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tor was determined with TV.W-hexamethylenedimaleimide at 360, 
334, and 313 nm. 

Quenching of the Cyclomerization. Quenching of the cyclo-
merization with biacetyl was carried out with monochromatic 
light of 334 ± 7 nm. Solutions of 5 X 1O-4M dioxycoumarins in 
dichloromethane, containing concentrations of biacetyl varying 
from 0.5 X 10_s to 1 X 10-1 M, were degassed, thermostated at 
20°, and irradiated to obtain ±10% conversion. Biacetyl does not 
absorb light under these conditions. The solutions were stirred 
vigorously by means of a magnetic stirrer. The conversion was 
determined after dilution by measuring the optical density at 324 
nm. The difference in optical density before and after irradiation 
was compared with the difference in a reference sample without bi
acetyl, giving directly a value of <E>°/<I>. 

Preparative Quenching Experiments. A 10~2 M solution of Ic in 
dichloromethane is degassed in the presence of variable biacetyl 
concentrations and irradiated with a Bausch and Lomb mono-
chromator at 334 ± 7 nm with up to 12 ± 3% conversion. The 
solvent and biacetyl were evaporated under reduced pressure, and 
the residue was dissolved in DMSO-^6. Nmr spectra of the re
action mixture were obtained by accumulation (25 scans) on a XL 
100 nmr, and the ratios of the isomer were determinedby the ratio 
of the area of part of the nmr absorptions of the protons H5, H6, 
and H8 in the head-to-head cyclomer over the area of the absorption 
of proton H8 in the head-to-tail cyclomer. The validity of this 

The conjugated polyene aldehydes 11 -cis- and all-
trans-retinal play a crucial role in vision. In the 

only photochemical reaction in the vision process 11-
c/s-retinal is isomerized to the trans isomer, while at
tached through an imine linkage to the protein opsin. 
This initiates a sequence of reactions resulting ulti
mately in the sensation of vision.1 The polyene alde
hyde 9-c/s-retinal is also able to combine with opsin,2 

and 13-cw-retinal has been implicated as the chromo-
phore of the membrane protein bacteriorhodopsin.3 

As part of a program to establish retinal as a nmr 
probe of the active site of rhodopsin, we have obtained 
the 13C nmr spectra of all-trans-, 9-cis-, ll-cis-, and 13-
m-retinals free in solution. In addition, /3-ionone and 
cis- and rrans-crotonaldehyde have been studied as 

(1) G. S. WaId, Science, 162,230(1968). 
(2) R. Hubbard and G. WaId, /. Gen. Physiol., 36, 269 (1953). 
(3) D. Oesterhelt, M. Meentzen, and L. Schuhmann, Eur. J. Biochem., 

40,453(1973). 

determination was confirmed by comparison with mixtures pre
pared from pure cyclomers and starting materials. 

Production Distribution. The relative ratios of cyclomer as a 
function of the excitation wavelength were determined by an 
analogous method as described in the preparative reaction quench
ing. 
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model compounds. In particular the protonated 
carbons of the polyene chain portion of each of the 
retinal isomers have been independently and unequivo
cally assigned, without reference to model compounds, 
additive parameters, or substituent effects. We discuss 
the observed results in terms of substituent and con
formational effects previously observed in systems other 
than conjugated polyenes. We also present and discuss 
longitudinal relaxation time measurements for all-
trans-retinal, 13-m-retinal, and the model compounds. 

Experimental Section 
/3-Ionone, all-trans-retinal, 9-ds-retinal, 13-c«-retinal, and trans-

crotonaldehyde were purchased from Eastman. 1l-c/s-Retinal was 
generously supplied by P. K. Brown. Acetone-d6 and cyclohexane-
dn were purchased from Stohler Isotope Chemical Co. Most sam
ples were prepared in the concentration range 0.35-0.75 M. Sam
ples were filtered through sintered glass, degassed with at least five 
freeze-pump-thaw cycles, and sealed under vacuum. Samples so 
prepared, protected from light, and stored at -15° were stable for 
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Abstract: The 13C nmr spectra of all-trans, 9-cis-, ll-c/5-, and 13-cw-retinals, /3-ionone, and cis- and trans-eroton-
aldehydes have been obtained in acetone-^ solution. The ' 3C nmr spectra are also reported for /3-ionone and all-
trans-, 11-c/s-, and 13-m-retinals in cyclohexane-rfi2 solution. Striking differences in chemical shifts were found 
among the protonated carbons of the polyene chain portion of the different retinal isomers. Many of these dif
ferences are attributed to the steric polarization effect. In comparing the chemical shifts of the olefinic carbons 
of each cis isomer relative to the corresponding carbons of all-trans-retinal, the ll-cis isomer was found not to fol
low the pattern set by 9-cis- and 13-cAs-retinaIs. Spin-lattice relaxation times T\ are reported for /3-ionone, all-
trans- and 13-cM-retinal, and cis- and fran.s-crotonaldehydes. The 7\ values imply that (a) the methyl groups of 
the retinal polyene chain rotate rapidly compared with the overall tumbling of the molecule, and (b) the rotational 
diffusion of 13-c/s-retinal and presumably a//-/ran.s-retinal is considerably anisotropic, with D\\ = 4.6D± for 13-
m-retinal. 
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Table I. 13C Chemical Shifts in Acetone-^" 
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Carbon 

IC 
2C 
3C 
4C 
5C 
6C 
7C 
8C 
9C 

IOC 
l i e 
12C 
13C 
14C 
15C 
1,1'CH3 
5CH3 
9CH3 
13CH3 

0-Ionone 

32.61 
38.36 
17.54 
31.84 

133.43 
134.69 
140.66 
130.74 
195.52 

27.03 
19.74 
25.18 

cw-Crotonal-
dehyde 

146.33 
129.49 
189.01 

12.09 

rrara-Crotonal-
dehyde 

152. 
133 
191 

.54 

.26 

.93 

16.56 

All-trans 

32.89 
38.38 
17.88 
31.64 

128.56 
136.49 
127.77 
136.25 
139.37 
128.71 
131.14 
133.81 
153.02 
127.77 
189.10 
27.32 
19.96 
11.03 
11.03 

9-Cis 

32.81 
38.26 
17.85 
31.61 

128.67 
136.63 
129.28 
128.49 
138.12 
127.17 
129.88 
133.16 
153.22 
127.77 
189.24 
27.30 
19.98 
18.98 
11.08 

11-Cis 

32.88 
38.38 
17.90 
31.61 

128.49 
136.52 
127.87 
136.52 
139.74 
124.96 
129.63 
129.63 
153.87 
128.67 
189.19 
27.28 
19.89 
10.43 
15.93 

