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Abstract: The ab initio shielding calculations are carried out to investigate the conformation dependeh&® of
chemical shifts for conjugated compounds like the chromophore of a visual pigment rhodopsin (Rh). First, the
calculations are applied systematically to 10 diene derivatives to obtain basic and universal relationships between
their conformation and the shieldings of unsaturated carbons. Itis indicated that the conjugated carbons are classified
into two types according to the profiles of conformation dependence of the shieldings. The shieldings of the carbons
forming the rotating bond exhibit complicated angular dependence. It is rigorously evidenced that the behavior of
such carbon shieldings can be understood by considering the effearbital modification, a new concept introduced

here. On the other hand, the shieldings of the other carbons essentially follow well-known mechanisms including
the steric and charge density effects. One of the most important findings is that the steric effects are reflected
predominantly on ther;; component, and the effects originated in electronic perturbation are omileed o33

ones. This classification is hardly disturbed even when both types of effects simultaneously act during a conformational
change. lItis indicated that these basic data for the dienes are available to interpret the conformation dependence of
13C shieldings for more complicated compounds like retinal. Finally, combining the data for the afréuitio

shielding calculations of 1tis-retinal and for those of the dienes, we successfully determine the preferred conformation
around the C12C13 bond of the chromophore in Rh. It is concluded that the chromophorestaiges conformation

around the C12C13 bond.

Introduction conformational state of the chromophore in the pigments.
Instead, structural information has been obtained mainly by

The photoreceptive protein such as rhodopsin (Rh) or ; : X
. : s means of spectroscopic studies. Among them, the observation
bacteriorhodopsin (bR) possesses a retinal isomer bound to a

A . : :
lysine residue via the protonated Schiff base linkageh exists of *C NMR chemical shifts for the chromophore provides a

in the rod cell of the retina of vertebrate and possessasst1- good in_sight not only into its conf_ormation but als_o into th?
retinal (Figure 1), which is isomerized into tadi-trans form interaction of the chromophore with the surrounding protein

; ) . . matrix. The solid-state NMR technique has been applied to
by the absorption of photons, finally leading to signal trans- . _ - . ital
dﬁction On F1he othe?r hand, bR v{hich ex?sts ingthe purple Rh>~7bR"1%and their photointermediatés.** Consequently,
membrane oHalobacterium halobiumfunctions as a light- it was revealed that the chemical shifts for the chromophore

. : . ignificantly different from those for the free protonated
driven proton pump through a photocycle including the conver- 2€¢ S19nMc . ;
sion ofall-transretinal into the 1Xisisomer. In both pigments, retinal Schiff base. As for bR, the chemical shifts of C5 and

the conformation of retinal closely relates to the appearance ofC8 are displaced significantly to downfield and upfield,
the biological function, especially to the regulation of their

(4) Unger, V. M.; Schertler, G. F. XBiophys J. 1995 68, 1776.

absorption maxima. For example, in &Rthe C6-C7 bond (5) Smith, S. O.; Palings, |.; CopieV.; Raleigh, D. P.; Courtin, J.;
is likely to be planars-trans? which essentially contributes to  Pardoen, J. A.; Lugtenburg, J.; Mathies, R. A.; Griffin, R.Biochemistry
the fact that this pigment absorbs yellow-green light. 1987 26, 1606.

. . . (6) Smith, S. O.; Palings, I.; Miley, M. E.; Courtin, J.; de Groot, H.;
At present, a diffraction method such as electron micros- | ygtenburg, J.; Mathies, R. A.; Griffin, R. Giochemistry199Q 29, 8158.
copy?* seems to be insufficient in resolution to elucidate the  (7) Mollevanger, L. C. P. J.; Kentgens, A. P. M.; Pardoen, J. A.; Courtin,
J. M. L.; Veeman, W. S.; Lugtenburg, J.; de Grip, WEiL. J. Biochem

* Author to whom all correspondence should be addressed. 1987 163 9.

