite behaviordodnd4 when the solvent
changes from TFMSA to TFA. Table 3 provides both stick and

free base? as discussed above. The hydrogen bonding at the
nitrogen in2 requires a distortion of thiert-butyl groups, which
appears to require more energy than the hydrogen-bond forma-
tion liberates. It was noted, however, that breaking of the
hydrogen bonds of the donor (e.g., wa8mwith the solvent
molecules must also occur, so that only the difference in energy
between the two hydrogen bonds is available. To provide a more
stringent test of the availability of the nitrogen atomZrfor
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hydrogen bonding, we examined the interactio2dD.07 M TABLE 4: B3LYP/6-31G* Charge Distribution in DTBPH *
solution) with water in methytert-butyl ether (MTBE) as the ~ (4) and Its lon Pairs®

solvent, because the steric hindrance reduces the energy of 4 4H- 4-F
hydrogen-bond formation between water and this solvent. The

) _ _ 1 N —0.684 —0.699 —0.658
nitrogen in2 resonates at a frequency 0.72 ppm lower (negative 2 Ca 0.442 0.409 0.416
0) in MTBE than that in a 0.063 M solution in hexane. The 3 Ca 0.442 0.409 0.416
addition of up to 13 equiv of water to the MTBE solution does 4 Ch —0.214 —0.207 —0.205
; ; ; _ ; 5 (0%} —0.214 —0.207 —0.205
not affect the relative chemical shift & 6 —0.74 ppm, in 6 p 0082 0112 0085
this case. This result shows that hydrogen-bond formation at - (,zl/)H 0.372 0.360 0.379
nitrogen with water as the donor does not occur. For the 8 HB 0.204 0.154 0.171
interaction of 4 with the anion, the stronger electrostatic 9 HB 0.204 0.154 0.171
interaction is balanced by the greater steric requirements of the 10 Hy 0.211 0.150 0.171
anion 11 C(sP, quat) —-0.024 0.002 —-0.001
' ) o ) ) 12 C(sP, quat) —0.024 0.002 —0.001
The analysis of frictional coupling by hydrodynamic boundary 13 C —0.470 —0.460 —0.461
condition calculations presented above, does not include elec- 14 C —0.456 —0.435 —0.436
trostatic interactions between the solute and the solvent. 15 c —0.456 —0.486 —0.534
Numerous studies have shown that such interactions are 16 c —0.470 —0.460 —0.461
L . . . 17 C —0.456 —0.435 —0.436
significant, especially for cations in polar solveftsThe 18 c —0.456 —0.486 —0.534
difference between the electrostatic interactions is probably 19 H(ep 0.186 0.153 0.164
responsible for the difference between the ratiQ(3)/Tin(4) 20 H(a, pY 0.170 0.176 0.183
(about 20 in TFMSA) and the calculated ratig4)/.(3) (3.2, 21 H(a, dy 0.170 0.142 0.135
from Table 3). Earlier work by one of us has shown, however, 2 H(ep 0.194 0.157 0.166
that the relaxation of ion pairs is well described by hydrody- 23 H(a, dy 0.178 0.150 0.145
. 0! np y hydrody-— 54 4 0.143 0.140 0.141
namics?*? The origin of this effect comes from the charges being 25 H(ep 0.194 0.151 0.147
shielded from the solvent by the rest of the molecular ions. 26 H 0.143 0.126 0.116
Therefore, we expect that the electrostatic contribution to the 27 H(a, p¥ 0.178 0.204 0.254
frictional coupling will be smaller for the ion pair species than 28 H(e} 0.186 0.153 0.164
) ) . o 29 H(a, p¥ 0.170 0.176 0.183
for the fully solvated ions in TFMSA. This reduction in the 30 H(a. dy 0.170 0.142 0.135
electrostatic friction should also contribute to the shorter 37 H(e} 0.194 0.157 0.166
rotational correlation timer. for 4 in TFA, as compared to 32 H(a, dy 0.178 0.150 0.145
TEMSA. 33 H 0.143 0.140 0.141
. . 34 H(ep 0.194 0.151 0.147
It can also be observed that, for a location above the ring, 3¢ H 0.143 0126 0.116

the anion interacts electrostatically with positively charged 35 H(a, pY 0.178 0.204 0.254
hydrogen atomslin th&ert—bquI groups, as also fOUI.’Id for ilon aMulliken population analysis on the structure optimized at the
pairs of carbocations. An Qstlmatlon of the charge_d|§trlbutlon B3LYP/6-31G* level. In the ion pair, the anion is held 4.0 A above
for the structure o#, obtained from geometry optimization at  the ring.> e = equatorial hydrogens, axial hydrogens, p= proximal

the B3LYP/6-31G* level, is presented in the second column of hydrogens (close to the anion), aneeddistal hydrogens (on the other
Table 4. It shows the existence of four positively charged side of the ring than the anion).

hydrogen atoms, two in eadkrt-butyl group, oriented away

from the ring, on each side (axial hydrogens). The same The difference in position of the anion relative to the cation
calculation shows that there is a significant concentration of in the ion pairs o3 and4 is significant for their chemisorption
positive charge in the six hydrogen atoms of the substituents on solid acids. Because ions on solid surfaces are always formed
situated on the sides of the ring (equatorial hydrogens). It is as intimate ion pair&! pyridine will be adsorbed to forr@ with

the interaction of these hydrogens and the ring hydrogefis (H the N—=H* group facing the surface (sidewise), wheréashich

and Hy) with the dipoles of solvent molecules that slows down results from the hydronation d, will be oriented with the
the rotation about the axis of the free iord (in TFMSA ring facing the surface (flatwise). Thuswill occupy even more
solution) beyond what is expected from the difference in size space on the surface than formerly believed. As another
between3 and 4. Moreover, a calculation of the charge consequence, the level of hydronation 2fwill depend not
distribution in4 ion-paired with two model anions, hydride and  only upon the intrinsic strength of the acid sites but also on the
fluoride, placed 4 A above the ring, shows that ion pairing curvature of the surface, which will determine how close the
pushes negative charge from the axial hydrogens facing thecation 4 can come to the anion on the surfd€ewe find,
anion (proximal hydrogens) onto the equatorial hydrogens and therefore, another complicating factor in the evaluation of acid
the ring hydrogens. The axial hydrogens on the other side of strength of solids with probe bases, in addition to the relative
the ring (distal hydrogens) also have their positive charge distance and position of acid sites in pores identified in a study
reduced by ion pairing. The results are shown in the third and of the hydronation of wate¥’

fourth columns of Table 4. Therefore, the electrostatic fri¢tion
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