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action creating new chiral centers, a high to moderate degree
(depending on the systems) of stereoselectivity is obtained.
Both (E)- and (Z)-enol silyl ethers give the erythro adducts
selectively (entries 3-6 and 12-14), in sharp contrast to the
stereoselection observed in ordinary aldol reaction.3-3:62
The use of trimethylsilyl moiety as both protecting group
of enolates and initiator of the reaction allows this group
serving as the chain carrier of the catalytic cycle involving
supercationic species.'2 Electrophilic attack of the silyl triflate
4 on an oxygen atom of the acetal 2 generates the reactive
oxonium intermediate 9! that is in resonance with a methyl-
carboxonium ion/methoxytrimethylsilane contact pair, 9a.'4
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Subsequent nucleophilic displacement by the enol silyl ether
1 gives rise to the condensation product 3 and methoxytri-
methylsilane, accompanied by regeneration of the catalyst 4.5
The observed stereoselection is best accounted for in terms of
the acyclic extended transition states of type 10 in which
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electrostatic repulsion is minimized. In the reaction of enol silyl
ethers possessing E configuration, the transition state 11 (R
= phenyl or alkyl; R! and R? = alkyl) leading to the erythro
isomer is sterically favored over the diastereomeric transition
state 12 affording the threo adduct, in accord with the exper-
imental findings (entries 3-6 and 13). In a like manner, the
erythro transition state 13 (R = phenyl; R! = alkyl; RZ =
phenyl or alkyl) resulting from (Z)-enol silyl ethers is prefer-
able to the alternative threo transition state 14 (entries 12 and
14).
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13C NMR Spectra of Cellulose Polymorphs
Sir:

We report high resolution 13C NMR spectra of the two
major crystalline polymorphs of cellulose and an amorphous
sample, recorded using the cross polarization/magic angle
spinning (CP/MAS) technique. The spectra provide important
new evidence concerning the basic structure of cellulose; they
demonstrate nonequivalence of adjacent anhydroglucose units
and are consistent with conformational differences between
the polymorphs.

Cellulose, which is the primary constituent of plant cell
walls, is the 3-1,4 polymer of anhydroglucose. Its two most
common polymorphs, celluloses I and I1, are usually identified
with the native and the mercerized or regenerated forms, re-
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Figure 1. CP/MAS 3C NMR spectra of highly crystalline cellulose I and
II. Chemical shifts are shown in parts per million (to lower shielding)
relative to Me4Si. Assignments of the C-1, C-4, and C-6 regions are based
on analogies with pertinent liquid-state spectra. I: 13 000 3-s repetitions,
1-ms contact time, 127-ms 11-G 'H decoupling, 0.35-cm?3 sample, 2.2-KHz
spinning. I1: 12 342 3-s repetitions, 1-ms contact time, 127-ms 11-G 'H
decoupling, 0.7-cm? sample, 2.2-KHz spinning.

spectively.!-3 Analyses of their vibrational spectra have led to
the conclusions that these two crystalline polymorphs represent
different conformations of the extended molecular chains.*>
In addition, one of us has reported evidence indicating non-
equivalence of alternate glycosidic linkages along the molecular
chains and suggesting that the dimeric anhydrocellobiose must
be viewed as the basic repeat unit in the crystalline structure.®
X-ray and electron diffractometric studies have led to a
number of different structures over the years.!~> An essential
element in the interpretation of diffractometric data on any
polymer is the assumed monomeric structure and its symme-
try.” In studies of cellulose the anhydroglucose unit has usually
been taken as the basic repeat unit. The problem has been
complicated by the appearance of weak reflections which are
not consistent with the symmetry ascribed to cellulose. Thus
the refined structures vary according to whether or not the
disallowed reflections are assumed negligible -!! Development
of the CP/MAS technique!?13 and its application in investi-
gations of complex natural products suggested that the 13C
NMR spectra of the celluloses could contribute to resolution
of the questions concerning their structures.

We report on four samples of cellulose. Two were special
samples of the highly crystalline polymorphic forms I and I1
previously characterized by X-ray diffractometry and Raman
spectroscopy;> their preparations involved regeneration from
phosphoric acid at different temperatures and in different
media.!3!¢ The third sample was Whatman CF-1 powder, a
highly crystalline cellulose I identified by fiber microscopy as
fragments of acid-hydrolyzed cotton linters. The final sample
was a completely amorphous cellulose prepared by regenera-
tion from the dimethyl sulfoxide-paraformaldehyde solvent
system under anhydrous conditions. The 13C NMR spectra
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Figure 2. CP/MAS 13C NMR spectra of native I (Whatman CF-1) and
amorphous celluloses. Chemical shifts are in parts per million (to lower
shielding) relative to MesSi. CF-1: 12 000 3-s repetitions, |-ms contact
time, 127-ms 11-G 'H decoupling, 0.7-cm3 sample, 2.2-KHz spinning.
Amorphous: 8116 4-s repetitions, 1-ms contact time, 127-ms 11-G 'H
decoupling, 0.7-cm? sample, 2.2-KHz spinning.

