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High-resolution '°F and N solid state MAS NMR spectra have been obtained for fluoro-substituted
aromatics and for aromatic nitrogen heterocycles, respectively, adsorbed on silica and alumina,
where line narrowing is due to the high mobility of these systems on the surface of the porous
materials. °F,°F COSY, °F,13C HETCOR, and °F — 3C INEPT experiments were successfully
performed, and **N NMR was measured in natural abundance.

Introduction

Solid state NMR has emerged as a valuable tool in the
study of adsorption phenomena,! and many liquids and
gases are highly mobile when physisorbed on silica,'?
zeolites,'@¢ graphite,'® or boron nitride.’?? As a conse-
quence, line-narrowing is found in solid state NMR
spectra of adsorbed molecules like olefins, methylated
and other substituted benzenes, or pyridine.t

Recently we have shown that high-resolution **C and
1H solid state NMR spectra can also be observed for
hydrocarbons like naphthalene or phenanthrene with the
magic-angle-spinning (MAS) technique already at moder-
ate spinning speeds of 2 kHz and less if these systems
are physisorbed on porous materials like alumina or
silica.® Due to the high mobility of the physisorbed
species on the surface of the adsorbents, phenomena that
cause line broadening typical for NMR of solids, like
dipolar interactions and chemical shift anisotropies,* are
further reduced and 3C spectra with line widths on the
order of 10—30 Hz result. Even the observation of
individual proton resonances becomes possible, the line
widths being here roughly 1 order of magnitude larger.
In line with these observations is the finding that 'H,3C
cross polarization (CP), which rests on dipolar H,3C
coupling, fails and the spectra of the adsorbed aromatics
have to be recorded under MAS conditions with direct
13C excitation. Another aspect of general interest that
emerged from our study is that adsorption can be
initiated by a simple grinding procedure, even though an
inhomogeneous distribution of the adsorbates on the
silica surface results®6 (see also below and Experimental
Section).
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In view of the attention paid presently to surface
phenomena,”® and with respect to their importance in
catalytic processes,” a straightforward extension of our
investigations to other nuclei was desirable in order to
evaluate the influence of adsorption on the respective
NMR spectra. '°F and **N were obvious candidates for
such a study, the former because of the strong homo- and
heteronuclear dipolar interactions which exist in perflu-
orinated compounds and fluorinated hydrocarbons,®°
respectively, and the latter because of its low natural
abundance (0.36%). In fact, the majority of 1°N solid state
NMR investigations performed so far have been on
labeled material 511717

Results and Discussion

YF Measurements. Samples were prepared as de-
scribed?® by grinding the organic material with alumina
or silica—which was not subjected to any pretreatment
and therefore contained various amounts of surface
water'®—in an agate mortar (cf. Experimental Section).
Decafluorobiphenyl (1), 3-fluorophenanthrene (2), 1-, 2-,
and 9-fluoroanthracene (3, 4, 5), as well as 1- and
2-fluoroanthraquinone (6, 7) served for the °F measure-
ments (Chart 1). Figure 1 shows the °F MAS NMR
spectra obtained for samples of 1—4 and 7 adsorbed on
silica 60; the complete data are collected in Table 1. 'H
decoupling could not be applied because the *H coil of
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Figure 1. Typical examples of 282.4 MHz °F MAS NMR
spectra of fluorinated aromatics adsorbed on silica 60 (1:10
wiw), T = 292 K, rotational frequency 4 kHz: (a) decafluoro-
biphenyl (1); (b) 3-fluorophenanthrene (2); (c) 1-fluoroan-
thracene (3); (d) 2-fluoroanthracene (4); (e) 2-fluoroanthraquino-
ne (7).  scale relative to C*®FCl; (cf. Experimental Section).
Spectra b—e were recorded without *H decoupling (cf. Experi-
mental Section).

the probehead was tuned to the °F frequency and the X
coil had a limited X-frequency range (40—122 MHz) (cf.
Experimental Section). Relatively sharp °F signals are
observed for 1—3 and 5 (not shown), while considerable

J. Org. Chem., Vol. 62, No. 15, 1997 5075

Table 1. 1°F Chemical Shifts (6, ppm, Relative to
External C'°FCls), Half-Width A (Hz), and Melting Points
(°C) of Fluoroaromatics 1—7

