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Summary

Two-dimensional (2-D) NMR results are presented for all-trans-retinal. 2-D
J-resolved 'H-NMR separated the multiplets of the olefinic protons and accurately
determined their chemical shifts. 2-D shift-correlated '"H-NMR gave the connec-
tivities between scalar coupled protons. From the observed H,H long-range
couplings the assignment of the methyl resonances was possible. 2-D J-resolved
3C-NMR separated overlapping C, H-multiplets and allowed analysis of the C,H
long-range couplings. 2-D shift-correlated '*C-NMR related each directly bonded
C,H-pair in this molecule. The potential of 2-D NMR in resolving and identifying
individual resonances in polyene spectra is discussed.

Introduction. - Two-dimensional NMR (2-D NMR), after having been pio-
neered in Oxford [1-3] and in Ziirich [4-6], seems to be on the way to routine
application in chemistry laboratories. This is mainly due to the progress in NMR
spectrometer and data-system capabilities [7]. In the last few years successful
applications of 2-D NMR have been reported on amino acids [8], peptides [9] [10],
proteins [11-13], steroids [ 14], oligosaccharides [15][16] and polynucleotides [17][18].
To gain a detailed understanding of the conformation of retinoids, carotenoids and
polyene antibiotica in various biologically interesting environments [19} [20] we
became interested in applying 2-D NMR methods to these polyene systems. For
their structural analysis it is of utmost importance to know the correct assignments
of the resonances in the 'H- and '3C-NMR spectra. This often turns out to be a
difficult task in convential 1-D NMR spectroscopy, since even at the highest
magnetic fields available, the region of the olefinic H- and C-resonances is very
crowded [21-23]. The difficulties increase with increasing chain length of the
polyene chain, or when the analysis of a mixture of isomers is required. In the
present work we have chosen all-trans-retinal (ATR, 1) as a model substance to
perform the most common 2-D J-resolved and shift-correlated 'H- and 3C-NMR
experiments [3]. Since the 1-D NMR spectra of 1 have been analyzed and the
assignments of the 'H- [24-26] and !*C-resonances [27-29] are well-established,
this compound should allow us to discuss the potential advantages and limitations
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of the various 2-D NMR techniques with respect to our future study of more com-
plex polyene systems.

Experimental. - All-rrans-retinal was purchased from Fluka. Solutions were made up in C?HCl;
and protected from light. Solution concentrations were 0.03m for 'H-NMR (5-mm sample tubes) and
0.2m for 3C-NMR (10-mm sample tubes). The spectra were obtained at 30° on a Bruker-WH-360
instrument operating under the control of an Aspect-2000 pulse generator and data system. All
chemical shifts are in ppm relative to internal TMS. The 90° pulse length at 360 MHz (!H) was 7 psec
using the 'H-probehead and 36 usec through the decoupler coil of the BC-probehead; at 90.5 MHz
(13C) it was 13.5 psec. Quadrature detection was employed exclusively. Spectra simulation was per-
formed by the PANIC program on the Aspect-2000. All 2-D spectra were obtained by the FTQNMR
program version 810515 and were processed by the FT2DNMR program version 820701. The latter
allowed absolute-value data display only. Details for each 2-D experiment are described below.

2-D J-Resolved ' H-NMR. The pulse sequence 90°-1/2-180°-1,/2-FID(1,) was used. ¢, is the variable
time domain prior to detection (evolution period) and #; is the time domain of the FID (detection
period). A 16-phase cycle [30] was used to cancel pulse errors. The number of sample data points
was X1=256 in t; and X,=4 K in #5. Zero-filling to Ny=512 data points was used in #;. The spectral
width was +32 Hz in f; and 4 kHz in f;. Sixteen transients were collected for each 7; increment
(411/2="7.8 msec). The recycle delay was 4 sec. The time for data acquisition was approx. 7 h. The
512x 4 K transformation with 45° tilt required approx. 2.5 h.