were recorded using a modified JEOL FX-60Q system de-
scribed elsewhere.!4

The spectra are shown in Figures | and 2; partial assign-
ments are noted on the basis of comparisons with solutions of
the cello oligosaccharides and a low DP cellulose.!” The most
significant features in the spectra of the highly crystalline
forms are those corresponding to carbons | and 4, which anchor
the glycosidic linkages between the anhydroglucose units. The
C-1 resonances for both forms and the C-4 resonance of 11
show very definate splittings, in each case into two lines of
approximately equal intensities. These splittings provide direct
evidence for the presence of two types of glycosidic linkages.
Since the basic repeat distance along the chain direction is 10.3
A, or the length of an anhydrocellobiose unit, the most plau-
sible interpretation is an alternation of nonequivalent glycosidic
linkages along the chains. The differences between other fea-
tures in the spectra of celluloses I and II are also consistent with
differences between chain conformations proposed on the basis
of Raman spectral studies.>%

The CP/MAS 3C NMR spectrum of the amorphous
sample, and, hence, its structure, is clearly quite distinct from
those of the I and II polymorphs. Indeed, the spectrum parallels
mostly that of the low DP cellulose in solution in dimethyl
sulfoxide!” if allowance is made for a solvent shift. Broad, high
shielding shoulders appear in the C-4 and C-6 regions of some
samples of polymorphs I and II; these correspond to peaks a
and b in the spectrum of the amorphous cellulose.

The results outlined above concerning polymorphs I and 11,
when taken together with the vibrational spectra and the di-
mensions of the unit cells, suggest that adjacent anhydroglu-
cos¢ units are not equivalent, and that models of the structure
of cellulose need to be constructed using anhydrocellobiose as
the basic repeat unit.
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High Resolution, Magic Angle Sample Spinning
13C NMR of Solid Cellulose I'
Sir:

Recent developments in 13C NMR in solids have made it
possible to obtain spectra with lines narrow enough to distin-
guish resonances due to individual carbons in polymers.?2 We
have combined the techniques of cross polarization, high power
decoupling,’ and magic angle sample spinning* to study a va-
riety of solid samples. This report is a preliminary account of
studies aimed at characterizing several preparations of cellu-
lose.

We have measured the 13C NMR spectra of glucose and
cellobiose in the solid state and compared the spectra to peak
assignments of the solution NMR spectra of the same com-
pounds.’ By analogy, it is relatively easy to identify the peaks
in the solid-state spectrum of cellulose which correspond to
carbons |, 4, and 6. Figure | shows the structure of cellulose
and the cross polarization/magic angle sample spinning
(CP/MASS) spectrum of a sample of microcrystalline cellu-
lose with the assigned peaks marked. This spectrum is virtually
identical with other spectra obtained from native celluloses in
our laboratory. This spectrum is also the same as the spectrum
of Whatman CF-1 reported by Atalla et al.! 1t is significant
that the peaks in the 13C CP MASS spectra of glucose and of
cellobiose do not have exactly the same chemical shifts relative
to Me4Si as the solution spectra of the same compounds. The
differences in shifts might be attributed to packing effects in
the solid or, more likely, to hydrogen bonding in the solid which
is liable to be quite different from that in solution.

The chemical similarity of carbons 2, 3, and §S make it rea-
sonable that their resonance peaks should overlap, but, as yet,
it has not been possible to make further assignments in this
region. Integration of the peaks in Figure | gives a ratio of
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Figure 1. The CP/MASS spectrum of a dried sample of microcrystalline
cellulose 1. The chemical formula for cellulose is shown above. The
transverse relaxation times, Tac, are shown at the bottom of the figure with
the regions of the spectrum to which they correspond. This spectrum is
the result of 7000 scans with 1024 data points per scan at a dwell time of
50 us per point. The external applied field was 1.4 T. The }3C and 'H radio
frequency fields were matched at 57 kHz, The time between successive
scans was 3.6 s and the spinning frequency was 2100 Hz.
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1:1:3:1 but, to obtain this ratio, the C-4 resonance was assumed
to include both the broad peak located between 81 and 88 ppm
and the sharper peak centered at 90 ppm; similarly, the C-6
resonance included the high-field tail.

Two explanations for the broad resonance centered at 85
ppm and the upfield shoulder on C-6 were investigated. The
first was that hydration of the cellulose resulted in shifts in C-4
and C-6 resonances due to hydrogen bonding with water
molecules. A sample of microcrystalline cellulose® was care-
fully dried by heating to 140 °C for ~40 h under vacuum,
followed by careful loading into a rotor which was sealed to
prevent atmospheric water from hydrating the sample. The CP
MASS spectrum of the dried sample was indistinguishable
from that of a hydrated sample. Thus we have concluded that
the spectral features are not due to hydration of the cellu-
lose.

The second explanation for the broad resonances is an
analogy to polyethylene where we have observed a single sharp
resonance with a broad shoulder which could be attributed to
noncrystalline carbons.” Relaxation time measurements have
been used to establish that the noncrystalline regions of poly-
ethylene exhibit much greater mobility than the crystalline
regions.® We have investigated both the longitudinal, Tc, and
transverse, T»c, relaxation times for the peaks observed in the
13C spectrum of the carefully dried sample of cellulose 1.
Saturation recovery experiments were employed to get a
qualitative idea of the longitudinal relaxation times, 7 c.° The
long T values observed in solid '3C NMR in general cause T¢
measurements to suffer from poor signal to noise. As a result
it was not possible to obtain quantitative values for the Tc
values, but several qualitative observations were made. The
overall relaxation time for recovery of longitudinal magneti-
zation is tens of seconds. Within the accuracy of the data, all
peaks in the observed spectrum relax with the same time con-
stant with the exception of the upfield shoulder on C-6. This
shoulder has a somewhat shorter value of T'¢, indicating in-
creased molecular mobility.
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