G) S(*°F)
on silica in CDCl3 Ao2 AP mp, °C

1 Fortho —136.9 —136.2 —-0.7 127 67

Fmeta —160.7 —159.0 -1.7 153

Fpara —150.1 —148.5 -1.6 170
2 —-110.1 —114.7 4.6 122 87
3 —119.4 —123.7 4.3 197 109
4 —111.3 —1154 4.1 ~700 219
5 —130.6 —132.3 1.7 140 103
6 —112.8 —-112.1 —-0.7 1800 228
7 —99.6 —102.9 3.3 791 197

a 5(19F)Silica - 6(19F)CDC|3' ® Line width.
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Figure 2. 282.4 MHz °*F MAS NMR spectra of crystalline
1-fluoroanthracene (3) (a) and 2-fluoroanthracene (4) (b) at 292
K and 4 kHz spinning speed. (c) The spectrum of 3 at 12 kHz
spinning speed.

broader signals are found for 4, 6, and 7 (Figure 1 and
Table 1). However, as demonstrated by comparison to
Figure 2, which shows °F MAS NMR spectra of crystal-
line 3 and 4, the effects of homonuclear *°F,*°F as well
as heteronuclear *H,*°F dipolar coupling and of chemical
shift anisotropy are largely eliminated in the spectra of
the adsorbed materials. Even higher spinning rates for
the crystal powder sample yielded broad lines (3.2 kHz)
and a side band pattern (Figure 2c). Homonuclear scalar
9F 19F coupling constants in 1 and heteronuclear scalar
1H,%°F coupling constants in 2—7 are on the order of 20
Hz and are not resolved in the spectra of the adsorbed
systems.

Upon adsorption, there are small low- and high-
frequency shifts for the °F resonances (Table 1), which,
however, do not exceed 5 ppm. When the large °F
chemical shift range is considered, no significance can
presently be attached to this finding, especially since the
observed effects are within the error limits of the
reproducibility achieved with the grinding procedure
which was used for adsorption. However, as found
earlier,® there is a parallel behavior between the line
widths and the melting points of the adsorbed com-
pounds. Adsorption and mobility are apparently reduced
for higher melting systems which leads to stronger line
broadening, attributable primarily to residual dipolar
coupling and chemical shift anisotropy effects. This
correlation is particularily striking for the structurally
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Figure 3. (a) °F,'°F COSY spectrum of 1 adsorbed on silica
60 (1:10 w/w) recorded with the standard 90°, t;, 90°, t, COSY
sequence. (b) 13C,'°F shift correlation for 1 recorded with the
standard HETCOR sequence.??

related fluoroanthracenes 3—5 (Table 1). However, a
guantitative relation between the NMR behavior and the
melting point cannot be formulated, and cases which are
at variance with such a generalization have been found.®

Homo- and Heteronuclear 1D and 2D Experi-
ments for Structure Analysis. With respect to surface
reactions, structural studies of physisorbed compounds
are important and the successful applications of 2D
techniques for adsorbed species®'°~2! are thus of general
interest. We therefore tested a number of 1D and 2D
experiments available for these type of investigations also
for the fluorinated systems. Figure 3 shows that homo-
nuclear °F,'°F COSY spectroscopy as well as hetero-
nuclear 3C,*°F shift correlations (HETCOR spectra®) is
feasible. As in similar cases with broadened resonance
signals,? cross peaks are clearly observed in the COSY
spectrum even if line splittings in the 1D spectrum are
not resolved.

In the case of 2, long-range *2C,'°F correlations based
on geminal and vicinal 3C,'°F coupling constants were
successfully detected by 1D °F — 13C INEPT?* experi-
ments. Figure 4 shows part of the 13C NMR spectrum of
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Figure 4. (a) 75 MHz 3C{*H} NMR spectrum of 2, 0.1 mol
in acetone-ds; the doublet of C-3 (*QJ(*3C,*°F) = 243.7 Hz) at
162.5 ppm is not shown (6 scale relative to TMS; for the
resonance assignment, see Experimental Section, 6 values are
given in Table 4). (b) 75.5 MHz 3C{'H} MAS NMR spectrum
of 2 adsorbed on alumina 90 (neutral, 1:10 w/w). (c) Long-range
F — 13C INEPT? spectrum of 2 (adsorbed on alumina 90,
neutral, 1:10 w/w), optimized for J(*3C,*°F) = 20 Hz; 'H
coupled.

Table 2. 13C,'F and One-Bond 13C,'H Coupling
Constants (Hz) for 2

solution? adsorbed® adsorbed®
C-1,F 9.0 11.1 C-1,H 160.9
C-2,F 24.1 25.0 C-2,H 163.7
C-4,F 22.5 22.2 C-4,H 160.9
C-3,F 243.7 241.4

a Acetone-dg, +0.4 Hz. ® Neutral Al,Os.

