chains of sonicated bilayers, on the other hand, have
much greater freedom, and the motional state of these
chains very nearly resembles a liquid state.

This paper also demonstrates that the stochastic
line width theory of Anderson?! offers the most straight-
forward way of calculating nmr line widths from spin
species undergoing restricted motions and can be
readily extended to treat restricted local motions com-
bined with overall Brownian tumbling. Even relatively
complex spectra, such as those of methyl groups, may
be conveniently simulated for all types of restricted
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motions. Biological investigations using nmr, for
example, studies on tissues, nerves, membranes, or
very large molecules frequently demand an under-
standing of the effects of restricted motion on nmr
line widths, and calculations of the type performed here
may be necessary.
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Abstract: We have recorded the proton-decoupled natural-abundance !3C spectra (at 15.18 MHz) of phytol,
phytyl acetate, and chlorophyll a. The 20 carbons of phytol yield 19 peaks. We have assigned 16 out of the 18
single-carbon resonances of phytol to specific carbons with the use of the chemical shift parameters of Grant and
Paul, comparisons with the spectrum of pristane and of a phytol-pristane mixture, and !3C spin-lattice relaxation
times (7)) of individual carbons of neat phytol. Even some resonances separated by less than 0.1 ppm arising from
structurally very similar carbons near the center of the phytol molecule were specifically assigned. The 1*C reso-
nances of phytyl acetate were assigned with the use of single-frequency off-resonance proton decoupling and a com-
parison with the spectrum of phytol. Phytyl acetate was then used as a model for identifying and assigning all
the phytyl carbon resonances in the !3C spectrum of chlorophyll a dissolved in a chloroform-methano! mixture.
The T values of neat phytol (at 52°) yielded information about the segmental motions in the branched phytyl chain.
The observed behavior is compared with that of the unbranched 1-decanol molecule. While the effective rota-
tional correlation time of the carbons of neat 1-decanol increases monotonically toward the hydroxyl end of the
molecule, in the case of phytol there are localized deviations from monotonic behavior, as a result of branching and

the presence of an olefinic bond.

I_)roton nuclear magnetic resonance has been used for
investigating the properties of chlorophylls in solu-
tion.!2 However, even at 220 MHz (51.7 kG), pro-
ton nmr spectra of chlorophylls contain very few re-
solved single-hydrogen resonances, as a result of the
small range of proton chemical shifts dnd the splittings
arising from homonuclear scalar coupling. An in-
vestigation of the proton-decoupled '3C nmr spectrum
of vitamin By, and other corrinoids? indicated that '3C
nmr is an excellent alternative for studying organic
molecules of high complexity. For example, in the
proton-decoupled natural-abundance '*C nmr spec-
trum of cyanocobalamin, more than 40 of the 63 car-
bons are resolved into single-carbon resonances, even
at the relatively low magnetic field of 14.1 kG.? Katz
and coworkers have reported the !3C nmr spectra of
1597 '*C-enriched chlorophyll a and methyl pheophor-
bide a, recorded at 55 MHz (51.7 kG).24* Strouse,

(1) J. J. Katz, R. C. Dougherty, and L. J. Boucher, “The Chloro-

phylls,” L. P, Vernon and G. R. Seely, Ed., Academic Press, New York,
N.Y., 1966, Chapter 7.

(2) J.J.Katzand T. R, Janson, dnn. N. Y. Acad. Sci., in press,

(3) D. Doddreli and A. Allerhand, Proc. Nat. Acad. Sci. U. S., 68,
1083 (1971).

(4) J. J. Katz, T. R, Janson, A, G. Kostka, R. A, Uphaus, and G. L.
Closs, J. Amer. Chem. Soc., 94, 2883 (1972).

(5) J.J. Katz, Naturwissenschaften, 60,32 (1973).

Kollman, and Matwiyoff® have reported !*C spectra of
909 '*C-enriched chlorophyll a and chlorophyll b at
25.2 MHz (23.5 kG). In the latter work, the use of
samples highly enriched in !*C permitted the observa-
tion of splittings arising from 13C-!3C scalar coupling,
which were helpful in assigning the resonances to spe-
cific carbons. However, these splittings greatly com-
plicated the spectra and reduced the number of identi-
fiable peaks.