13-Cis 

32.86 
38.35 
17.85 
31.61 

128.54 
136.44 
127.71 
136.20 
139.49 
128.78 
132.01 
125.84 
152.60 
126.55 
187.92 
27.28 
19.92 
10.95 
18.97 

1 AU shifts ±0.05 ppm, relative to internal HMDS. 

many months. For all samples except 9-m-retinal and W-cis-
retinal, which were prepared in 5-mm sample tubes, 12 mm tubes 
were used. In most cases amber sample tubes were used (Wilmad 
Glass). Gd(fod)3 was purchased from Bio-Rad Labs. Solvents 
were used as purchased except for the Gd(fod)3 experiments; in 
this case the C6Di2 was dried over previously heated 3 A molecular 
sieve (Linde). 

ci's-Crotonaldehyde was prepared by irradiation of trans-crolon-
aldehyde, which had been purified by distillation, for 24 hr in a 
water-cooled Ace Glass Co. photoreactor cell, using a 500-W mer
cury arc source held in a quartz sleeve.4 The resulting mixture of 
cw- and /ra/w-crotonaldehyde was purified by distillation at reduced 
pressure. The distillate was analyzed by 1H nmr and found to be 
24% c/s-crotonaldehyde and 76% /raw-crotonaldehyde, with no 
evidence of impurities. 

Natural abundance 13C nmr spectra were obtained using a Varian-
XL-100-15 spectrometer equipped with a Varian 620i computer and 
operating in the Fourier transform mode. Depending on the sam
ple from 128 to 9000 transients were accumulated, with acquisition 
time and spectral digitization typically 0.8 sec and 1.25 Hz/pt, re
spectively. Ti measurements were made under conditions of full 
1H noise decoupling using both progressive saturation (90-r)„5 and 
inversion-recovery (r-180-r-90)„6 sequences. The -K pulse length 
averaged 76 usee, corresponding to yHi = 6500 Hz. The maximum 
spectral width for relaxation time experiments was 5000 Hz for 
progressive saturation and 3000 Hz for inversion-recovery. Free
man and Hill* have shown that for offsets up to 0.87/fi, and prop
erly calibrated tip angle, the 7/i measured by progressive saturation 
deviates not more than 5 % from the actual Ti. This was verified in 
the present experiments by measuring the 7\ of a given peak at both 
small and maximum offset from the carrier frequency. The relaxa
tion time measurements were analyzed using either a two or a three 
parameter non-linear least-squares program with the equilibrium 
peak height, spin-lattice relaxation time Ti, and sometimes the 
effective tip angle as parameters. The ambient temperature in the 
probe was maintained at 31° during all experiments including de
coupling. 

Results 

Using a variety of techniques including (1) single-
frequency and noise-modulated resonant and off-
resonant proton decoupling, (2) Tx relaxation time 
measurements, and (3) the use of the relaxation reagent 
Gd(fod)3, all of the carbons in a//-?rans-retinal, 9-cis-
retinal, ll-cw-retinal, 13-m-retinal, and in the model 
compounds /3-ionone and cis- and />ww-crotonaldehyde 

(4) D. E. McGreerandB.D.Page, Can. J. Chem., 47, 866(1969). 
(5) R. Freeman and H. D. W. Hill, /. Chem. Phys., 54, 3367 (1971). 
(6) R. L. Void, J. S. Waugh, M. P. Klein, and D. E. Phelps, /. Chem. 

Phys., 48,3831(1968). 

a) 
9CH 

ICH, 1'CH3 9CH 3 13CH3 

V , Z J.9 Il [l3 15 
b) 2r^n?^%^^V^v^S-^! j . 0 

' ' JiS B 10 12 14 ° 
4 5 C H , 

d) 

e) Q^^^V 

f) 

g) 

%-^» 

13 15 

l 3 C H3 14 0 

Figure 1. Visual chromophores and model compounds showing 
the numbering scheme used in the text and in the tables: (a) 
/3-ionone, (b) a//-/ra«i-retinal, (c) 9-m-retinal, (d) 11-cw-retinal, (e) 
13-cw-retinal, (f) ra-crotonaldehyde, (g) rran^-crotonaldehyde. 

have been assigned. The 18C nmr chemical shifts of 
all of these compounds in acetone-^ solution are listed 
in Table I (see Figure 1 for numbering of carbons). 
The assigned 13C nmr spectra of the polyene chain 
carbons of the four retinal isomers, excluding the alde
hyde carbon, are shown in Figure 2. Since there is 
some disagreement between these assignments and those 
reported earlier for /3-ionone and trans-xetinyl acetate,7 

a compound which might be expected to have some 

(7) M. Jautelat, J. B. Grutzner, and J. D. Roberts, Proc. Nat. Acad. 
Sci. U. S., 65,288 (1970). 
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Table II. 13C Spin-Lattice Relaxation Times0 

Carbon 

IC 
2C 
3C 
4C 
5C 
6C 
7C 
8C 
9C 

IOC 
l i e 
12C 
13C 
14C 
15C 
1,1'CH3 

5CH3 

9CH3 

13CH3 

/3-Iononed 

17.1« 
1.32 
0.99* 
1.29 

15.7 
23.5" 

3.85 
3.64 

14.8/ 

1.44 
4.94 
7.70 

/3-Iononeb.c 

23.7 
1.85 
1.66 
1.94 

29.8 
43.0 

5.26 
4.94 

44.0 

2.07 
6.17 

10.2 

aW-trans-
Retinal** 

9.46 
0.75 
0.65 
0.82 
8.70« 

11.3 
1.07 
1.05 
9.36« 
0.97 
1.00 
1.02 
9.80« 
1.10 
1.42 
0.87 
3.57 
4.05* 
4.05" 

all-trans-
Retinalc 

17.2 
1.59 
0.69« 
1.56 

17.1 
23.1» 

2.39' 
2.36 

21.6« 
2.18 
2.18 
2.36 

25.2 
2.39'' 
3.43 
1.35 
4.99 
6.00* 
6.00* 

13-cis-
Retinal" 

14.7 
1.22 
0.93« 
1.36 

18.4 
30.7 

2.37 
2.56 

27.4 
2.26 
2.45 
2.53 

16.8 
1.52 
2.14 
1.65 
3.85 
6.44 
3.97 

?ra/is-Croton-
aldehyde« 

22.5 
28.7 
25.7« 

36.2 

r/s-Croton-
aldehyde0 

29.2 
27.2« 
33.0 

46.3* 

" Relaxation times Ti in seconds. Samples were degassed unless otherwise noted. Error limits given are the standard deviations of the 
nonlinear least-squares fits. Most values are ± < 5 % . All values are ±<10% unless otherwise noted. b Not degassed. c In acetone-^. 
d In C6Di2. «±<15%. i ±5.1 sec. « ±4.6 sec; corrected for partial overlap of 8C resonance. ' '±3.8 sec. * ±20.9 sec. >'7Candl4C 
are coincident. * 9CH3 and 13CH3 are coincident. 