2 in solution and adsorbed on neutral alumina. A
systematic high-field shift of 1.0—1.5 ppm is observed for
the adsorbed species, which is, however, most probably
due to a systematic error introduced by the indirect
reference method used (see Experimental Section). The
large 2J(*3C,°F) coupling constants for C-2 and C-4 (ca.
20 Hz) are clearly resolved in both spectra, and the data
are practically identical (Table 2). In the INEPT spec-
trum (Figure 4c) the resonances of C-2, C-4, and C-1 are
excited by polarization transfer from the °F nucleus and
are additionally split by the one-bond 3C,*H coupling,
because during the INEPT experiment proton decoupling
could not be applied (cf. above and Experimental Section).
The high intensity of the low-field antiphase doublet for
C-1 indicates that also C-12, which is not coupled to a
directly attached proton, has been excited by an INEPT
transfer over three bonds.

15N Measurements. Several studies on pyridine
adsorbed on alumina,®1¢ silica-alumina,31® or in the
cavity of zeolites'*'? have been performed which were
based on °*N-labeled material. Similarily, a recent study
of pyrazole and 3,5-dimethylpyrazole adsorbed on silica
or alumina® used **N-labeled compounds. For our natu-
ral abundance studies we chose quinazoline (8, mp 45
°C), quinoline-3-carbonitrile (9, mp 105 °C), and quinoxa-
line (10, mp 30 °C).

(25) Levy, G. C.; Lichter R. L. Nitrogen-15 NMR Spectroscopy, Wiley-
Interscience: New York, 1979.
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Figure 5. 30.4 MHz natural abundance **N{*H} MAS NMR
spectra of 8 (a), 9 (b), and 10 (c) adsorbed on y-Al,O3 (neutral,
1:5 wiw); rotational frequency 4 kHz; 6 scale relative to CHs-
NO,: (a) T = 291 K, 2000 scans, relaxation delay 5 s, expt
time 2.8 h; (b) T = 320 K, 1600 scans, relaxation delay 15 s,
expt time 6.6 h; (c) T = 293 K, 2000 scans, relaxation delay 3
s, expt time 1.7 h.

Already the 3C MAS NMR spectra of 8 and 9 adsorbed
on neutral alumina indicated high mobility. An elevated
temperature (320 K) was used for the measurements of
9 because we had found that this can lead to additional
line narrowing.'® The 3C line widths are slightly larger
(110 Hz for 8 and 70 Hz for 9) than those found for
hydrocarbons (10—30 Hz)? and splittings due to one-bond
13C,'H coupling were not resolved in 13C MAS spectra
recorded with *H coupling because of line broadening due
to long-range spin—spin interactions and strong signal
overlap. Nevertheless, satisfactory '3C resolution was
obtained and the chemical shift data, which are collected
in Table 4 and in the Experimental Section, differ only
insignificantly from the solution data.

Not unexpectedly then, the >SN MAS NMR spectra of
8—10 yielded a sufficient signal-to-noise ratio after 2000
and 1600 transients (Figure 5), where an elevated
temperature was again used during the measurements
in the case of 9. The chemical shifts and the line widths
are given in Table 3. Again, the small shift differences
between the data from solution measurements and those
from the adsorbed species are not significant. Their
magnitude is well below the shift which would result if
nitrogen protonation at acidic sites of the adsorbent had
occurred. For protonation, shifts of 100 and 50 ppm were
reported for pyridine?® or pyrimidine,?” respectively, in
solution. For weak hydrogen bonds, shift differences on
the order of 10—12 ppm are found if chloroform is
replaced by methanol.?® Pyridine adsorbed on silica—
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Table 3. 15N Chemical Shifts of Nitrogen Heterocycles
8—10 in Solution (A), Adsorbed on Neutral Al,O3 (B), in
the Crystal (C), and on Acidic (E) and Basic (F) Alumina
(0 Values in ppm Relative to External CH3zNO3)

Aa Bb Cec Dd Ee Ff
8 N-1 —99.09 —100.8 h —-1.8 -1004 -—100.2
N-3 —88.3¢9 —91.4 h —-31 —90.6 —91.4
9 N-1 —65.8 —69.3 —-67.2 —-35 h h
CN -—-1179 -1180 -1180 -0.1 h h
10 —53.8i —53.4 h h h h

a Solution data in CDCls. ® Adsorbed on neutral y-Al;Os3. ¢ Pow-
dered crystalline solid. 9 Difference of B — A. ¢ Adsorbed on acidic
y-Al,03. f Adsorbed on basic y-Al,03. 9 Assignment according to ref
25. " Not measured. ' Reference 25, adjusted to CH3NO3 as stan-
dard.

alumina, on the other hand, yields, relative to the neat
liquid, shifts of ca. 20 ppm for hydrogen bonding, 53 ppm
for adsorption at Lewis acid sites, and 112 ppm for
adsorption on Brgnstedt acid sites.*® In our case, again
only insignificant differences result if data from mea-
surements on basic and acidic alumina are compared
(Table 3). The pyrazole study mentioned above® came
to the same conclusions with regard to the formation of
protonated species.