When the percentage of the '*C isotope is small, each
carbon yields a single peak (though not necessarily re-
solved from others) in a proton-decoupled '*C nmr
spectrum. There are 55 carbons, all of them non-
equivalent, in the chlorophyll a molecule (Figure I).
It seems that when dealing with a system of this com-
plexity, samples of the naturally occurring isotopic
composition (1.1% !3C) are most attractive for !3C nmr
studies, in terms of spectral simplicity and ease of sam-
ple preparation, provided that there is sufficient spec-
trometer sensitivity for detecting the !'*C resonances.

Many resonances in the proton-decoupled !'*C nmr
spectrum of chlorophyll a have already been assigned
to specific carbons.»® However, only carbons 1, 2,

(6) C. E. Strouse, V. H, Kollman, and N. A, Matwiyoff, Biochem,
Biophys. Res, Commun., 46, 328 (1972).
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Figure 1. Structure of chlorophyll a.

and 3 of the phytyl chain have been assigned.? The
specific assignment of most phytyl carbon resonances
appears difficult at first glance because of their struc-
tural similarity (Figure 2A).

We have recorded the proton-decoupled natural-
abundance !'}C nmr spectra of phytol (Figure 2A),
phytyl acetate, and chlorophyll a at 15.18 MHz (14.2
kG). Even at this low resonace frequency, most car-
bons of these compounds yield resolved single-carbon
resonances. We have specifically assigned nearly
every resolved single-carbon resonance of phytol with
the use of known chemical shifts of hydrocarbons,’
partially relaxed Fourier transform (PRFT) nmr spec-
tra,%? and comparisons with the spectra of pristane
(Figure 2B) and of a phytol-pristane mixture. We
assigned the resonances of phytyl acetate with the use
of single-frequency off-resonance proton decoupling?!
and comparisons with the phytol assignments. Finally,
we assigned the phytyl resonances of chlorophyll a by
means of a comparison with the spectrum of phytyl
acetate.

Experimental Section

Chlorophyll a was prepared using the method of Jacobs, Vatter,
and Holt!! with the following modifications: large quantities of
sodium chloride were used to prevent emulsion formation in the
extraction stages; the methanol washes were reextracted three times
using petroleum ether; the ether solutions were dried over an-
hydrous Na,SO, prior to the evaporation of solvent; and kale and
lettuce were used in addition to spinach. Phytol (approximately
97 %) was obtained from Sigma Chemical Company, St. Louis, and

(7) D. M. Grant and E. G. Paul, J. Amer. Chem. Soc., 86, 2984
(1964).

(8) R. L. Vold, J. S. Waugh, M. P, Klein, and D. E. Phelps, J. Chem,
Phys., 48,3831 (1968).

(9) A. Allerhand, D. Doddrell, and R. Komoroski, /bid., 55, 189
(1971).

(10) H. J. Reich, M, Jautelat, M, T. Messe, F. J. Weigert, and J. D,
Roberts, J. Amer. Chem, Soc., 91, 7445 (1969).

(11) E. E. Jacobs, A. E. Vatter, and A. S. Holt, Arch. Biochem.
Biophys., 83,228 (1954).
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Figure 2. (A) Structure of phytol. (B) Structure of pristane.

was used as received for chemical shift measurements. For PRFT
measurements, the phytol was purified by fractional distillation.
Phytyl acetate was prepared by adding a solution of acetyl chloride
in chloroform to a solution of phytol in pyridine at 0°. It was puri-
fied by chromatography on a column of alumina. 2,6,10,14-Tetra-
methylpentadecane (pristane) was purchased from Aldrich Chemical
Co., Milwaukee, Wis,

The chlorophyll sample consisted of approximately 1.45 g of
chlorophy!l a in 7.9 ml of chloroform (without stabilizers) and 0.6
mlofmethanol. The methanol was added to suppress aggregation.’
The solvents were degassed before use. All chlorophyll spectra
were obtained in 20-mm (0.d.) sample tubes.!? Chemical shifts of
chlorophyll were measured digitally with respect to the !3C reso-
nance of chloroform, which was taken at 77.3 ppm downfield from
tetramethylsilane (TMS). Chemical shifts of phytol, phytyl acetate,
and pristane were measured digitally with respect to an internal
TMS standard, using chloroform solutions in 20-mm sample tubes.
The PRFT spectra of neat phytol were obtained in 13-mm (o0.d.)
sample tubes,

The Fourier transform nmr equipment has been described else-
where,%,12,13 except that most 1*C nmr spectra were recorded before
the incorporation of some of the instrumental improvements de-
scribedinref 13. Thus, the signal-to-noise ratios are not representa-
tive of the current performance of our Fourier transform nmr sys-
tem.