2-D Shift-correlated '"H-NMR. The pulse sequence 90°-1,/2-90°-£,/2-FID(t;) was used (SECSY
spectrum). The same phase cycle as above was applied (negative-type peak selection [31]). The
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Fig. 1. Pulse sequences used in the 2-D 13C-NMR experiments.
a) J-Resolved spectroscopy (gated-decoupler mode): the proton-coupled precession of the 3C spins
is allowed during one half of the evolution period 7; and decoupled precession during the other half.
b) Shift-correlated spectroscopy: the magnetization transfer from 'H to !13C is accomplished by the 90°
pulses, while 'H,!3C-splittings are suppressed by the '3C 180° pulse in the f; dimension, and by the
use of proton noise decoupling in the # dimension. 7| is the time development for polarization,
optimum 7;=(2J)"! for all PCHy-systems (n=1,2,3). 7, is the refocusing time for antiphase signals,
optimum 7,=(2J)7! for 3CH selection, approx. (4/)"! as a compromise for various *CH,-multi-
plicities.
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following parameters have been used: Xy=256, X,=2 K; multiplication in both time domains with a
sine-bell function [32]; zero-filling to Ny=1 K, spectral width +1 kHz in f;, 4 kHz in f3; number of
transients for each f; increment NS= 16 (4¢/2=0.25 msec); recycle delay 4 sec. Acquisition approx. 5 h,
1 Kx 2 K transformation approx. 2 h.

2-D J-Resolved 7C-NMR. The pulse sequence of Figure Ia was used (‘gated decoupling’ experi-
ment). Proton-noise decoupling was turned off during the second ¢,/2 period. Phase cycling as in [30].
Parameter settings: X;=128, X,=2 K; no window functions; zero-filling to Ny=256 and N;=4K;
spectral width +78 Hz in fi, 20 kHz in f; NS=96; 41/2=3.2 msec; recycle delay 4 sec. Data
acquisition approx. 15 h, 256 x 4 K transformation approx. 1 h.

2-D Shift-correlated 13C-NMR. The pulse sequence used for obtaining 1H,3C chemical-shift
correlated spectra is shown in Figure Ib. The magnetization transfer was made via the J(C,H)
couplings. 7; for polarization and ; for 13CH selection was chosen to be equal to (2J)" 7~ 3.2 msec.
The phase program [33] allowed quadrature detection in f;. Other parameters: X;=128, X,=2 K;
sine-bell in #| and #; zero-filling to Ny=3512; spectral width +380 Hz in f}, 1.6 kHz in f; (chosen such
as to detect only the olefinic H- and C-atoms); NS=64; recycle delay 4 sec; 411/2=0.66 msec.
Acquisition approx. 9 h, 512X 2 K transformation approx. 1 h.

Results. - 1. 2-D J-Resolved 'H-NMR spectroscopy. This technique [5] [6] was
used to separate the overlapping multiplets of 1 and to obtain a homonuclear
decoupled ‘chemical-shift spectrum’. The projection along the f; or chemical-shift
axis is shown in Figure 2 for the olefinic protons of 1. All individual chemical
shifts could be resolved. Since the chemical-shift difference of H—C(8) and
H—C(10) was only 0.2 ppm (7 Hz at 360 MHz), the digital resolution in f,-direction
was adopted to 2 Hz/point. The intensities of the projected lines turned out to be
very different for the various olefinic protons (Fig. 2). No sine-bell window function
was applied in the z,-domain to avoid the near suppression of the low-intensity
signals of H—C(7) and H—C(10). It is important to note that an extra peak ap-
peared midway between the projections of H—C(7) and H—C (8) (asterisk in Fig. 2).
It is the result [8] [35] [36] of the second-order character of this spin system (4 B-
effect, J/46~0.3).