T Tokyo Institute of Technology. (8) Harbison, G. S.; Smith, S. O.; Pardoen, J. A.; Mulder, P. P. J;

¥ Cray Research Japan Ltd. Lugtenburg, J.; Hertzfeld, J.; Mathies, R. A.; Griffin, R. Biochemistry

® Abstract published i\dvance ACS Abstract§eptember 1, 1996. 1984 23, 2662.

(1) See, for reviews: (a) Birge, R. Rnnu Rev. Phys Chem 199Q 41, (9) Harbison, G. S.; Smith, S. O.; Pardoen, J. A.; Courtin, J. M. L,;
683. (b) Lanyi, J. KBiochim Biophys Acta1993 1183 241. (c) Nathans, Lugtenburg, J.; Hertzfeld, J.; Mathies, R. A.; Griffin, R. Biochemistry
J. Biochemistryl992 31, 4923. (d) Khorana, H. GAnn N.Y. Acad Sci 1985 24, 6955.
1986 471, 272. (e) Mathies, R. A.; Lin, S. W.; Ames, J. B.; Pollard, W. (10) Smith, S. O.; de Groot, H. J. M.; Gebhard, R.; Courtin, J. M. L.;
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Biol. 1989 112 193. Biochemistry1991, 30, 7409.
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Figure 1. Molecular structures of the linearconjugated compounds
studied.

respectively, relative to those of model compouhdBecent
ab initio studies reported by our laboratét¥®have successfully
provided a rigorous theoretical interpretation for the origin of
such chemical shift displacements.

As for the chromophore of Rh, tH&C chemical shifts from
C8 to C13 show significant downfield shifts compared with
those for the protonated Ids-retinylidene Schiff base in
solution® Recently, Han and Smith1” have attempted to
explain this chemical shift difference by assuming that a

J. Am. Chem. Soc., Vol. 118, No. 37, 19805

C13 bond before attempting to build a molecular model of
chromophore-protein interaction.

In order to deduce decisive information regarding the
conformational state of the chromophore from its chemical shift
data, basic data are required to inform us how chemical
shieldings are influenced by substituentans—cis isomeriza-
tion, inductive effects, etc. As for saturated cyclic or acyclic
hydrocarbon®¥—24 and polypeptided>-27 ab initio shielding
calculations have been extensively carried out to examine the
relationship between the chemical shieldings and molecular
conformations. The calculations successfully reproduced the
empirical rules known ae-, 8-, y-, or 6-substituent effects. A
recent study using the solid-state NMR measurementsaand
initio calculations has elucidated which component of a shielding
tensor dominates the steric effeéts.However, those data
accumulated for aliphatic compounds alone may be insufficient
to interpret the chemical shift data for conjugated compounds,
since the conformation dependence of conjugated carbon
shieldings would be influenced with changineglectronic state,
induced by rotation of a single bond. Therefore, a systematic
study is newly required for conjugated systems.

The major part of this study is targeted on the search of some
empirical rules held between the chemical shifts of conjugated
systems and their conformation. For this purpcse,initio
shielding calculations are applied to 10 diene derivatives with
various conformational states. First, we provide a rigorous
theoretical interpretation for shielding changes arising from the
modification ofr-electronic state. Next, several types of steric
effects and an inductive effect are analyzed in conjunction with
the data for electronic structures of the conjugated chains. We
will find that the additivity is fulfiled among these effects.
Through this systematic analysis, we elucidate how a confor-
mational change of conjugated systems influences the principal
values of the shielding tensor for each unsaturated carbon. On
the basis of this information, we successfully determine the
C12-C13 conformation of the chromophore in Rh.