156 152 148 144 140 136 132 128 124 
,!C CHEMICALSHIFT ( ppm from HMDS) 

Figure 2. 13C nmr (25.16 MHz) spectra of the four retinal isomers 
in acetone-rf6, showing the olefinic, nonaldehyde carbon region: 
(a) all-trans-retinal, (b) 9-m-retinal, (c) 11-a's-retinal, (d) \3-cis-
retinal. Peak marked x in spectrum b is an impurity. 

isomers in CDCl3,
8 all-trans- and 11-m-retinal in 

acetone-Je,9 9-cis- and 13-m-retinal in acetone-rfe,10 

all four retinal isomers in C6Di2 and ethanol-de,10 

/3-ionone (neat),11 and cis- and /rarcs-crotonaldehyde 
neat4 and in acetone-de.12 

We first consider the assignment of the 13C nmr 
spectrum of /3-ionone. The single quaternary carbon, 
IC, is identified immediately in the saturated car
bon region of the 13C nmr spectrum by its long Ti 
value (Table II). Single frequency off-resonance 1H 
decoupling distinguishes the resonances of the three 
methylene carbons 2C, 3C, and 4C from three methyl 
carbon resonances. 4C is identified by single frequency 
on-resonance decoupling of 4H,H'. Since the 1H 
nmr spectrum of 2H,H' and 3H,H' is tightly coupled at 
100 MHz, 2C and 3C were only tentatively distinguished 
from each other by 1H decoupling. Confidence in this 
choice of assignments for 2C and 3 C is strengthened by 
comparing the observed 13C nmr chemical shifts with 
those predicted using the parameters of Savitsky and 
Namikawa.18 

The methyl carbon resonances corresponding to 
1,1'CH3, 5CH3, and 9CH3 were easily assigned by 
single-frequency irradiation of the 1H methyl resonances. 
Of the five unsaturated carbons, three are unprotonated 
and thus distinguished by their long 7Ys (cf. Table II). 
The carbonyl carbon 9C was immediately identified by 
its chemical shift. 5C and 6C were assigned on the 
basis of their J1 values. Given that the 13C relaxation 
times are dominated by intramolecular dipole-dipole 
interactions with neighboring protons,14 and assuming 
that the same rotational correlation time characterizes 

spectral similarity to all-trans-retins.1, our assignments 
are discussed in detail below. 

In the following discussions of 1H decoupling experi
ments, reference will be made to characteristics of the 
corresponding 1H nmr spectra. These have been re
ported by several authors and include all of the retinal 

(8) D. J. Patel, Nature (London), 221, 825 (1969). 

(9) R. Rowan, III, A. Warshel, B. D. Sykes, and M. Karplus, Bio
chemistry, 13,970 (1974). 

(10) R. Rowan, HI, Ph.D. Thesis, Harvard University, 1974. 
(11) M. Mousseron-Canet and J. C. Mani, Bull. Soc. Chim. Fr., 3285 

(1966). 
(12) R. Rowan, III, J. A. McCammon, and B. D. Sykes, / . Amer. 

Chem. Soc, 96,4773(1974). 
(13) G. B. Savitsky and K. Namikawa, J. Phys. Chem., 68, 1956 

(1964). 
(14) K. F. Kuhlmann, D. M. Grant, and R. K. Harris, J. Chem. Phys., 

52,3439(1970). 
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^-tonone 'H-Single-Frequency Decoupled 13C Spectra 
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Figure 3. IC and 8C of single-frequency proton-decoupled 13C 
nmr spectrum of (3-ionone in acetone-rf6. The residual CH coup
ling is plotted as a function of the proton decoupler frequency. 
Vertical axis: 13C shifts plotted in Hz relative to arbitrary origin, 
with the horizontal lines indicating the peak positions observed 
with full noise decoupling. Horizontal axis: frequency of the 
proton decoupler, relative to arbitrary origin, vertical lines indicate 
the chemical shifts of 7H and 8H. 

the interactions for both carbons, the ratio of 7Ys for 
5C and 6C can be estimated from 

protons i protons; 

where ritkC is the /-proton to &>carbon distance. In
cluding only protons within 2.8 A, the calculated ratio is 
1.75. The observed ratio, assigned as in Table I, is 
1.44 in acetone-fi^ and 1.50 in cyclohexane-</12. This 
assignment is consistent with single frequency de
coupling experiments, which by themselves were not 
conclusive. 7C and 8C were assigned by single fre
quency decoupling using a graphical technique5'15 

(see Figure 3, where the peak positions in several single 
frequency off-resonance decoupled spectra of /3-ionone 
are plotted vs. the 1H irradiation frequency). Our as
signment of 7C and 8C, which was confirmed by Gd-
(fod)3 broadening experiments (as discussed below for 
all-trans-Tetinal), reverses the earlier assignment;7 

assignments for the other carbons are in agreement. 
The 18C nmr chemical shifts of IC, 2C, 3C, 4C, 1,1'-

CH3, and 5CH3 remain nearly constant in going from 
/3-ionone to the retinal isomers, as confirmed for each 
isomer using the same techniques as described above for 
/3-ionone. Since the corresponding methyl proton 
resonances are distinct at 100 MHz, the other methyl 
carbon resonances, 9CH3 and 13CH3, were assigned by 
decoupling for each retinal isomer except 13-cis. For 
this isomer these assignments were made on the basis of 
line-broadening experiments with Gd(fod)3. 

