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metal complexes revealed no enhanced intensity in this spectral 
region. Interestingly, however, a new, strong absorption is noted 
in the 1520-1570-cirr1 region for various oxidized metalloocta-
ethylporphyrins. It should be noted that weaker bands of variable 
intensity are also seen in this region for oxidized TPP derivatives. 
A 10-cnT1 shift associated with meso deuteration in [Fe-
(OEP)] [ClO4] 2 (see Table I) once again serves to indicate as
signment to a vibration within the macrocycle. Absence of an 
enhanced intensity band near 1280 cm"1 most likely reflects 
molecular structural differences rather than electronic configu
ration differences for OEP vs. TPP compounds. Examination of 
oxidized [Co(OEP)][X]2 complexes, representation of both the 
2A111 and 2A2u radical states,17 seems to indicate no particular 
association of radical type with IR spectral type. 

In summary, the empirical observation of an IR-active porphyrin 
ring mode at ~ 1280 cm"1 in TPP+- complexes and at ~ 1550 cm"1 

in OEP+- complexes offers an apparently unique criterion for 
formulating the electronic structures of oxidized metalloporphyrins. 
The seemingly unambiguous choice between either metal-centered 
or porphyrin-centered oxidation in highly oxidized metallo-
porphyrin complexes can be rationalized by their orbital sym
metries. Neither the alu nor a2u porphyrin HOMO's have the 
correct symmetry to overlap with any of the metal d orbitals, and 
this excludes resonance formulations which might lead to am
biguous averaged valencies. Understanding the nature of the 
highest occupied orbital is probably important for explaining the 
diverse reactivity patterns of oxidized metalloporphyrins toward 
nucleophiles or the sites of electron transfer.9,17 The ~ 1550-cm"1 

band of OEP+- complexes may be usefully diagnostic of radical 
cations in oxidized hemoproteins.22 
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The question of surface acidity of aluminum oxides, silicates, 
and mixed alumina silicates is one of long-standing interest.1 The 
problem is one of both practical and theoretical concern. Many 
industrially important catalytic reactions are based on these 
materials and, their reactivity is determined to a large extent by 
the nature of surface acid sites. 1^ It is of prime interest to identify 
these catalytically active sites to ascertain whether they are of 
Bronsted or Lewis type and to determine their relative acidity. 

(1) (a) Parry, E. P. J. Catal. 1963, 2, 317. (b) Basila, M. R. Appl. 
Spectrosc. Rev. 1968,1, 289. (c) Tanabe, K. "Solid Acid and Bases"; Aca
demic Press: New York, 1970. 

(2) Damon, J. P.; Delmon, B.; Bonnier, J. M. / . Chem. Soc, Faraday 
Trans. 1 1977, 73, 372. 
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Figure 1. Carbon-13 CP-MAS spectra of n-butylamine.9"11 (a) Ad
sorbed to the surface of ^-alumina (38 000 accumulations). The vertical 
bars indicate carbon chemical shifts for liquid-phase n-butylamine given 
inref l2b; (b) Solid HCl adduct (46 accumulations); (c) solid BCl3 

adduct (212 accumulations). 

Several methods have been used to study surface acidity, in
cluding the most straightforward approach of direct titration with 
acid-base indicators.3 Infrared spectroscopy has been extensively 
employed to examine those interactions involving surface hydroxyl 
groups.4 Widespread use of the IR method stems from its sen
sitivity and adaptability to a variety of adsorbate-adsorbent 
systems. Proton NMR spectroscopy has similarly provided 
valuable information that is both quantitative and sensitive to the 
motions of the adsorbed species.5 More recently, 13C NMR 
spectroscopy has been used to advantage.6,7 For example, Gay 
and co-workers have employed 13C NMR spectroscopy as a means 
of following the titration of surface acid sites with aromatic ni
trogen bases.6 To date, such studies have employed standard 
high-resolution NMR techniques which are able to yield spectra 
with suitable resolution only in cases where the molecules are 
undergoing rapid motion on the surface. For the case of strongly 
adsorbed species, it has been necessary to study the samples at 
elevated temperatures in order to induce enough motion to sharpen 
the resonances. This approach represents a serious limitation to 
investigating the nature of surface-adsorbate interactions by NMR 
spectroscopy. The recently developed technique of magic-angle 
spinning in conjunction with dipolar decoupling8 provides an 
alternative method of narrowing the lines and avoids this limitation. 
We report here our cross-polarization magic-angle spinning 
(CP-MAS) results for n-butylamine adsorbed on -/-alumina.9 

The spectrum of «-butylamine on 7-alumina is shown in the 
Figure la.10,u There are six prominent resonances, two of which 

(3) Atkinson, D.; Curthoys, G. Chem. Soc. Rev. 1979, 8 475. 
(4) Basila, M. R.; Kantner, T. R. J. Phys. Chem. 1966, 70, 1681. 
(5) (a) Kiviat, F. E.; Petrakis, L. J. Phys. Chem. 1973, 77, 1232. (b) 

Tabony, J. Prog. NMR Spectrosc. 1980, 14, 1. 
(6) (a) Gay, I. D.; Liang, S. H. / . Catal. 1976, 44, 306. (b) Gay, I. D. 