Results and Discussion

Proton-decoupled natural-abundance !'*C nmr spec-
tra of phytyl acetate and chlorophyll a are shown in
Figure 3. The chlorophyll peaks (Figure 3B) are
numbered consecutively, starting downfield. The phy-
tyl acetate resonances and their assignments (see below)
are shown in Figure 3A. We use the phytyl carbon
designations of Figure 2A.

In Figure 4A we show the upfield region of the spec-
trum of phytol. Chemical shifts are given in Table I.
It should be noted that even at our low resonance fre-
quency of 15.18 MHz, only carbons 7a and 1la do not
yield individual resonances. We show below that all
but two of the 18 resolved single-carbon resonances can
be assigned to specific carbon atoms. Even the reso-
nances of C-8 and C-10, which are separated by less than
0.1 ppm, can be assigned on a one-to-one basis.

Phytol Assignments. The resonance at 19.80 ppm
(Figure 4A) was identified as the only two-carbon peak
on the basis of its intensity, Specific assignments were
made with the use of reported chemical shift parameters
of model compounds,”!'4!% comparisons with the '*C
spectrum of pristane, and '3C spin-lattice relaxation
times of individual carbons.

Chemical shift variations of alkane carbons have
been condensed by Grant and Paul into a set of em-
pirical parameters.” These parameters yield calcu-

(12) A. Allerhand, R. F. Childers, R. A. Goodman, E, Oldfield,
and X. Ysern, Amer. Lab.,4 (11), 19 (1972).

(13) A. Allerhand, R. F. Childers, and E, Oldfield, J. Magn. Reso-
nance, 11,272 (1973).

(14) J. B. Stothers, “Carbon-13 NMR Spectroscopy,” Academic
Press, New York, N. Y., 1972,

(15) M. Jautelat, J. B. Grutzner, and J, D. Roberts, Proc. Nat. Acad.
Sci. U. S., 65,288 (1970).
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Figure 3. Proton-decoupled natural-abundance *C Fourier transform nmr spectra at 15.18 MHz. (A) Spectrum of 0.56 M phytyl acetate
in chloroform (with TMS), recorded at 60°, after 16 accumulations with a recycle time of 90 sec and 16,384 points in the time QOmaln.
Spectral widths of 3048.78 Hz (0.372-Hz digital resolution) and 1000 Hz (0.122-Hz digital resolution) were used for the downfield region and
upfield region, respectively. Phytyl peak assignments are given using the carbon designations of Figures 1 and 2A. Peak M is the acetate
methyl carbon resonance. The inserts shown above some peaks were printed with an eightfold expansion of the horizontal scale. (B)_ Spec-
trum of 1.45 g of chlorophyll a in 7.9 ml of chloroform and 0.6 ml of methanol, recorded at 35°, after 1024 accumulations with 4096 points in
the time domain, using spectral widths of 250 (downfield) and 52.5 ppm (upfield) and recycle times of 8.44 (downfield) and 2.32 sec (upfield).

Table I. '3)C Nmr Parameters of Phytol and Pristane
~—~——————Chemical shifts
——Assignment—- Pris- Esti-
Phytol® Pristanec Phytol¢ Mixture¢ tane/ mated? NTi%
1 59.39  59.44 59.0¢  0.80
2 123 .47 k 124.8¢  0.56
3 139.9/ k 137.6¢ 4.8
4 39.95 39.96 40.0¢0 0.62
5 25.28 25.28 25.1  0.64
6 36.80 36.80 37.3»  0.58
7 32.80 32.81 32.00 0.45
8 37.49  37.50 37.3»  0.60°
9 8 24.56 24.56 24.58 25.1 0.62
10 7 37.55 37.57 37.60 37.3 0.607
11 6 32.89 32,90 32.92 32.0 0.53
12 5 37.42  37.43 37.44 37.2 0.79
13 4 24.85 24.86 24.89 24.7 1.2
14 3 39.50 39.50 39.53 39.4 1.7
15 2 28.04 28.05 28.07 28.3 1.8
3a 16.17 16.18 16,3+ 7.1
Ta,1la 6a 19.80 19.80 19.82 19.9 2.8
15a} 2a 22.64 22.64 22.66 22.0 6.0
16/ 1} 22.72  22.72 22.74 22.0 6.0