The J-cross-sections [6] gave well-analyzable multiplet patterns. In Figure 3 we
present only those of H—C(8) and H-C(11). Comparing the multiplets of Figure 3a
with the 1-D spectrum in Figure 2a similar resolution was obtained, although the
absolute-value representation [6] was applied. Application of a window function in
t,-direction allowed to resolve several long-range coupling constants. Thus, in
Figure 3b the doublet character of each line originates {26] from the couplings
4J(H—C (8),H—C(10)) and °J (H—C (11), H—C (14)), respectively. The Table collects
the apparent coupling constants of H~C(8) and H—C(11) measured after the
application of various window functions in ¢, and compares them with the values
obtained earlier from 1-D analysis by spin decoupling and spectrum simulation
[26]. The coupling constants measured from the J-cross-sections depend clearly
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Fig. 2. 2-D J-Resolved ! H-NMR (360 MHz) of all-trans-retinal in C°HCl;. A normal 1-D 'H-NMR of the

olefinic protons (lower trace) is compared with the ‘homonuclear decoupled’ spectrum obtained from

the projection of the 2-D spectrum on the f; (chemical shift) axis. No window functions were applied

in both time domains. The resonance assignments are in agreement with previous work [26] [34].

* indicates extra peak from strong coupling between H—C(7) and H—C(8). The resonance of H—C(15)
is shown at reduced amplitude (!4 and !4, resp.). The peak marked s is from residual C'HCl,.

H—C(11) H—C(8)
a)
+20 0 -20 +20 0 - 20
Hz Hz

Fig. 3. Cross-sections parallel to the f\ (3} axis for the protons H—C(8) and H—C(11) of all-trans-retinal.

Experimental conditions as in Fig. 2, except for the window functions applied: spectra a) without

function, spectra b) with sine-bell functions in both f; and r,. The multiplets have undergone
symmetrization {37]. Digital resolution in J-direction is 0.12 Hz/point.
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upon the type of window function chosen (Table). The error is largest for the small
coupling constants, and their magnitude tends to increase with increasing ‘strength’
of the function. Thus, for 47 (H—C (8), H—C(10)) an apparent increase of more than
100% was observed after application of the sine-bell function. This confirmed that
the absolute-value representation induces errors in the line positions when the
resonances are partially overlapping [38].

2. 2-D Shift-correlated TH-NMR spectroscopy. Of the various methods to obtain
J-connectivities we have chosen the spin-echo correlated spectroscopy (SECSY)
[39] [40]. The SECSY spectrum of 1 is shown as a stacked plot (Fig. 4) and in a
contour-plot representation (Fig. 5). In fj-direction the differences between the
chemical shifts of the coupled protons are represented. Each proton gives a response
along the principal axis at 40=0, together with one off-axis response for each
resonance with which it shares a scalar coupling. The effective sweep width in f)
was selected as the chemical shift difference ,between the aliphatic and olefinic
regions of 1 (approx. =3 ppm, assuming negligible long-range couplings for
H-C(15)). In Figure 5 a single off-axis response was observed for H-C(15) at half
the chemical shift difference between H—C(15) and H—C(14). An equivalent
response was obtained for H—C (14) on the other side of the principal axis. H—C(11)
has two off-axis responses which correlated with H—C (10) and H-C(12). Correla-
tion between the multiplets worked out also in the strongly coupled system of
H—-C(7) and H-C(8). All the connectivities from the vicinal couplings of the
olefinic protons could be clearly seen, as well as those of the CH,-protons in the
p-ionone ring. To avoid that the off-axis responses located close to the principal
axis are obscured by the direct responses (e.g. in the case of H—C(7) and H-C(8)),
an efficient resolution-enhancement in fi-direction was applied. Besides the cor-
relation of the olefinic protons by their vicinal couplings (no geminal J’s exist in
the polyene chain of 1) we could detect (Fig. 5) four off-axis responses which derive
from the couplings corresponding to 47 (H—C(10), H;C(19)), %/ (H—C(14), H,C(20)),
3J (H—C(7),H4C(18)), and °J (H—C(7),H,C(4)). These long-range J’s were easy
to distinguish from the vicinal J°’s by the much smaller intensity of their off-axis

Table. H, H-Coupling constants J(Hz) for H—C(8) and H—C(11) of all-trans-retinal®) measured from the
2-D J-cross-sections after application of different window functions