We next consider the olefinic carbons of the retinal 
isomers. By its chemical shift the aldehyde carbon 15C 
is immediately assigned. The set of four unprotonated 
olefinic carbons 5C, 6C, 9C, and 13C can be 
distinguished from the remaining carbons by their longer 
TVs (listed for all-trans- and 13-cw-retinals in Table II) 

13 

yH^M^fJw ̂hk^ 

5 

^̂ 4̂  
152 I4S 144 !40 136 132 

13C CHEMICAL SHIFT (ppm relative to HMDS) 

128 

Figure 4. 13C nmr spectrum of the unprotonated olefinic carbons 
of 1 l-a's-retinal, in acetone-rf6. Proton noise decoupler was centered 
at, and had a bandwidth just covering, the saturated region of the 
1H nmr spectrum. 

which result in a lower intensity for these carbons in the 
13C nmr spectra shown in Figure 2. The situation was 
complicated when the location of these weak resonances 
was obscured by degeneracies (e.g., 11-cis) or when small 
impurity resonances were present (e.g., 9-cis; see 
caption, Figure 6). In these cases relatively low power 
proton noise decoupling, centered at and with a band
width just covering the ring and methyl region of the 
corresponding proton spectrum, resulted in a carbon 
spectrum with only four peaks in the olefinic region. 
Since the olefinic protons were not irradiated on 
resonance, and since the residual CH coupling is noise 
modulated, the protonated olefinic carbons appear as 
much broadened multiplets. However, the unpro
tonated carbons 5C, 6C, 9C, and 13C have only small 
13C-C-H or 13C-C-C-H couplings to any of the protons 
not being decoupled and thus appear as relatively sharp 
peaks. In the 13C nmr spectrum of 11-c/s-retinal 
shown in Figure 4, the location of one of the unpro
tonated olefinic carbon resonances was thus found to 
be at the same frequency as the resonance assigned to 
8C (see also Table I and Figure 2). 9C and 13C were 
assigned for all-trans-Tetinal using Gd(fod)3, as de
scribed below. The assignment of 13C as the most 
downfield olefinic, nonaldehyde carbon resonance for 
each isomer is consistent with the chemical shifts ob
served in model compounds.16 The remaining un
protonated olefinic carbons, 5C and 6C, were distin
guished from each other on the basis that their 7Ys 
should have approximately the same ratio as that 
observed in /3-ionone. As assigned in Tables I and III, 
the ratio 7*i(6C)/ri(5C) for a/l-trans-retinal is 1.35 in 
acetone-^e and 1.30 in cyclohexane-fi?i2. In 13-ds-
retinal the ratio 7"i(6C)/Ti(5C) is 1.67. These values 
resemble those found for /3-ionone (admittedly the 
retinals are expected to rotate less isotropically than 
/3-ionone making the approximations involved fairly 
crude). The fact that the chemical shifts of the four 
saturated carbons of the ring remain invariant among 
the four isomers suggests that 5C and 6C, always at 
least three carbons removed from the point of isomer-
ization, should likewise retain nearly the same chemical 
shifts in all isomers. From Tables I and III, and Figure 
2, it can be seen that the two unprotonated olefinic car
bons assigned to 5C and 6C have chemical shifts in each 
isomer of 128.6 ± 0.1 and 136.5 ± 0.1 ppm, respec-

(15) B. Birdsall, N. J. M. Birdsall, and J. Feeney, J. Chem. Soc, 
Chem. Commun., 316(1972). 

(16) J. B. Stothers, "Carbon-13 NMR Spectroscopy," Academic 
Press, New York, N. Y., 1972, pp 189-193, 435 and 436. 
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Figure 5. 13C nmr spectra of olefinic region of all-trans-tetin&l in 
C6Di2, as a function of added Gd(fod)3. [Gd(fod)3]/[retinal] molar 
ratios: (a) 0, (b) 0.00030, (c) 0.00090, (d) 0.011, (e) 0.048. 

Table III. 13C Chemical Shifts in Cyclohexane-rfi2» 

Carbon 

IC 
2C 
3C 
4C 
5C 
6C 
7C 
8C 
9C 

10C 
l i e 
12C 
13C 
14C 
15C 
1,1'CH3 
5CH3 
9CH3 
13CH3 

/3-Ionone 

32.75 
38.56 
17.89 
32.04 

132.16 
135.04 
139.80 
131.12 
192.92 

27.23 
19.93 
25.16 

all-trans-
Retinal 

32.92 
38.48 
18.10 
31.78 

128.26 
136.61 
127.56 
136.41 
138.33 
128.45 
129.83 
133.74 
150.12 
128.02 
186.33 
27.31 
19.96 
10.99 
10.99 

1 l-cis-
Retinal 

32.98 
38.43 
18.14 
31.74 

128.05 
136.67 
127.61 
136.78 
138.87 
124.75 
128.80 
129.30 
151.15 
128.80 
186.41 
27.34 
20.00 
10.48 
15.97 

13-c/i-
Retinal 

32.94 
38.47 
18.12 
31.81 

128.29 
136.53 
127.54 
136.41 
138.72 
128.66 
131.12 
125.86 
150.35 
126.69 
185.78 
27.36 
20.03 
11.01 
19.05 

• All shifts ±0.05 ppm, relative to internal HMDS. 

tively (relative to HMDS in acetone-de). Having as
signed 5C, 6C, and 13C for each isomer, 9C was as
signed by elimination. 

The assignment of the protonated olefinic carbons 
remains, starting with a//-rra«s-retinal. To make these 
assignments by single frequency decoupling was more 
difficult than was the case for the methyl carbons. 
However, when the relatively isolated 1H resonance of 
HH in all-trans-retinal was irradiated, a single sharp 
carbon resonance appeared at the position of one of the 
peaks in Figure 2 and was identified as 1IC. When 7H 

was irradiated (putting the decoupler frequency almost 
on resonance for 12H, 10H, and 8H), several 13C peaks 
were fairly sharply defined but one much more so than 
the others; this was identified as 7C. Further single 
frequency decoupling experiments with o//-rra«s-retinal 
in acetone-^e were inconclusive. 

Consequently a second solvent was used, cyclohex-
ane-t/12, in which it was possible to use the relaxation 
enhancement reagent Gd(fod)3. Increasing the molar 
ratio (always « 1) of this reagent to a//-rra«s-retinal 
would be expected to successively broaden the reso
nances of carbons more distant from the Gd, which 
binds at the aldehyde oxygen." Given the linear struc
ture of the a/Z-rrafls-retinal polyene chain,9'18 this means 
that the carbon resonances should successively broaden 
in decreasing numerical order as a function of added 
Gd(fod)3, starting with 15C. The results of such a series 
of additions are shown in Figure 5. The top trace (a) is 
the spectrum with no Gd(fod)3. At a [Gd]/[all-trans-
retinal] ratio of 0.0003 (Figure 5b), the 15C resonance 
(not shown) broadens almost beyond detection. One 
of the other protonated carbon peaks broadens sub
stantially at this molar ratio (and practically disappears 
in Figure 5c) and is assigned to 14C. The assignment of 
13C is confirmed in these spectra, as it broadens and 
disappears at slightly higher Gd(fod)3 concentration 
than does 14C. A protonated carbon broadens next 
(and is therefore assigned as 12C) and then HC which 
has been assigned by decoupling. Of the peaks re
maining at the highest molar ratio of [Gd]/[all-trans-
retinal] used (Figure 5e), 12C has almost disappeared, 
HC is very broad, and 10C can be assigned as the next 
most broadened protonated carbon (note that 10C has 
shifted to between 5C and 7C in Figure 5e).19 Among 
the peaks shown to be the unprotonated carbons 5C, 
6C, and 9C by a decoupling experiment like that shown 
in Figure 4, but on the Gd broadened sample, 9C is 
identified as being the broadest of these peaks. The 
only remaining peak is assigned to 8C, thus completing 
the assignments for a//-rrarcs-retinal. 