/. Catal. 1977, 48, 430. (c) Liang, S. H.; Gay, I. D. J. Catal. 1980, 66, 294. 
(7) Rauscher, H. H.; Michel, D.; Deininger, D.; Geschke, D. J. MoI. Catal. 

1980, 9, 369. 
(8) (a) Pines, A.; Gibby, M. G.; Waugh, J. S. J. Chem. Phys. 1973, 59, 

569. (b) Schaefer, J.; Stejskal, E. O. Top. Carbon NMR Spectrosc. 1979, 
3, 283. (c) Schaefer, J.; Stejskal, E. O. J. Am. Chem. Soc. 1976, 98, 1031. 

(9) The carbon-13 CP-MAS experiments were conducted at 50.3 MHz 
by using a modified Bruker WP200-WB spectrometer. The single-contact 
pulse sequence used 50-kHz matching, a contact time (unoptimized) of 1 ms, 
and a recycle time of 1 s. 

0002-7863/81/1503-6780S01.25/0 © 1981 American Chemical Society 



J. Am. Chem. Soc. 1981, 103, 6781-6783 6781 

are readily assigned to the 7-methylene and methyl carbons by 
comparison with the liquid-phase spectrum. These resonances 
are only slightly shifted upon adsorption. The remaining four 
resonances arise from the two a- and /3-methylene carbons, from 
which we conclude that a least two types of chemically different 
butylamine species are present on the surface. 

The existence of well-resolved resonances demonstrates that 
if surface diffusion is occurring, then the rate is not comparable 
to the spinning rate (~3.2 kHz).13 Further, if site exchange is 
occurring, then the rate must be slow compared to the chemi
cal-shift difference between the two species on the surface. 
Therefore, this spectrum is consistent with a picture whereby the 
nitrogen of the H-butylamine is firmly anchored to the surface. 
In all probability the system is executing rapid albeit limited 
angular diffusion about the bond axis connecting the surface to 
the nitrogen, with the motion of the alkyl chains increasing as one 
moves away from the surface. 

The appearance of four resonances in the region expected for 
the two a and /3 carbons of the alkyl group is consistent with there 
being two quite different sites available to the amine. Two 
candidates are the classic Lewis and Bronsted sites. In order to 
check this possibility we obtained the CP-MAS 13C spectra of 
two solid adducts of n-butylamine (Figure lb,c). Those resonances 
for the solid HCl adduct match closely to four of the resonances 
for the surface adsorbed species. The resonances corresponding 
to the a and /3 carbons of the solid BCl3 adduct are deshieled 
relative to the corresponding carbons within the HCl adduct but 
shielded relative to the analogous carbons of the adsorbed amine. 
Hence, we conclude that the most deshielded set of resonances 
correspond to the n-butylamine which is attached to the surface 
via Lewis bonds to an aluminum atom. That the chemical shifts 
of this species are deshielded relative to those of the BCl3 adduct 
we attribute to the fact that the acid site in this surface is a stronger 
Lewis acid than BCl3. 

The breadth of the resonances for the a and /3 carbons may 
arise from several factors. An important consideration for the 
a carbon is the presence of nitrogen-14 dipolar coupling. The fact 
that we do not observe "well-resolved" doublets14 for this carbon 
may be due in part to the angular diffusion of the molecule and/or 
the strength of the applied magnetic field relative to the nitro
gen-14 quadrupolar coupling constant. Perhaps of equal im
portance to the line width is a heterogeneity of the acid sites on 
the surface of the alumina. The presence of a distribution of site 
acidities would lead to a corresponding distribution of chemical 
shifts and hence appear as a line-broadening mechanism. 

In summary, it is clearly evident that 13C NMR spectroscopy 
in conjunction with CP-MAS methods can be used to probe the 
interactions between small molecules and surfaces even when the 
surface is of moderately low specific area. Compared to other 
spectroscopies carbon-13 CP-MAS NMR spectroscopy appears 
to provide a facile method to distinguish between different types 
of surface bonding sites and their relative acidity. Within the 
limitations of cross-polarization dynamics the relative populations 
of these sites can be quantified. 

(10) The 7-alumina (SA = 220 m2/g) employed in this study was pre-
treated at 350 0C in vacuum. The n-butylamine was laid down on the surface 
by using entrainment in a helium flow. The basis of a weight increase of 
approximately 0.5%, the surface covered by the butylamine is estimated to 
be 10 m2/g or roughly one-twentieth of a monolayer. Operating under a dry 
nitrogen atmosphere the granular alumina sample was packed into an alu
minum oxide NMR rotor. 