Calculations

carboxylate anion exists nearby C12, a model which is based Figyre 1 shows the 10 diene derivatives examined hé&E)hexa-

on the so-called external-charge moHéf. Their molecular
orbital calculation indicated that both the chemical shift and

2,4-diene (HEX), E,E)-3-methylhexa-2,4-diene (3MET)E(Z)-hexa-
2,4-diene (1CIS),K,2)-3-methylhexa-2,4-diene (LC3M)E)-2-meth-

absorption data for Rh could be consistently explained by this ylhexa-2,4-diene (4MET),H)-2,3-dimethylhexa-2,4-diene (34DME),
model. However, there seems to be some ambiguities in their (E,E)-3-tert-butylhexa-2,4-diene (3TBU)H)-2-methyl-3tert-butylhexa-
analysis of the chemical shift data, because a linear correlation2,4-diene (3TB4M), E,E)-hexa-2,4-dienal (HEXAL), andEZ2)-3-

was assumed between chemical shielding and atomic Chargénethylhexa—z,4—diena| (1C3MAL). These compounds are selected as

density. Although the validity of such a correlation has been
widely accepted? this may not necessarily hold when the
s-conjugation breaks due to the torsion of a single bond. In
fact, our preliminanab initio calculationd” have demonstrated
that the isotropic shielding for C12 of Ids-retinal changes
with rotation of the C12-C13 bond by nearly 6 ppm, which is

minimal analogues of partial structures of dit-retinal. Here, the
numbering of the carbon atoms and the abbreviations (in parenthesis)
of these dienes are given to easily compare the chemical shifts of
corresponding carbons between different compounds.

The geometries of the compounds are fully optimized except for
the dihedral angle of CXC2—C3—C4, which was fixed at every 30
from 0° to 180°. 3TBU and 3TB4M are models of a molecular

comparable to the chemical shift difference between the free fragment of retinal including the C1, C5, C6, C7, and C8 carbons. Two
and protein-bound states. Thus, it is of great necessity to methyl groups of theert-butyl moiety of each model correspond to

unambiguously determine the conformation around the-€12

the two methyl groups attached to C1 of retinal. Thus, with reference

(14) Wada, M.; Sakurai, M.; Inoue, Y.; Tamura, Y.; WatanabeJY.
Am Chem Soc 1994 116, 1537.

(15) Wada, M.; Sakurai, M.; Inoue, Y.; Tamura, Y.; Watanabe JY.
Phys Chem 1996 100, 1957.

(16) Han, M.; DeDecker, B. S.; Smith, S. 8iophys J. 1993 65, 899.

(17) Han, M.; Smith, S. OBiochemistryl995 34, 1425.

(18) Honig, B.; Dinur, U.; Nakanishi, K.; Balogh-Nair, V.; Gawinowicz,
M. A.; Arnaboldi, M.; Motto, M. G.J. Am Chem Soc 1979 101, 7084.

(19) Stothers, J. BCarbon-13 NMR Spectroscgpycademic Press: New
York, 1972; pp 55-207.

(20) Houjou, H.; Sakurai, M.; Asakawa, N.; Inoue, Y.; Tamura, Y.;
Watanabe, YChem Lett 1995 1039.

(21) Barfield, M.; Yamamura, S. H. Am Chem Soc 199Q 112, 4747.

(22) Barfield, M.J. Am Chem Soc 1993 115 6916.

(23) Barfield, M.J. Am Chem Soc 1995 117, 2862.

(24) Kurosu, H.; Ando, |.; Webb, G. AMagn ResonChem 1993 31,
399.

(25) Sulzbach, H. M.; Schleyer, P. v. R.; Schafer, H. F.JIAhm Chem
Soc 1994 116, 3967.

(26) de Dios, A. C.; Oldfield, EJ. Am Chem Soc 1994 116, 5307.

(27) Jiao, D.; Barfield, M.; Combariza, J. E.; Hurby, VJJAm Chem
Soc 1992 114 3639.