In the case of 9-ra-retinal, the available quantity of 
this compound limited us to decoupling experiments in 
acetone-J6. 7C and HC were easily identifiable by 
single-frequency decoupling. 14C was distinguished 
from the other carbons by a decoupling experiment, the 
result of which is shown in Figure 6. The proton de
coupler was centered in the proton spectrum in the 
region 10H to HH, and a bandwidth for noise modula
tion was used which just covered this region, excluding 
both 14H and 15H. 14C was identified (Figure 6) as 
the protonated carbon resonance with reduced inten
sity, since 14C was not fully decoupled from 14H or 
15H. 8H, 10H, and 12H are sufficiently separated 
from each other that a series of single frequency de
coupling experiments could unequivocally distinguish 

(17) G. N. LaMar and J. W. Faller, J. Amer. Chem. Soc, 95, 3817 
(1973). 

(18) T. Hamanaka, T. Mitsui, T. Ashida, and M. Kakudo, Acta 
Crystallogr., Sect. B, 28, 214(1972). 

(19) The 13C chemical shifts observed in the presence of Gd(fod)3 
(Figure 5) indicate a contact interaction with the Gd. The resultant 
scalar line broadening is expected to be small with respect to the di
polar relaxation and to approximately decrease with carbon number 
since the magnitude of the shifts decreases down the chain,20 therefore 
not affecting any of the assignments made on the basis of line-broaden
ing experiments. 

(20) D. J. Patel and R. G. Shulman, Proc. Nat. Acad. Sci. U. S., 
65,31(1970). 
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'3C CHEMICAL SHIFT ( ppm from HMDS) 

Figure 6. Partially 1H noise-decoupled 18C nmr spectrum of 9-
m-retinal. Relatively low-power proton noise decoupler was 
centered in the proton spectrum in the region from 10H to HH, 
with a bandwidth for noise modulation excluding both 15H (farther 
downfield) and 14H (farther upfield). The peak labeled x is an 
impurity peak, thought to arise from 9,13-c/j,c«-retinal, which 
appears from the 1H nmr spectrum to be present about 10%. This 
peak is of greatly reduced intensity in the full noise-decoupled 
spectrum (Figure 2b) and is not a quaternary carbon since it fails to 
appear in a decoupling experiment spectrum similar to that shown 
in Figure 4. 

the corresponding carbons, completing the assignments 
for 9-c/s-retinal. 

Turning to 11 -c/s-retinal, 7 C and HC were immedi
ately identified by single-frequency decoupling, as were 
8C and 1OC. The assignment for 12C and 14C was 
made difficult by the near degeneracy of 14H and 12H in 
the proton spectrum and by the fact that one of these 
carbons is degenerate with HC in acetone-c/6 solution. 
Therefore Gd(fod)3 in C6Di2 was used to distinguish be
tween 12C and 14C, and it has been assumed in Table I 
that these carbons retain the same relative positions in 
acetone-^6 as in cyclohexane-c^. The 13C chemical 
shifts of 11 -m-retinal in cyclohexane-«/i2 are listed in 
Table III. 

For 13-cw-retinal, the 1H and 13C spectra in acetone-
de were both reasonably well resolved so that the 13C 
assignments could be made on the basis of decoupling 
experiments alone. The previously mentioned graphi
cal method6'16 was used, as shown in Figure 7, to estab
lish the assignments of all of the protonated carbons of 
the olefinic chain for 13-cw-retinal. 

Our assignments for trans- and m-crotonaldehyde 
(Table I) were made by single frequency on- and off-
resonance decoupling. The assignments for the trans 
isomer in acetone solution are in complete agreement 
with those reported earlier for the neat liquid.21 

Discussion 

The pronounced differences found among the geo
metrical isomers of retinal can be seen in general to 
depend in a regular way upon the location of the cis 
bond. We first consider the carbons of the cyclohexene 
ring. As noted previously, the chemical shifts for car
bons 1, 2, 3, and 4 are to a first approximation the same 
for /3-ionone and for the four retinal isomers. Looking 
more closely, slight (<0.4 ppm) shifts can be discerned 
for /3-ionone, undoubtedly due to the close proximity of 
the carbonyl group. Some very slight shifts of IC, 
2C, 5C, and 6C are also seen for 9-c/s-retinal relative to 
the mean shifts for all the other retinal isomers, which 

(21) D. H. Marr and J. B. Stothers, Can. J. Chem., 43, 596 (1965). 
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Figure 7. Single frequency proton decoupled 13C nmr spectrum 
of 13-cw-retinal in acetone-rf6. Axes labeled as in Figure 3. 14C 
is usually a doublet of doublets because of coupling to 15H. 

may derive from the nearness of the 9-cis bond to the 
ring. In general, as pointed out in the previous section, 
5C and 6C retain very nearly the same chemical shifts in 
all four retinal isomers. 

Turning next to the ring methyl groups, we find that 
1,1'CH3 and 5CH3 have almost identical chemical 
shifts in /3-ionone and the retinals, with a slight shift of 
5CH3 in /3-ionone. The shieldings of these groups 
might be expected to reflect any similarities or differ
ences in the torsional angle about the 6-7 single bond, 
which has been shown to be a distorted s-cis bond in 
/3-ionone and trans- and ll-c/s-retinals.22 A change in 
the steric interaction between these methyl groups and 
the 7H and 8H protons should be reflected in an altered 
13C chemical shift for the methyl carbons.23 Since no 
differences in the shifts of the methyl carbons are ob
served, we conclude that the average position of the ring 
about the 6-7 bond is essentially the same for all five 
compounds. Of additional interest is the fact that the 
two methyl groups attached to Cl are isochronous. 
Coincidence of the 1,1'CH3 is also observed in the 1H 
nmr spectrum of /3-ionone, the retinals, and a number of 
derivatives.1124 Since accidental degeneracy seems un
likely to be occurring in both the 1H and 13C spectra, we 
conclude that the reorientation of the ring about the 6-7 
single bond and the interconversion of the ring con-
formers are rapid on the nmr time scale at ambient 
temperature (31 °). 