(11) An important experimental difficulty that had to be overcome with 
these relatively dilute samples (typically 40 mM in amine based on the total 
volume of the NMR rotor) was the carbon background signal from the NMR 
probe. We accomplished this using sample machined from aluminum oxide 
and a stator from Macor. The Delrin end caps of the rotor leave a small signal 
at 90 ppm which we use for reference. 

(12) (a) Brown, T. D. Pd. D. Thesis, University of Utah, 1965. (b) 
Stothers, J. B. "Carbon-13 NMR Spectroscopy"; Academic Press: New York, 
1972; p 152. 

(13) Maricq, M. M.; Waugh, J. S. J. Chem. Phys. 1979, 70, 3300. 
(14) (a) Hexem, J. G.; Frey, M. H.; Opella, S. J. J. Am. Chem. Soc. 1981, 

103, 224. (b) Frey, M. H.; Opella, S. J. /. Chem. Soc., Chem. Commun. 1980, 
474. (c) Groombridge, C. J.; Harris, R. K.; Packer, K. J.; Say, B. J.; Tanner, 
S. F. J. Chem. Soc, Chem. Commun. 1980, 174. 
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The complex photochemistry of 7-dehydrocholesterol (7-DHC) 
and ergosterol (E) is now moderately well understood due, in large 
part, to the elegant studies of Havinga and co-workers.1-9 Table 
I shows how the distribution of products depends on photolyzing 
wavelength.10 Photolysis in the range 270-310 nm gives relatively 
high yields of previtamin D (P); shorter wavelengths lead to a 
predominance of tachysterol (T) and longer wavelengths to lum-
isterol (L).11 The interrelations between the various products 
are shown in Figure 1. 

Using laser photolysis, we have confirmed the main aspects of 
the dependence of the product array on wavelength and have gone 
further by demonstrating that by a two-stage photolysis we can 
"engineer" a desirable product distribution with improved yields. 
This approach may offer an attractive alternative to the com
mercial method of vitamin D production, which requires a number 
of fractional crystallizations.15 

Photolysis at KrF (248 nm) and XeCl (308 nm) wavelengths 
was carried out with an excimer laser (Lumonics Research Lim
ited, Model 861), which gives average powers in the 1-10-W range. 
Photolysis at 337 nm used a nitrogen laser (Molectron, Model 
UV 1000) with an average power of 0.2 W while at 353 nm a 
YAG laser (Molectron, Model MY 34) with an average power 
of 0.4 W was used. The reaction mixtures were analyzed by 
high-performance LC20 (Varian 8500) on a silica Si-5 column (5 

11ssued as NRCC 18928. 
(1) Koevoet, A. L.; Verloop, A.; Havinga, E. Reel. Trav. Chim. Pays-Bas 

1955, 74, 788. 
(2) Verloop, A.; Koevoet, A. L.; Havinga, E. Reel. Trav. Chim. Pays-Bas 

1955, 74, 1125. 
(3) Havinga, E.; de Kock, R. J.; Rappoldt, M. P. Tetrahedron 1960, 11, 

276. 
(4) Rappoldt, M. P.; Keverling Buisman, J. A.; Havinga, E. Reel. Trav. 

Chim. Pays-Bas 1958, 77, 327. 
(5) Rappoldt, M. P. Reel. Trav. Chim. Pays-Bas 1960, 79, 392. 
(6) Rappoldt, M. P.; Havinga, E. Reel. Trav. Chim. Pays-Bas 1960, 79, 

369. 
(7) Havinga, E.; Koevoet, A. L.; Verloop, A. Reel. Trav. Chim. Pays-Bas 

1955, 74 1230. 
(8) Havinga, E. Chimia 1976, 30, 27. 
(9) Boosma, F.; Jacobs, H. J. C; Havinga, E.; Van der Gen, A. Tetrahe

dron Lett. 1975, 7, 427. 
(10) (a) Although the composition of the photostationary state reported 

in Table I refers to the photolysis of ergosterol, we believe that it is fair to 
compare with the photolysis of 7-DHC because of the chromophoric similarity, 
(b) Kobayashi, T.; Yasumura, M. T. Vitaminology 1972, 18, 78. J. Nutr. 
Sci. Vitaminol. 1973, 19, 123. 

(11) Havinga, E.; Bots, P. Reel. Trav. Chim. Pays-Bas 1954, 73, 393. 
(12) Pfoertner, K.; Weber, J. P. HeIv. Chim. Acta 1972, 55, 921. 
(13) Pfoertner, K. HeIv. Chim. Acta 1972, 55, 937. 
(14) Yakhimovich, R. E.; Vendt, V. P.; Boguslavkii, V. A.; Prikl. Biokhim. 

Mikrobiol. 1975, 11, 254. 
(15) Bharucha, K. R.; Martin, F. M. French Patent 1 378 122, 1964. 
(16) Havinga, E. Experientia 1973, 29, 1181. 
(17) The cis-trans isomerization of the C67 double bond can be brought 

about by triplet sensitization18,19 to give a photostationary state (80% P3; 20% 
T3). 
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