In ppm downfield from internal TMS. Unless otherwise
stated, experimental values were obtained using a spectral width of
1000 Hz and 16,384 addresses in the time domain, resulting in a
digital resolution of 0.122 Hz (0.008 ppm). * Carbon designations
are those of Figure 2A. ¢ Carbon designations are those of Figure
2B. 40.55 M phytol in chloroform at 48°. ¢ (.32 M phytol and
0.12 M pristane in chloroform at 48°. 7 0.75 M pristane in chloro-
form at 50°. ¢ Estimated chemical shifts of phytol. Unless other-
wise stated, calculated by the method of Grant and Paul.” The con-
stant term was taken as —2.5 ppm.1* » NT (in sec) of neat phytol
at 52°. In the case of the nonprotonated carbon 3, the 7; value is
given. Estimated accuracy is =109 for well-resolved resonances
and somewhat less for partly resolved ones. ¢ Chemical shift of a
structurally similar carbon of geraniol.1415 ¢ Obtained with a spec-
tral width of 3048.78 Hz and 8192 points in the time domain, result-
ing in a digital resolution of 0.744 Hz (0.049 ppm). * Not mea-
sured. ! 71 (in sec) of a nonprotonated carbon. ™ Based on the
structural similarity of this carbon and C-9. » Based on the struc-
tural similarity of this carbon and C-10. ¢ Based on the structural
similarity of this carbon and C-11. 7 C-8 and C-10 do not yield
resolved resonances in the spectrum of neat phytol. The given
7, value was calculated from the PRFT behavior of the two-carbon
peak.

lated chemical shifts within about =1 ppm of the ex-
perimental values. The parameters of Grant and Paul

893
R R
N T .
8o % 3y S8 3¢ Ay o ~
g™+ 8 N 5 NaN NN 2q. F
4 S \g e 13 15+l |
4! ‘ & 579 3q
A \ | u | i |
AT ! | o \ i
3
‘
Co
A |
| 4 N i H
[ | ‘ | ’
i Lo ot ; | :
A / [ i i i | ]
s
“\\Jj‘\
/ \ 6 1+2
3 J 2 4 ‘ a 6a
¢ u | e
! ] |
_J‘LJ J[L“_.../\__)L\___ij__sz_.....)

Figure 4. Upfield region (about 14 ppm to about 43 ppm down-
field from TMS) in the proton-decoupled natural-abundance '*C
Fourier transform nmr spectra of phytol and pristane in chloroform
at 48°, recorded at 15.18 MHz using a 1000-Hz spectral width and
16,384 points in the time domain (0.122-Hz digital resolution).
The inserts shown above some resonances were printed with a
fourfold expansion of the horizontal scale. (A) 0.55 M phytol,
after 32 accumulations, with a recycle time of 31.6 sec. Large
numbers are assignments, using the carbon designations of Figure
2A. Small numbers are chemical shifts, in ppm, with respect to
internal TMS. (B) A solution 0.32 M in phytol and 0.12 M in
pristane, recorded in the same way as spectrum A above. (C) 0.78
M pristane, after 16 accumulations, with a recycle time of 60 sec.
Assignments are indicated using the carbon designations of Figure
2B. Spectra A and B do not show the resonances of C-1, C-2, and
C-3 of phytol, at 59.39, 123.4, and 139.9 ppm, respectively.

can be used to estimate the '3C chemical shifts of those
phytol carbons that are far removed from the hydroxyl
group and from the olefinic carbons. The calculated
values for carbons 9-16, 11a, and 15a are given in Table
I. The estimated chemical shifts of carbons 5, 6, 7, 8,

Goodman, Oldfield, Allerhand | '*C Nmr Spectrum of Chlorophyll a



7556

and 7a (Table I) are based on their structural similarity
with carbons 9, 10, 11, 10, and 11a, respectively. The
estimated values for carbons 1-4 and 3a are the experi-
mental values of structurally similar carbons of gera-
niol.IA,l;’)

The '*C spin-lattice relaxation of protonated carbons
in a large molecule such as phytol is overwhelmingly
dominated by '*C-'H dipole-dipole interactions with
the directly bonded hydrogens.? T; is given by