Couplings 2-D NMR 1-D NMR

Window functions

inn: ) 9 9 ) f g)

innp: Y ) ) ) )
H-C(8),H-C(7) 15.6 15.9 15.8 16.0 16.0 16.2
H-C(8),H—-C(10) hy —-0.5 - 0.6 ~1.2 —-14 -0.6
H-C(11),H-C(12) 147 14.7 147 14.6 144 15.0
H-C(11),H-C(10) 11.3 11.3 11.3 112 11.0 11.5
H-C(11),H~-C(14) by 0.6 0.8 1.0 0.8 0.55

) 0.03M in C?HCl3, T=30°. ®) No function. ©) Sine-bell shifted 7/2. 9) Sine-bell shifted /6. ©) Sine-
bell. f) Squared sine-bell. 8) Values taken from [26]; for observation of the long-range couplings
3 H—C(19) was decoupled. 1) Splitting not sufficiently resolved.
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peaks (Fig. 4). According to the 1-D analysis of Karplus et al. [25] [26] these are the
largest long-range coupling constants found in 1 with values between 0.8 and
1.5 Hz. Coupling constants <0.8 Hz, although existing in the 'H-NMR of 1 [26],
could not be detected under the present experimental conditions (see Discussion).

3.2-D J-Resolved '>C-NMR spectroscopy. The 1-D 'H-coupled 3C-NMR spec-
trum of 1 shows considerable overlappling of the multiplets from the olefinic
C-atoms, in particular for C(7), C(10) and C(14) (Fig. 6¢). 2-D J-resolved spec-
troscopy [41] [42] allowed the separation of C,H-coupling information from
chemical-shift information. Of the three basic techniques available we have per-
formed the ‘gated-decoupling’ spin-echo sequence (Fig. /a). The J-resolved contour
plot of the olefinic C-region of 1 is represented in Fig. 6a. Apart from an easy
recognition of the C-multiplicities, the C,H-long-range couplings could be well-
resolved (digital resolution in f; was 0.6 Hz/point). The coupling pattern in the
J-cross-sections allowed an unambiguous assignment of the resonances from C(7),
C(10) and C(14) (Fig. 7): C(14) reveals a coupling of 25.6 Hz which is characteristic
[43] for the 2/ with the aldehyde proton H—C(15); C(7) demonstrates a second-
order pattern which is expected due to its coupling with the 4 B-system of H-C(7)
and H—C(8). From simulation (Fig. 7) the following parameters were obtained:
3] (H-C(7),H-C(8))=15.9 Hz, L7 (C(7), H—C(7))=155.2 Hz, 2J (C(7), H—C(8))=
—3.0 Hz; chemical shift difference between H—C(7) and H-C(8)= 63 Hz. Finally,
C(10) can be assigned by elimination, if the assignment of the residual olefinic
C-atoms is known [27]. Although in the 2-D gated-decoupling experiment all
J-values are scaled as 1/2 their actual magnitude [42], the resolution of the multi-
plets appeared comparable to that obtained in the 1-D spectrum after resolution
enhancement.

PPM

Fig. 4. 2-D Shift-correlated | H-NMR (360 MHz) of all-trans-retinal in CZHCl;, stacked plot of a SECSY

spectrum. The shift axis is horizontal. The low-frequency region is shown at 1 the intensity of the

olefinic region. Arrows indicate the off-axis responses from long-range couplings of the CHj-groups
with the olefinic protons.
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Fig. 5. 2-D Shift-correlated 'TH-NMR (360 MHz) of all-trans-retinal in C2HCl3, contour-plot representation

of the SECSY spectrum of Fig. 4. The contours were taken at different levels to give maximum

resolution. All observed correlations are drawn. A 1-D spectrum is plotted on top (two-fold
amplification of the olefinic region).