(28) Soderquist, A.; Facelli, J. C.; Horton, W. J.; Grant, D. MAm
Chem Soc 1995 117, 8441.
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Figure 2. Conformation dependence of the shielding parameters and net charges for the conjugated carbon of HEX. (a) The data for the isotropic
shielding and the principal values of the shielding tensor for each unsaturated carbon. (b) The data for net charges which mean the total charge on
the corresponding methine (CH) group. In both a and b, the data for C1 (equivalent to C4) and C2 (equivalent to C3) are represented by solid and

dashed lines, respectively.

to the optimized structure of retindl the orientation of theert-butyl
group was determined. One of the-®le bonds of theert-butyl group
was rotated by 15from the eclipsed form against the €84 double
bond and fixed at this orientation during geometry optimization. This
geometrical constraint is required to reflect the rigidity of the cyclo-
hexene ring of retinal.

The full geometry optimization of 1tis-retinal (Figure 1) was
executed by using the X-ray d&as an initial structure. Restricted
geometry optimization was carried out with the dihedral angle of-C11
C12-C13-C14 fixed at every 30from 0° to 18C.

The geometry optimization and Mulliken population analysis were
carried out using the GAUSSIAN92 progré. Due to the CPU
limitation of available computer facilities, the shielding calculations
were carried out using two different programs, RPAC9.0 and GAUSS-
IAN94, which were installed on Cray computers at Eagan, MN, and
an IBM SP2 cluster system at Institute for Molecular Science, Okazaki,
Japan, respectively. The shielding calculation coded in GAUSSIARN94
follows the so-called GIAO (gauge-invariant atomic orbital) theBry,
while the program RPAC93is based on the theory of Hansen and
Boumari*3>for LORG (localized orbital/local origin) shielding calcula-

(29) The calculation in ref 14 shows that the dihedral angle of C2
C1-C6—C5 of the retinal analogue maintains -125° throughout the
rotation of C6-C7.

(30) Gilardi, R. D.; Karle, I. L.; Karle, JActa Crystallogr 1972 B28,
2605.

(31) (a) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J.
B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez,
C.; Defrees, D. J.; Fox, D. J.; Whitesie, R. A.; Seeger, R.; Merius, C. F.;
Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J.
A. GAUSSIAN90, Revision J; Gaussian, Inc.: Pittsburgh, PA, 1990. (b)
Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong, M.
W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.; Replogle,
E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J. S;
Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart,
J. J. P.; Pople, J. A. GAUSSIAN92, Revision B; Gaussian, Inc.: Pittsburgh,
PA, 1992. (c) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M.

W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,

G. A,; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L,;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN94, Revision B.2;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(32) Ditchfield, R.; Ellis, P. DTopics in Carbon-13 NMR Spectroscopy
Levy, G. C., Ed.; John Wiley & Sons: New York, 1974; pp-1®4.

(33) Bouman, T. D.; Hansen, A. E. RPAC version 9.0; 1991.

(34) Hansen, A. E.; Bouman, T. 3. Chem Phys 1985 82, 5035.

(35) Facelli, J. C.; Grant, D. M.; Bouman, T. D.; Hansen, A.E.
Comput Chem 199Q 11, 32.

tions, interfacing to the GAUSSIAN9O0 prografif. All shielding
calculations were performed at Hartreleock level. The shielding
calculation for 1lleisretinal was performed using the RPAC9.0
program, while that for the model compounds mentioned above was
done using the GAUSSIAN94 program. PM3 (Parametric Method 3)
calculation& were performed using the program MOPAC6%01.

We have already reported a detailed study of the basis set dependence
of chemical shieldings of conjugated carb&hsAccording to the results
of that study, the 4-31G and 6-31G* basis sets were used faisl1-
retinal and the diene derivatives, respectiv@lyin the latter case, we
tested the basis sets of 4-31G and 6-31G**, which gave essentially
identical results with those from the 6-31G*.

The calculated shieldings were converted to TMS reference, and
the positive sign indicates deshielding. The shieldings of TMS are
calculated as a 2.1 ppm downfield from methidnehose shieldings
obtained from the LORG/4-31G and GIAO/6-31G* methods are 222.4
and 201.0 ppm, respectively.