1/(NT) = B2yclyuen bren (H

where N is the number of directly attached hydrogens,
¥c and vy are the gyromagnetic ratios of '*C and 'H,
and 7. is the effective correlation time for rotational
reorientation of the C-H groups. Equation 1 applies
in the “extreme narrowing” limit (that is, when 1/7.
is much greater than the 'H-resonance frequency), a
condition that is satisfied here.? As a result of the in-
variance of C—H bond lengths,!® NT; gives a direct mea-
sure of 1/7.¢, the effective rate of segmental motion.
Doddrell and Allerhand!” have used !'*C T, measure-
ments to monitor the decrease in segmental mobility,
caused by hydrogen bonding, when going from the
methyl end to the hydroxyl end of neat liquid 1-decanol.
It was pointed out that NT, values of individual pro-
tonated carbons could be used to make specific assign-
ments of 13C resonances of hydrocarbon chains with
restricted mobility at one end.!” In neat liquid phytol,
as in neat 1-decanol, intermolecular hydrogen bonding
should restrict rotational motions at the hydroxyl end
of the molecule. NT; of protonated carbons of neat
phytol should get progressively longer when going
away from C-1. We have measured the 13C T; values
of all resolved resonances in the !3C spectrum of neat
phytol by means of PRFT spectra.® Details of the
procedure have been reported.® The resulting NT;
values are given in Table I.

The 20 carbons of phytol yield 19 resolved resonances.
A comparison of the structures of phytol (Figure 2A)
and pristane (Figure 2B) strongly suggests that carbons
9-16, 11a, and 15a of phytol should have nearly identical
chemical shifts with those of similar carbons of pristane.
A comparison of the !3C chemical shifts of phytol and
pristane, under the same conditions of bulk magnetic
susceptibility, can be used to identify phytol resonances
that are not present in the spectrum of pristane. These
resonances can then be assigned to carbons that are to
the left of C-9 in Figure 2A. In Figure 4C we show
the '3C spectrum of pristane in chloroform. Chemical
shifts measured with respect to internal TMS (Table I)
clearly indicate that the phytol resonances that will be
assigned to carbons 1-8 and 3a (see below) are absent
from the pristane spectrum and that all other phytol
resonances are present in the spectrum of pristane. A
verification of this result can be seen in Figure 4B, which
shows the saturated-carbon region of the spectrum of a
solution of phytol and pristane in chloroform. The
stronger peaks are the sums of phytol and pristane
resonances. The weaker peaks are just phytol reso-
nances. Theintermediate amplitude of the peak arising
from C-9 of phytol plus C-8 of pristane is due to the

(16) ““Tables of Interatomic Distances and Configuration in Mole-
cules and Ious,” Chem, Soc., Spec. Publ., No. 11 (1958); Suppl., No.
18 (1965).

(1(17) D. Doddrell and A. Allerhand, J. Amer. Chem. Soc., 93, 1558

971).

fact that C-8 of pristane has half the intensity of the
other pristane carbons.

The estimated chemical shifts based on model com-
pounds!* 13 and on the empirical parameters of Grant
and Paul” (Table I) yielded the specific assignments of
phytol carbons 1-3, 15, and 3a (Table I). Also on the
basis of estimated chemical shifts, the two-carbon
resonance at 19.80 ppm was assigned to C-7a and C-11a.
The peaks at 22.64 and 22.72 ppm were assigned to
C-15a and C-16 but not on a one-to-one basis. The
estimated chemical shifts were sufficient to assign C-4
and C-14 to the peaks at 39.95 and 39.50 ppm but not
on a one-to-one basis. However, the resonance at
39.50 ppm had a 7, about three times that of the other
resonance and it was therefore assigned to C-14. The
estimated chemical shifts also indicated that the group
of three resonances at 24,56, 24.85, and 25.28 ppm cor-
responds to carbons 5,9, and 13.  Of these three peaks,
only the one at 25.28 ppm is absent from the spectrum of
pristane (Figure 4C), and it is thus assigned to C-5.
The resonance at 24.85 ppm has a 7; value that is twice
that of the one at 24.56 ppm. Therefore, the former is
assigned to C-13 and the latter to C-9.

On the basis of estimated chemical shifts, C-7 and
C-11 correspond to the pair of resonances at 32.80 and
32.89 ppm. The peak at 32.80 ppm is absent from the
spectrum of pristane (Figure 4C) and is therefore as-
signed to C-7.