Conclusion

In conclusion, our results demonstrate that high-
resolution °F and >N MAS NMR spectra of fluorinated
and nitrogen-containing aromatics adsorbed on porous
materials can be measured, even with nitrogen in natural
abundance. The application of solution state NMR pulse
sequences for assignment purposes thus becomes pos-
sible. With respect to the >N CP/MAS NMR study of
adsorbed pyrazole,® we mention that the use of pretreated
porous materials with only small amounts of surface
water (ca. 1%) reduces the NMR effect of line narrowing
via adsorption.’® In line with this observation, which
indicates less mobility of the adsorbates due to access to
strong adsorption sites which are most probably inacti-
vated by surface water, is the fact that Aguilar-Parilla
et al.5 recorded °N spectra using cross polarization.
Clearly, this aspect needs further investigation. In the
present study, the line widths were not optimized with
respect to the water content of the adsorbent, but
preliminary measurements!® indicate that ca. 5% is
usually enough to observe the described line-narrowing,
higher concentrations being without significant further
effect. For the '°F spectra discussed here, Figure 6 shows
that thermal pretreatment of the adsorbent, which
removes surface water and in addition alters the silica
surface by formation of siloxane groups if temperatures
above 400 °C are used,?® has indeed a pronounced effect
on the °F NMR linewidths.

Experimental Section
Materials. Compounds 1, 8, 9, and 10 were purchased from

Aldrich and used without further purification; 2 was available
from earlier studies. The remaining systems were synthesized

(26) Duthaler, R. O.; Roberts, J. D. 3. Am. Chem. Soc. 1978, 100,
4960.

(27) stadeli, W.; Philipsborn, W. v.; Wick, A.; Lichter, R. L. Helv.
Chim. Acta 1980, 63, 504.

(28) ller, R. K. The Chemistry of Silica. Solubility, Polymerization,
Colloid and Surface Properties and Biochemistry; Wiley: New York,
1979.
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Table 4. 13C Chemical Shift Data for 2, 8, and 9 and 'H Chemical Shift Data for 2 (4, ppm, relative to TMS)

2 c-1 c-2 c3 c5 C-6 c-7 c-8
adsorb.2 130.3 115.1 161.5 122.6 126,.3 126.9 128.5
sol.b 131.78 116.31 162.48 108.53 123.96 127.60 128.17 129.41

2 c-9 C-10 c-12 c-13 C-14
adsorb.2 122.6 122.6 1315 129.5 132.0
sol.b 127.11 127.05 129.76 132.71 130.53 133.18
2 1-H 2-H 4-H 5-H 6-H 7-H 8-H 9-H 10-H

sol.b 8.02 7.45 8.49 8.75 7.69 7.66 7.97 7.82 7.78

8 c-2 c-4 C-5,6,8 c-7 c9 C-10
adsorb.? 160.3 154.9 127.4 133.6 149.0 124.4
cryst.© 160.4 155.3 128.2 132.9 1485 124.9
sol.d 160.7 155.9 127.6,128.1, 128.6 134.4 150.3 125.4

9 c-2 c-3 C-4 C-5,6,8 c-7 c9 C-10 CN
adsorb.2 149.7 106.1 141.6 1285 133.0 147.7 1255 117.4
sol.b 150.6 107.2 1425 129.4, 129.0, 130.2 133.4 149.3 126.9 117.8

a Adsorbed on neutral y-Al,0s. P Solution data, this work. ¢ Crystalline powder. 9 Solution data from ref 35.
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o

Figure 6. 282.4 MHz *F MAS NMR spectra of 1-fluoroan-
thracene (3) on silica 60, without *H decoupling, mass ratio
1:6, rotational frequency 5 kHz; (a) no thermal pretreatment,
4.6% surface water; (b) 6 h at 250 °C and 107° Torr, 0% surface
water by thermogravimetric measurement; (c) 6 h at 900 °C
and 107 Torr; 6(*°F) = —119.2 ppm relative to C°FClg; line
widths at half-height as given.

according to the literature: 3,230 43031 532 629 729 SGjlica
60 was a product of Merck KGaA, Darmstadt, Germany
(product No. 7733) for column chromatography, particle size
200—500 um (35—70 mesh ASTM), specific surface area (BET)
370 m?/g, mean pore diameter 6 nm; y-alumina 90 neutral,
acidic, and basic were products of Woelm-Pharma, Eschwege,
Germany, activation grade | for column chromatography,
particle size 50—200 um (70—290 mesh ASTM). For sample
preparation, weighed amounts of organic compound and
adsorbent were mixed and ground in an agate mortar for ca.
5 min. For the thermogravimetric measurements a TG50
sample cell (Mettler) and the Graphware TA72 program
(Mettler) were used.