4, 2-D Shift-correlated 3C-NMR spectroscopy. This technique (pulse sequence
in Fig. 1b) allows a mapping of the '*C-NMR chemical shifts against the 'TH-NMR
chemical shifts [3]. Magnetization transfer via the olefinic 17(C,H) couplings in 1
resulted in the contour plot of Figure 8. The time delays 7, and <, (Fig. 1b) were
chosen to be equal and were adjusted to give maximum polarization for the average
1J(C,H)-value of 155 Hz. ‘Tuning’ for 'J was rather easy since the couplings in the
polyene chain of 1 differ very little (see Fig. 6a). Knowing the assignments in the
'H-NMR spectrum of 1, all resonances of the protonated C-atoms in the polyene
chain could be assigned independently (Fig. 8). Assignment of C(7), C(10) and
C(14) was possible even with poor resolution in f; since the corresponding proton
resonances were well-separated. When the proton chemical shifts were similar, e.g.
for H-C(8) and H-C(12), the corresponding C-atoms C(8) and C(12) could be
distinguished by looking at the details of the cross-sections through each ’C-
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Fig. 6. 2-D J-Resolved 3C-NMR (90.5 MHz) of all-trans-retinal in C?HCls, via the gated-decoupling

technique. a) Contour plot of the olefinic C-atoms (C(13) at 155.2 ppm and C(15) at 191.2 ppm are

omitted). b) 1-D Proton-noise decoupled 13C-NMR. Resonance assignments are in agreement with

previous work [27] {34]. ¢) 1-D Proton-coupled 3C-NMR with strong overlapping of the resonances
from C(5), C(7), C(10) and C(14).

chemical shift. With sufficient resolution in fi (1.5 Hz/point) the vicinal proton cou-
plings could be resolved, and the assignment of the C-atoms was possible because
of the difference in 37 (H~C(8),H~C(7))~16 Hz and 3J(H-C(10), H—C(11))
~ 11 Hz [34]. At the level of the contour plot chosen, no complex polarization
transfer from the strong 4 B-effects of H—C(7) and H—C (8) could be observed.

Discussion. - Recently 2-D J-resolved 'H-NMR spectra of two carotenoids have
been reported by Englert [44], and the potential of this technique to separate
different multiplets in the strongly overlapping olefinic regions of these compounds
was acknowledged. In 1 we meet spin systems which range from strong to weak
coupling. In some cases the J-cross-sections of the olefinic protons allow their
individual identification from the vicinal coupling pattern (e.g. the doublet of

Hz
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Fig. 7. J-Cross-sections for C(7), C(10) and C(14) of all-trans-retinal as taken from the 2-D mairix of
Fig. 6a (no window functions applied). Note that the J’s are scaled by %. The simulation of the multiplet
of C(7) is shown (X-part of an 4 BX-spectrum).

doublets of H-C(11)). However, since the multiplets are not ‘connected’ by a spin-
spin coupling or by a nuclear Overhauser information, the assignments of the
olefinic protons cannot be rigorously made from J-resolved NMR. Furthermore,
the coupling constants determined from the J-multiplets (Table) have to be con-
sidered with precaution when the absolute-value mode representation is chosen and,
at the same time, window functions are applied. In particular the magnitude of
the long-range couplings appears strongly modified in this way (Table). Since the
apparent coupling constants depend on the ‘strength’ of the window function, we
see that the better resolution obtained from 2-D J-resolved spectra is only fictitious.
Having obtained the 2-D chemical-shift and coupling parameters it is by all means
indispensable to perform a simulation of the 1-D spectrum using an iterative
program. An analysis of phase-sensitive spectra [45] should be envisaged in the
future.

Hz
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Fig. 8. 2-D Shift-Correlated 3C-NMR (90.5 MHz) of all-trans-retinal in C’HCI; The correlation was

made via the 1J(C,H) couplings. Only the low frequency part of the olefinic-C-resonances is shown.

Each peak in the contour plot corresponds to one CH-group (quaternary C-atoms do not show up).
On the left: 1-D ITH-NMR spectrum. On top: 1-D '3C-NMR spectrum.