By elimination, the remaining four unassigned reso-
nances, one at 36.80 ppm and a closely spaced group of
peaks at 37.42, 37.49, and 37.55 ppm, must be those of
carbons 6, 8, 10, and 12, as the estimated chemical shifts
indeed predict. Only the resonance at 36.80 ppm and
the central peak of the triplet are absent from the spec-
trum of pristane (Figure 4C). Therefore, these are the
resonances of C-6 and C-8. The outer components of
the triplet are the resonances of C-10 and C-12. The
great structural similarity of C-8 and C-10 requires that
these resonances be assigned to two peaks of the closely
spaced triplet. Thus, C-6 is assigned to the resonance
at 36.80 ppm, and C-8 is assigned to the central com-
ponent of the triplet. The assignment of the resonance
at 37.42 ppm (upfield component of the triplet) to C-12
is based on its relatively long 7, value (Table I). Even
though the differences in the 7; values of all four reso-
nances are barely outside experimental error, the PRFT
patterns clearly indicate that the resonance assigned to
C-12 has the longest 7, value. For example, in the
PRFT spectrum with a r value (interval between a 180°
radiofrequency pulse and the following 90° pulse'®) of
211 msec, the resonance assigned to C-12 is the only one
of this group that has a negative intensity. Finally, by
elimination, the downfield component of the triplet (at
37.55 ppm)is assigned to C-10.

The phytol assignments vield corresponding assign-
ments in the '3C spectrum of pristane (Table I and
Figure 4C). Our pristane assignments are in agree-
ment with those reported without proof by Lindeman
and Adams,'¥ except for an inversion in the assign-
ments for C-5and C-7.

Segmental Motion in Phytol. In Figure 5 we show
a map of the NT, values of the protonated carbons and
the 7, value of the lone nonprotonated carbon of neat

(18) T. C. Farrar and E. D. Becker, “Pulse and Fourier Transform

NMR,” Academic Press, New York, N. Y,, 1971,
(19) L.P. Lindeman and J. Q. Adams, Anal. Chem., 43,1245 (1971).
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phytol. In neat 1-decanol, the values of NT, decrease
monotonically toward the hydroxyl end of the mole-
cule.'” The situation is more complicated when dealing
with phytol. In the first place, 7| values of nonpro-
tonated carbons are much longer than those of pro-
tonated ones which have comparable values of 7e:.?
For this reason the 7, of C-3 is much longer than that of
its protonated neighbors on the main chain. Secondly,
branching along a hydrocarbon chain and the presence
of an olefinic bond cause relatively localized changes in
the barriers to internal rotation about C-C bonds.?
As a result, even though the general trend is for 1/7.:
(and NT)) of the phytol carbons to increase when going
from C-1 to C-16, there are localized deviations (Figure
5). For example, C-1 and C-3a have longer NT;
values than C-2 and C-7a, respectively, as a result of the
relatively low barrier to internal rotation in the vicinity
of an olefinic carbon.?*® Also, C-7 and C-11 have
shorter NT; values than C-6 and C-10, respectively, be-
cause of increased restrictions to internal rotation ac-
companying methyl substitution.? Obviously, caution
is required when using !3C T, values for assigning !:C
resonances of complex hydrocarbon chains. In our
work on phytol, we have used '3C NT, values only to
distinguish structurally similar carbons, such as C-10
and C-12.

Phytyl Acetate Assignments. Phytol is a good model
compound for assigning only those phytyl resonances
of chlorophyll a which arise from carbons that are not
close to the polar end of the chain. Esterification
should significantly affect the chemical shifts of C-1
and the olefinic carbons. Therefore, phytyl acetate is
a better model compound for our purpose than phytol.
The proton-decoupled 13C spectrum of phytyl acetate in
chloroform is shown in Figure 3A. The saturated-
carbon resonances were readily assigned by comparing
this spectrum with that of phytol. The peak at 170.6
ppm was assigned to the carbonyl carbon, on the basis
of its chemical shift.'* The resonances at 118.5 and
142.4 ppm were assigned to C-2 and C-3 of the phytyl
chain, respectively, on the basis of their chemical shifts!4
and their behavior in single-frequency off-resonance
proton-decoupling experiments.! C-1 (at 61.39 ppm),
C-2, and C-3 are the only carbons with significantly
different chemical shifts in phytyl acetate and in phytol.
C-3a is displaced downfield by about 0.2 ppm when
going from phytol to phytyl acetate. All other phytyl
acetate resonances are within 0.1 ppm from the cor-
responding peaks of phytol.

Assignments of ‘*C Resonances of Chlorophyll a.
The proton-decoupled natural-abundance *C spectrum
of chlorophyll a in a chloroform-methanol solvent mix-
ture is shown in Figure 3B, with the peaks numbered
consecutively, starting downfield. The chemical shifts
are given in Table II. Chlorophyll carbon designa-
tions are those of Katz and Janson? (Figure 1). A pre-
fix P is used to designate carbons of the phytyl chain and
a prefix C for all other carbons.