Considering next the methyl carbons of the chain, 
9CH3 in /3-ionone is a to a carbonyl group and has a 
chemical shift very similar to that of acetone.26 For the 
retinals, we find a dramatic dependence of the chain 

(22) B. Honig, B. Hudson, B. D. Sykes, and M. Karplus, Proc. Nat. 
Acad. Sci. U. S., 68,1289 (1971). 

(23) D. M. Grant and B. V. Cheney, J. Amer. Chem. Soc, 89, 5315 
(1967). 

(24) W. Vetter, G. Englert, N. Rigassi, and U. Schwieter, "Caro-
tenoids," O. Isler, Ed., Birkhauser Verlag, Basel, 1971, Chapter IV. 

(25) L. M. Jackman and D. P. Kelly, /. Chem. Soc. B1 102 (1970). 
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Table IV. Shifts of Cis Isomers Relative to rra/js-Retinal" 

Isomer 7C 8C 9C IOC H C 12C 13C 14C 15C 

9-Cis 1.51 - 7 . 7 6 - 1 . 2 5 - 1 . 5 4 - 1 . 2 6 - 0 . 6 5 0.20 0.00 0.14 
11-Cis 0.10 0.27 0.37 - 3 . 7 5 - 1 . 5 1 - 4 . 1 8 0.65 0.90 0.09 
13-Cis - 0 . 0 6 - 0 . 0 5 0.12 0.07 0.87 - 7 . 9 7 - 0 . 4 2 - 1 . 2 2 - 1 . 1 8 

IC 2C 5C 6C 1,1'CH3 5CH3 9CH3 13CH3 

9-Cis - 0 . 0 8 - 0 . 1 2 0.11 0.14 - 0 . 0 2 0.02 7.95 0.05 
11-Cis - 0 . 0 1 0.00 - 0 . 0 7 0.03 - 0 . 0 4 - 0 . 0 7 - 0 . 6 0 4.90 
13-Cis - 0 . 0 3 - 0 . 0 3 - 0 . 0 2 - 0 . 0 5 - 0 . 0 4 - 0 . 0 4 - 0 . 0 8 7.94 

a Relative shifts (cis-trans), in ppm, in acetone-rf6 solution. Positive shift means downfield. 

methyl group chemical shifts on the location of the cis 
bond. Isochronous with 13CH3 in a//-/ra«s-retinal 
(as well as in retinyl acetate and ?rans-/3-carotene),7 

9CH3 moves downfield 7.95 ppm in 9-c/s-retinal; 13CH3 

stays about the same as in a//-/ra«s-retinal (see Table 
IV). However, in 13-c/s-retinal, 13CH3 moves down-
field 7.94 ppm, while 9CH3 remains the same as in all-
trans. A similar effect of isomerization is noted in the 
crotonaldehydes. In the trans isomer, an analog of the 
terminal end of 13-c/s-retinal, the methyl carbon reso
nance is shifted 4.47 ppm downfield from the position 
of the methyl resonance in c/s-crotonaldehyde, a model 
for the terminal end of a/l-trans-retmal. In 11-c/s-
retinal, however, although neither methyl group is at
tached to a carbon which has a cis double bond, both the 
9CH3 and 13CH3 resonances are shifted relative to a/l-
trans-retmal. 9CH3 in 11-cis shows a small but signifi
cant upfield shift of 0.60 ppm, while 13CH3 moves 
downfield 4.90 ppm. 

The shifts in 9-c/s- and 13-c/s-retinal follow the gen
erally observed trend that a carbons of cis isomers in 
monoolefins absorb about 6 ppm upfield of trans iso
mers.26'27 An explanation for this well-known y effect 
has been offered by Grant and Cheney23 on the basis of a 
steric polarization of the affected CH bonds: the^ 
steric interaction of the hydrogens attached to two carbon 
atoms results in a decrease in the electron density at the 
hydrogen nuclei concomitant with an increase in density 
at the affected carbon nuclei. The result is a shielding 
effect on the carbon which depends both on the inter-
proton distance and the angle between the CH bond 
and the interproton vector. The observed relative 
shifts in the retinals obey the Grant and Cheney rule at 
least qualitatively. 

In the present case, steric compression on one of the 
methyl groups 9CH3 or 13CH3 is relieved by cis iso
merization at the corresponding chain carbon. In 
9-c/s-retinal, the 9CH3-I lH interaction is removed, so 
9CH3 shifts downfield. 13CH3 in 9-c/s-retinal, still 
experiencing nonbonded repulsion from both HH and 
15H, remains unchanged. Similar arguments ra
tionalize the downfield shift of 13CH3 in 13-c/s-retinal, 
with 9CH3 remaining the same, relative to all-trans.28 

The situation is only slightly less straightforward in the 
case of 11-c/s-retinal. A recent conformational calcula
tion has found that the 1IH-11C-10C angle is smaller in 

(26) Reference 16, p 406. 
(27) D. E. Dorman, M. Jautelat, and J. D. Roberts, J. Org. Chem., 

36,2757(1971). 
(28) Additional evidence for this model is found in the proton chem

ical shifts. The relief of steric compression should lead to upfield proton 
shifts (of about 1/200 the corresponding downfield 13C shifts).29 In 
the proton spectrum 13CHs in 13-ris-retinal shifts 0.203 ppm upfield, 
and 9CH3 in 9-cis shifts 0.022 ppm upfield relative to the corresponding 
resonances in all-trans-retinal, in acetone-A.10 

11-c/s-retinal than in all-trans, probably resulting in a 
slightly increased steric interaction between 9CH3 and 
HH in 11-c/s-retinal.9 This would account for the 
slight shielding of 9CH3 in ll-cis- relative to all-trans-
retinal. 13CH3 in 11-c/s-retinal no longer interacts 
with HH and consequently shifts downfield. The 
downfield shift is not so large as that in 13-c/s-retinal, 
because in 11-cis, 13CH3 interacts significantly with 
10H (confirmed by a 1H homonuclear Overhauser en
hancement of 10H upon irradiation of 13CH3