(29) Valkanas, G.; Hopf, H. J. Org. Chem. 1962, 27, 3680.

(30) Martin, E. L. J. Org. Chem. 1936, 58, 1438.

(31) Bergmann, E. D.; Blum, J.; Butanara, S. J. Org. Chem. 1961,
26, 3211.

(32) Dewar, M. J. S.; Michl, J. Tetrahedron 1970, 26, 375.

Spectra. Solid state MAS NMR spectra were recorded with
a Bruker MSL 300 spectrometer, operating at a *H frequency
of 300.1 MHz and 13C, 3N, and *°F frequencies of 75.5, 30.4,
and 282.4 MHz, respectively. ZrO; rotors with 4 mm (*3C, °F)
and 7 mm (*>N) o.d. and Kel-F caps were used. Temperature
readings from the Bruker variable temperature unit for
measurements above rt were not corrected for possible fric-
tional heating due to MAS. For the °F measurements, the
IH decoupler coil of a broadband MAS probehead was tuned
to the °F frequency; *H decoupling (decoupler field 70 kHz)
was thus used only for the 13C and >N MAS spectra, where
the decoupler was on during acquisition. The chemical shifts
were measured with respect to the spectrometer reference
frequency which was calibrated for the '°F measurements
against the signal of liquid C¢Fs with —163 ppm32 on the *°F
chemical shift scale relative to 6(C'°FCl3) = 0.0 ppm. The data
from the solution measurements in acetone-ds and CDCls,
performed with a Bruker AMX 400 spectrometer, were cor-
rected for volume susceptibility effects. Similar corrections
for the solid state MAS spectra of the adsorbed species were
not applied, because calculations based on the work of Michel
et al.®* showed that the effects are smaller than the experi-
mental error (< 0.5 ppm) achieved in our measurements. For
13C, a similar referencing procedure was based on the CH,
resonance of adamantane (dtms = 38.4 ppm?3), and for >N on
liguid CH3NO, with 6(*N) = 0.0 ppm (see above). Individual
spectra were run with typically 700—3000 transients and a
relaxation delay of 3 or 5 s. Other details are given in the
figure legends. The 13C data for 2, 8, and 9 are collected in
Table 4. Spectral assignments for the '°F resonances in 1
followed from the 1°F,1°F COSY spectrum and formed in turn
the basis for the 3C assignment by the 3C,'°F HETCOR
spectrum.3® The more elaborate assignment of the *H NMR
spectrum of 2 was obtained in solution (data see Table 4) and
started with a J-resolved 2D 'H spectrum3’ which differenti-
ated between homonuclear 'H,'H and heteronuclear *H,*°F
coupling constants. This allowed an assignment of 6(4-H) and
d0(5-H) with the latter at lowest field and not coupled to the
fluorine in the 3-position. A COSY-45 experiment®® yielded

(33) Mann, B. E. NMR and the Periodic Table; Harris R. K., Mann,
B. E., Eds.; Academic Press: London 1978; p 99.

(34) Michel, D.; Meiler, W.; Gutsze, A.; Wronkowski, A. Z. Phys.
Chem. (Leipzig) 1980, 261, 953.

(35) Kalinowski, H. O.; Berger, S.; Braun, S. 13C NMR Spektroskopie;
Thieme: Stuttgart, 1984; p 356.

(36) HETCOR 3C,'°F correlations have also been reported by Ribeiro
and Glen (Ribeiro, A. A.; Glen, M. J. J. Magn. Reson., Ser. A 1994,
107, 158) and a 1°F detected 13C,°F HMQC experiment was described
by Berger (Berger, S. J. Fluorine Chem. 1995, 72, 117).

(37) Aue, W. P.; Karhan, J.; Ernst, R. R. J. Chem. Phys. 1976, 64,
4226.

(38) Bax, A.; Freeman, R. J. Magn. Reson. 1981, 44, 542.
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the remaining proton assignments which were in turn used
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