The 25 unsaturated carbons of chlorophyll a give rise
to 25 fully or partly resolved resonances downfield from
the chloroform peak. A comparison with the spectrum
of phytyl acetate (Figure 3A) indicated that the peak at
143.0 ppm (peak 13 in Figure 3B) is the resonance of

(20) J. P. Lowe, “*Progress in Physical Organic Chemistry,”” Vol. 6,
Interscience, New York, N. Y., 1968, pp 1-80.
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Figure 5. NT, map for neat phytol at 52°. The values of NTh
(large numbers, in sec) are shown for all carbons except for C-3,
whose 77 value is indicated. Small numbers are carbon designa-
tions of Figure 2A.

Table II. '3C Chemical Shifts of Chlorophyll a
Chemical Assign- Chemical
Peak®  shift ment® Peak®  shift’ Assignment’
1 189.9  C-9de 26 65.3 C-10¢¢
2 173.5 f 27 61.5 P-1
3 172.4 f 28 53.0 C-10b4,e
4 168.7 g 29 50.4 C-7*
5 161.9 g 30 497 C-81.1
6 155.5 g 31 39.8 P-4
7 155.1 g 32 39.4 P-14
8 152.7 g 33 37.4 P-10. P-8, P-12
9 148.6 g 34 36.6 P-6
10 147.6 g 35 32.8 P-11
11 146.2 g 36 32.7 P-7
12 144.5 g 37 30.9 C-7a
13 143.0 p-3 38 29.8 C-7b
14 139.3 g 39 28.0 P-15
15 135.7 g 40 25.0 P-5
16 134.6 g 41 24.8 P-13
17 1340 ¢ 42 244 P-9
18 130.4  C-2a 43 23.6 C-8a“
19 129.8 g 44 22.7 P-15a, P-16
20 119.9 C-2b 45 19.7 C-4a, P-7a, P-1la
21 117.7 P-2 46 17.5 C-4be
22 107.8  C-B4e 47 16'21 P-3a
23 104.2  C-yde 48 12.6]
24 100.1 Ceade 49 23] ClaCsa
25 92.6  C-%¢ 50 11.0 C-3ade

@ Peak numbers are those of Figure 3B. ' In ppm downfield
from TMS, obtained from a spectrum of 1.45 g of chlorophyll a in
7.9 ml of chloroform and 0.6 ml of methanol. at 35°, using a spec-
tral width of 250 ppm and 4096 points in the time domain (digital
resolution of 0.122 ppm). Estimated accuracy is =0.2 ppm.
¢ Carbon designations are those of Figure 1. A prefix C designates
a nonphytyl carbon, and prefix P refers to a carbon of the phytyl
chain. 4 Assignment taken from ref 2. ¢ Assignment taken from
ref 6. 7 Probably C-7¢ or C-10a. ¢ Nonprotonated unsaturated
carbon of the ring system. * Specific assignments of C-7 and C-8
are based on reported assignments for chlorophyll a in dioxane.?
Because of possible solvent effects (see text), our assignments may
be reversed. ¢ Coincident with strong methanol resonance (see
text).

P-3. This assignment is in disagreement with the re-
ported one? at 131.9 ppm. Off-resonance single-
frequency decoupling indicated that peak 20 is a meth-
ylene carbon resonance; peaks 18, 21, 22, 24, and 25 are
methine resonances, and all other peaks downfield
from CHCI; are nonprotonated carbon resonances.
Thus, peak 20 must be assigned to C-2b. Peaks 22, 24,
and 25 have already been assigned?® to C-3, C-e, and
C-8, respectively. Peak 18 (at 130.4 ppm) and peak 21
(at 117.7 ppm) must be the resonances of the only re-
maining unsaturated methine carbons, C-2a and P-2.
Carbon 2 of phytyl acetate resonates at 118.5 ppm.
Therefore, peak 21 must be assigned to P-2. By elim-
ination, peak 18 is the resonance of C-2a. Peak | has
been assigned? to C-9, the only keto carbonyl, on the
basis of known !3C chemical shifts.!* No additional
specific assignments in the unsaturated caroon region

Goodman, Oldfield, Allerhand | 1*C Nmr Spectrum of Chlorophyll a
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can be extracted from the available information. A
comparison of our '*C chemical shifts of chlorophyll a
with those of Katz and Janson? indicates that there are
appreciable solvent effects on the unsaturated carbon
chemical shifts. For example, the resonance of C-2b
(peak 20 in Figure 3B) is downfield from that of P-2
(peak 21). In dioxane, the reverse has been reported.?