To obtain the chemical shifts of the olefinic protons of 1 from the projection
of the J-multiplets, a sufficient digital resolution in f, is necessary. Apart from the
aldehyde proton H—C(15) all six olefinic protons occur within a shift range of
1.2 ppm, and this situation will become worse when more complex polyene systems
are investigated, e.g. ethyl f#-apo-8’-carotenoate has 11 protons within 0.5 ppm [21]
(2-D analysis to be published). Two possible problems are indicated by the present
studies for the 2-D J-resolved spectroscopy of polyene systems: i. the intensities
of the projection-lines are very different for the various olefinic protons (Fig. 2), an
effect which is not understood at present, and there is great risk to loose some peaks
when resolution enhancement functions are applied in the t,-domain; /7. since the
ideal separation of the two frequency axes is possible only for the case of weakly
coupled systems [36], any 4B-effect will introduce extra peaks in the projection
spectrum (Fig. 2). The real signals can be distinguished from the second-order
artefacts by analysis of the cross-sections [35].

The three other 2-D experiments reported here were applied for the first time
to polyene systems such as 1. The utility of the SECSY spectrum is immediately
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evident from Figure 4 in which the chemical shifts of the olefinic protons of 1 are
clearly correlated by their vicinal couplings, and this even in the strong A B-case
of H-C(7), H-C(8). One might regret the limit of 0.8 Hz found for the detection
of long-range couplings. To observe smaller long-range effects not resolvable in
the 1-D spectrum [26], the evolution period ¢, should be increased since magnetiza-
tion transfer between spins grows according to sin(zJ?{) [3]. When the assignment
of the olefinic protons has been established, e.g. by a combination of 1-D and 2-D
J-resolved and shift-correlated methods, an unequivocal assignment of the CHj;-
resonances can be obtained from their long-range couplings with neighbouring
olefinic protons (Fig. 4).

The 2-D J-resolved 3C-NMR spectrum of 1 (Fig. 5) demonstrates how efficient
overlapping CH-multiplets can be separated. It remains to be examined if the
resolution obtained by the 2-D gated-decoupling technique can be improved over
that in the 1-D experiment. Although effects of field inhomogeneity are cancelled
by the spin-echo sequence (Fig. la), resolution of the multiplets is limited since the
J-values are only half their actual magnitude. This may be improved by either the
spin-flip [42] or the INEPT [46] technique. For the analysis of long-range C,H-
couplings in 1 one should also consider the spin-flip sequence using selective 180°
proton pulses [47].

The fourth experiment performed with 1 correlates the 13C and 'H chemical
shifts via the 'J(C,H) couplings (Fig. 7). Knowing the assignments of the proton
resonances, those of the resonances from the protonated C-atoms followed without
ambiguity. Earlier assignments, although in accordance with the present results,
have been made by a laborious combination of 'H off-resonance decoupling ex-
periments, spin-lattice relaxation time measurements and lanthanide shift titrations
[27-29]. Assignment of the resonances from C(7), C(10) and C(14), the most
delicate because of their similar chemical shifts and their variation with temperature
{48], could be made by 2-D shift correlation even under conditions of limited data
matrix and experimental time. For the case of low resolution in f; it might be
convenient to eliminate the 'H multiplet structure for better correlation. Parabolic
interpolation [49] appears to be useful if the 'H-multiplet is symmetrical about the
chemical shift frequency. It remains to be shown if the quarternary C-atoms which
are very often difficult to assign in polyene systems can be observed via a long-range
correlation experiment [7]. In this case, the delays 7, and 7, are to be adjusted to
give maximum polarization for the long-range C,H-couplings with simultaneous
nulling of correlations for 'J (C,H) [7].

After these applications of 2-D NMR to all-trans-retinal, we are convinced of
the utility of 2-D NMR for the analysis of more complex polyene systems. When
comparing the different experiments performed in the present work, the homo-
and heteronuclear shift-correlated techniques might reveal to be more useful and
more easy to interprete than the J-resolved techniques. The increase in time
required in 2-D NMR appears generally more than offset by the additional infor-
mation gained.

Financial support from the Swiss National Science Foundation is gratefully acknowledged.
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