9). 
The most striking similarities and differences in the 

13C spectra of the retinal isomers are found for the 
carbons of the olefinic chain. Table IV presents a list
ing of the differences between the resonant frequencies 
of each of the chain carbons of the cis isomers and the 
corresponding carbon of «//-0'a«s-retinal. Two strong 
patterns are evident from this table. First, for carbons 
far from the point of isomerization (more than two 
carbons away from either cis-bonded carbon), the 
chemical shifts are very similar to those of all-trans-
retinal. Second, considering the six chain carbons 
making up either side of the cis bond (e.g., 7C to 12C in 
9-c/s-retinal), the shift of each carbon relative to the 
shift of the corresponding carbon in al!-trans-retina\ 
forms a trend for 9-c/s- and 13-c/s-retinal, which is not 
followed by the 11-cis isomer. For example, 1IC in 9-
cis- and 15C in 13-c/s-retinal, each one carbon removed 
from the respective cis bond, show upfield shifts of 1.26 
and 1.18 ppm, respectively, relative to these carbons in 
a//-/raws-retinal, while the corresponding carbon of 11-
c/s-retinal, 13C, shows a shift of 0.65 ppm downfield. 
This pattern, that the relative shifts for 11-c/s-retinal 
deviate from the trend set by the 9-cis and 13-cis isomers, 
is followed for each series of positions within two car
bons of the cis bond, the only exception being the series 
9C in 9-cis, HC in 11-cis, and 13C in 13-cis, where the 
shift in 11-cis is more similar to the 9-cis shift than is the 
corresponding shift in 13-c/s-retinal. 

Many of the relative shifts are plausible on the basis of 
increased or reduced steric crowding upon cis isomeriza
tion. For example, the tremendous upfield shift of 
8C in 9-c/s-retinal is most likely due to interaction of 8H 
with HH, which was not present in the trans isomer. 
HC experiences a more modest upfield shift, because 
HH was previously crowded by 9CH3 and 13CH3; the 
11H-8H interaction is added, but the 11H-9CH3 inter
action is removed, and the 11H-13CH3 interaction re
mains. Similar arguments rationalize the shifts rela
tive to fraws-retinal of 12C and 15C in 13-c/s-retinal.30 

(29) B. V. Cheney, J. Arner. Chem. Soc., 90, 5386 (1968). 
(30) Again, the proton spectra support this model. 8H and HH 

in 9-ci's-retinal show downfield shifts from all-trans, so also do 12H 
and 15H in 13-cis-retinal.10 
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Also the previously mentioned interaction of 13CH3 

with 10H in 11-m-retinal probably accounts for much 
of the substantial upheld shift of IOC in this isomer, 
making it the most shielded olefinic carbon of any of the 
isomers. (Also contributing to the upheld shift of 
IOC in 11-ds-retinal is the interaction of 10H with 14H, 
as demonstrated by 1H homonuclear Overhauser en
hancements.9) In each cis isomer, the carbons making 
up the cis bond are shifted significantly upheld relative 
to the all-trans isomer. This pattern is in accord with 
the behavior of cis-bonded carbons in monoolefins,31 

for which no definite rationalization has been forth
coming. However, 12C in 11-ds-retinal shows a par
ticularly large upfield shift. This, and the unexpected 
upfield shift of 13C, may be reflective of the conforma
tional mobility which has been shown to exist about the 
12-13 single bond in ll-c/s-retinal.9 Considering 
finally the set of relative shifts for 7C in 9-m- and HC 
in 13-cw-retinal, it is reasonable to suppose that the 
downfield shifts result from the relief of steric strain 
upon cis isomerization. The removal, by isomeriza-
tion, of 11H in 9-cis and of 15H in 13-cis from a position 
adjacent and parallel to the respective methyl group al
lows the methyl group to bend away from the adjacent 
hydrogen (7H in 9-cis and HH in 13-cis) on the other 
side of it. The failure of the shifts of the carbons of 11 -
c/5-retinal to follow the pattern set by the corresponding 
(relative to the cis bond) carbons of 9-cis- and 13-cis-
retinal may be ascribed in part to the difference in 
methyl substitution relative to the cis bond for 11-cis 
and in part to the conformational mobility of this isomer. 

Thus far only the effects of cis isomerization within 
the retinal molecular framework have been considered. 
Several sets of additive substituent parameters have 
been devised to calculate 13C chemical shifts in olefins, 
most notably by Savitsky and Namikawa13 and Dorman, 
et al.27 Both of these schemes do poorly in predicting 
chemical shifts for dienes and longer conjugated sys
tems.27,32 In the case of /raws-retinal, there is the addi
tional complication of the aldehyde functional group, 
the specific effect of which on the chemical shifts is 
difficult to separate from those of substitution and 
conjugation. It can be seen that the effect of the car-
bonyl group is transmitted through the 7r-eIectron 
system, since 9CH3 and 13CH3 are degenerate in trans-
retinal, /3-carotene, and retinyl acetate. Regarding 
substituent effects, even so basic a concept as the a 
effect apparently needs reconsideration in conjugated 
systems; in retinal three of the nonprotonated olefinic 
carbons are among the least shielded olefinic nonalde-
hyde carbons, while the fourth is among the most 
shielded. A complete study of these effects would 
necessarily include such additional compounds as 
retinol, retinyl acetate, and desmethyl retinals. Con
sequently no attempt at present will be made to devise 
correction terms for the additivity parameters to extend 
them to conjugated systems. 

The present results cast doubt on some of the assign
ments previously published by Jautelat, et al.,7 for the 
olefinic carbons in the carotenoid systems retinyl ace
tate, /3-carotene, 15,15'-c«-/3-carotene, and 15,15'-
dehydro-/3-carotene. These systems are much less 
amenable to single frequency decoupling, since their 1H 

(31) Reference 16, p 407. 
(32) Reference 16, p 76. 

spectra are not as well separated. Certainly it appears 
that the assignments for 7H and 8H in the previous work 
should be reversed.33 It is also likely that the assign
ments for the unprotonated olefinic carbons are in error. 
In particular, based on the present work one would 
assign 5C as the most shielded unprotonated olefinic 
carbon and 13C as the least shielded. 

13C spin-lattice relaxation times are of interest for 
several reasons, among these being their utility as aids to 
assignment and the information they contain regarding 
molecular motion. An example of the first case is our 
use of the 7Vs to distinguish 5C and 6C in /3-ionone and 
retinals. We now consider the implications of the TVs 
with regard to the motional characteristics of all-trans-
and 13-ds-retinal. These molecules are sufficiently 
large and asymmetrical that spin-rotation relaxation 
can be ruled out, and the samples were prepared in such 
a way that the intramolecular dipole-dipole mechanism 
from protons should dominate the 13C relaxation. In 
the nonviscous solutions used here, the extreme narrow
ing approximation ([W0TC]2 « 1) is certainly a good one. 