The 30 saturated carbons of chlorophyll a give rise to
the 25 resonances upfield from chloroform (peaks 26-50
in Figure 3B). Peak 26 has been assigned to C-10.%8
Assignment of the rest of the saturated-carbon region is
greatly facilitated by a comparison with the spectrum of
phytyl acetate (Figure 3A). Peak 27 must be assigned
to P-1. Peaks 31-36, 39-42, 44, 45, and 47 contain
phytyl carbon resonances whose assignments (Table II)
follow directly from the phytol assignments (Table I).
Peak 45 is a three-carbon resonance, but only two phytyl
carbons contribute to it. The 12 saturated carbons of
chlorophyll a other than those of the phytyl group give
rise (Figure 3B) to peaks 26, 28, 29, 37, 38, 43, 46, 48,
49, and 50 and one-carbon contributions to peaks 45
and 30. Peak 30 contains a chlorophyll resonance co-
incident with a strong methanol peak. The presence of
a chlorophyll resonance at this position was inferred
from spectra of chlorophyll a in dioxane? and in pure
chloroform.?!  We have listed above a total of 12 peaks
for 12 carbons. Variations in peak heights arise from
differences in line widths and from partial saturation of
some resonances that have long 7, values (because of

(21) R. A. Goodman and A, Allerhand, unpublished results.

the relatively short recycle time used for recording the
upfield region of the spectrum). Peaks 26, 28, 29, 30,
43, 46, and 50 can be assigned®® to C-10, C-10b, C-7,
C-8, C-8a, C-4b, and C-3a, respectively. However, the
specific assignments of peaks 29 and 30 are tentative
and could turn out to be inverted. Peaks 37 and 38
arise from carbons 7a and 7b.? Katz and Janson? spe-
cifically assigned peak 37 to C-7a but only tentatively.
We confirmed this assignment by means of 7} measure-
ments. Resonance 37 has a much shorter relaxation
time (about 0.18 sec) than resonance 38 (about 0.34
sec). C-7a should have a relatively short T; value be-
cause it is directly anchored to a bulky ring system.?
C-7b, with its additional degree of internal rotation,
should have a longer 7, than C-7a.® The nonphytyl
component of peak 45 can be assigned to C-4a, on the
basis of the '3C spectrum of methyl pheophorbide a,2:
Peaks 48 and 49 have been assigned to C-la and C-5a
but not on a one-to0-one basis. 2
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Abstract:

Heteroatoms at the 1 position of propene can interact with the methylene group through space and

through the olefinic bond. This interaction can be attractive in nature and responsible for both the lower energy
of the cis isomer relative to the trans isomer and also the lower rotational barrier of the cis isomer relative to the

rotational barrier of the trans isomer.

The proposed model is tested by SCF-MO semiempirical calculations and

the qualitative generalizations are found to be in good accord with the observed experimental trends.

Organic chemistry provides a number of instances
where one cannot invoke the concept of steric
or nonbonded repulsion to predict the relative sta-
bilities of geometrical isomers of I-substituted pro-
penes. Various cases illustrating the general prefer-
ence for the cis over the trans isomer of substituted
propenes are listed in Table I. Furthermore, rotational
isomerism in 1-substituted propenes is characterized by
certain intriguing regularities. Specifically, it is found
that in such molecules the rotational barrier of the cis
isomer is significantly lower than the rotational barrier
of the trans isomer. Experimental data pertaining to
this interesting effect have been collected in an excellent

Table I. Equilibrium Composition of Cis and Trans Isomers of
1-Substituted Propenes
%% cis at
Compd equil Ref
CH;CH=CHOMe 71 a
CH;CH=CHOEt 81 a
CH;CH=CHOPh 65 b
CH;CH=CHCl 76 ¢
CH;CH=CHBr 68 d

e P, Salomaa and P. Nissi, Acta Chem. Scand., 21, 1386 (1967).
However, see ref 8. »C. C, Price and W. H. Snyder, J. Amer.
Chem. Soc., 83, 1773 (1961). <J. W. Crump, J. Org. Chem., 28,
953(1963). ¢ K. E. Harwell and L. F. Hatch, J. Amer. Chem. Soc.,
77,1682 (1955).
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