Under these conditions we first consider the 7\'s of the 
methyl carbons. From the work of Wallach,34 and as 
pointed out by Allerhand,35 one can show that for a 
methyl carbon undergoing rotation about its axis which 
is rapid relative to the tumbling of the whole molecule 

T1(A) = 3J1(B) 

where J1(A) is the J1 of the methyl carbon and J1(B) is 
the spin-lattice relaxation time of a singly protonated 
carbon fixed within, the molecular framework, whose 
CH bond is parallel to the threefold axis of the methyl 
group. For carbon A we take 9CH3 and 13CH3 of 
all-trans-retinal in acetone-c/6 so J1(A) = 6.00; for 
J1(B) we take the average of the Ji's of the protonated 
carbons 7C to 14C = 2.31. Thus J1(A) ~ 3J1(B), indi
cating that the correlation time for internal rotation of 
the chain methyl groups is very rapid compared to the 
correlation time for the overall rotation of the molecule. 
On the other hand, the J1 of the geminal methyl groups 
attached to IC is substantially shorter than that of the 
other methyl groups, implying that there is restricted 
rotation for 1,1 'CH3. We note that in general the J^s 
for retinal in acetone-J6 solution are approximately 
twice the values measured in cyclohexane-G?6; this is 
consistent with the greater viscosity of cyclohexane 
compared with acetone.36 

Implicit in the preceding paragraph is the notion that 
carbons 7 to 14 are fixed relative to one another, i.e., 
that the all-trans-retina.1 olefinic chain is conforma
tional^ rigid, at least out through 14C. This is con
sistent with the findings of the 1H nmr and theoretical 
study of retinal conformation.9 However, in both 
acetone-fi?6 and C6D12, the J1 of 15C is considerably 
longer than the mean J1 of the other protonated chain 

(33) This conclusion was also reached by Dorman, et a/.,27 on the 
basis of trying to improve the fit of predicted and observed spectra 
using their additivity parameters. Steric interactions of 7H with 1,1'-
CH3, 5CH3, and 9CH3 probably cause 7C to be one of the most shielded 
olefinic carbons in all four retinal isomers. The large upfield shift of 
8C, and large downfield shift of 7C, in /3-ionone relative to (rans-retinal 
are due to the carbonyl group, illustrating the difficulty in separating 
contributions to the 13C chemical shifts. 

(34) D. Wallach, J. Chem. Phys., 47, 5258 (1967). 
(35) A. Allerhand and R. A. Komoroski, J. Amer. Chem. Soc., 95, 

8228(1973). 
(36) E. Washurn, Ed., "International Critical Tables," 1st ed, Vol. 

VII, 1930. 
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carbons. Even when correction is made for the slightly 
longer CH bond length expected for the aldehyde carbon 
compared to the other olefinic carbons (1.11 vs. 1.08 A, 
which would account for a 20% increase in the Ji), the 
Ti of 15C is still long. 15C must have a shorter cor
relation time than the rest of the chain carbons, which 
implies some oscillatory motion about the 14-15 single 
bond. 

We now turn to consideration of the isotropy of the 
tumbling of retinal in solution. A reasonable assump
tion is that one of the principal diffusion axes is the axis 
of the chain. For a//-/rans-retinal, all of the relaxation 
vectors for the protonated chain carbons are perpendic
ular to this axis, so it is impossible to determine from 
these Ti s the relative rates of rotation about this axis 
compared to an axis perpendicular to the chain. The 
situation is more informative for 13-c/s-retinal, which 
has a bend at the end of the chain. We assume that 
one of the principal diffusion axes is the axis of the 
chain from 7 C to 13C, but now the relaxation vector of 
14C makes a 30° angle with the main axis. We now 
use the formula of Woessner37 as transcribed by Nog-
gle38 for the rotational correlation time in the case of 
anisotropic motion in a symmetric-top molecule 

, m (3 cos2 B - I)2 . 3 sin2 6 cos2 6 . 
Tc(6) = 2 4 ^ 1 + 5D x + D„ + 

3A sin4 6 
2D x + 4D|, 

The solution conformation of retinal isomers is of 
value in understanding the mechanism by which 

the chromophore 11-m-retinal serves as the visual pig
ment when attached to the protein opsin through an 
imine linkage. The structures of all-trans- and 11-ra-
retinal have been determined by X-ray crystallog
raphy2 3 in the solid state and proton nmr studies4-7 

(1) (a) University of Houston; (b) California Institute of Technology; 
(c) University of Utah; (d) on leave at California Institute of Tech
nology, 1973-1974, as Sherman Fairchild Distinguished Scholar. 

where TC(6) is the correlation time of a carbon whose CH 
bond makes an angle 6 with the major rotational axis, 
D[[ is the diffusion constant for rotation about this axis, 
and D x is the diffusion constant for rotation about an 
axis perpendicular to the main axis. While we do not 
know the correlation times, we do know that Ty (90°) = 
2.43 (the average value for protonated chain TVs 7C to 
12C) and Tx (30°) = 1 . 5 2 (Ti of 14C). Under the ex
treme narrowing condition, one can now obtain the 
ratio of D11 to D x by taking the ratio of rc(90D)/rc(30°) 
= 7^(30°)/ri(90°). One obtains D11 = 4.6Dx. Pre
sumably something approximating this ratio also ob
tains in all-trans-rctinal, where the mean Ti of the 
protonated carbons 7C-14C is 2.31, close to the Tx 

(90°) of 13-m-retinal, 2.43. It is noteworthy that the 
Ti of 15C in 13-ds-retinal is also longer than would be 
predicted if it had the same correlation time as 14C, 
again implying some oscillatory motion about the 14-
15 bond. 
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(37) D. E. Woessner, / . Chem. Phys., 37, 647 (1962). 
(38) J. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser 

Effect," Academic Press, New York, N. Y., 1971, p 27. 
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Abstract: Carbon-13 chemical shift and relaxation data are reported for the a//-/ra«5-retinal as well as several 
isomeric and related species. The results demonstrate that all-trans-, 13-cis-, and 9-cw-retinal, as well as the related 
all-trans- and 9-cis 15-carbon aldehydes, exist as essentially planar structures in the polyene portion of these mole
cules. However, ll-cw-retinal, the chromophore of the visual pigment rhodopsin, is not planar along the entire 
polyene chain but exists as an intermediate structure. Both chemical shift and relaxation data indicate substantial 
segmental motion about the C-12, C-13 bond. Woessner's equations for the effect of anisotropic motion on spin 
relaxation are used to confirm structural details of the rigid parts of these molecules and failure of these expressions 
to correlate relaxation data can be used to characterize segmental motion of molecular moieties. 
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