Results

Conformation-Dependent Shifts in HEX. Throughout the
former part of this paper, we focus on how tH€ shieldings
of the conjugated carbons of the diene derivatives are influenced
by rotation of their central single bonds. First, we describe the
data for HEX, which provide the most fundamental information
on this subject. Figure 2a shows the calculdf&ishieldings
for the unsaturated carbons of HEX as a functiongof s,
defined as the dihedral angle of EC2—C3—C4. The angle
@2—3 of 180° means ars-trans form with respect to the C2
C3 bond. The values afs, is the isotropic chemical shielding
of each carbon atom, and those @fi, 022, and o33 are the
principal values of the corresponding shielding tensor. For all
of the conjugated carbons, the principal axis ey is almost
perpendicular to the conjugated plane, whereas bothcdnd
oszare the in-plane elements and the axis of the former is almost
parallel to each double bond. During the rotation, the direction
of each principal axis was almost kept constant witHir{data
not shown).

(36) Stewart, J. J. Rl. Comput Chem 1989 10, 209.

(37) Stewart, J. J. P.; Frank, J. MOPAC version 6.01; Seilar Research
Laboratory, U.S. Air Force Academy: Colorado Springs, CO, 80840-6528,
1989.

(38) Wada, M.; Sakurai, M.; Inoue, Y.; Tamura, Y.; WatanabeMégn
Reson Chem 1995 33, 453.

(39) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JARInitio
Molecular Orbital TheoryJohn Wiley & Sons: New York, 1986; pp 65
88.
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As shown in Figure 2a, theis, of C1 (equivalent to C4)
exhibits the most deshielded valuegat-; = 90° and the most
shielded value ap,-3 = 0°, resulting in a span of 6.4 ppm in
chemical shielding. This profile of the C1 shieldings arises
mainly from the behavior of1; andoss: 011 shifts steeply to
upfield on going fromg,-3 = 0° to 6(° and o33 exhibits a
convex-type profile with a maximum aroung,_3 90°.
Figure 2b shows the net charge of eachKCunit, the value of
which was obtained from Mulliken population analysis. The
change inos3 appears to be synchronizing with the change in
charge density. Thus, the angular dependence of the C1
shielding could be explained by considering the effect of charge
distribution and another factor dominating the behaviovaf
which will be described later in detail.

The gi5o Of C2 (equivalent to C3) shows a different profile
from that of C1l: it has a maximum ap,—3 = 60° and a
minimum at ¢,—3 = 120°. Clearly, there is no apparent
correlation between the angular dependencies of the shielding
and charge density. In particular, it should be noted that
shifts in the direction opposite to that predicted from the change
in charge density. Such unusual behavior is thought to be a
common phenomenon to the shieldings of carbons forming a
rotating bond. Thus, it is of interest to provide a rigorous
theoretical interpretation for its origin.

n-Orbital Modification Effect. Any perturbations which
modify ther-orbitals of the conjugated system should have a
greater affect on the paramagnetic shielding term than the
diamagnetic one. According to the formalism of Ram&ape
paramagnetic shielding term depends on two factors: the matrix
element of angular momentum and excitation energy. In planar
conjugated systems, the-s* transition is not responsible for

the shieldings because the matrix element of angular momentum?=

vanishes between-bonding atomic orbital$! However, rota-
tion of a single bond distorts the-orbitals, generating some
amount of angular momentum. In addition, thes* transition

J. Am. Chem. Soc., Vol. 118, No. 37, 198807

y 2
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Figure 3. Schematic representations for explaining therbital
modification effect in diene. (a) The coordinate system assumed in
the formulation (see text). (b) The conformation dependence of
m-orbital energy.

Table 1. The Orbital Energies of the Four-Orbitals of Butadiene
as a Function of the Dihedral Angle C1-C2-C3-C4 (in eV)

0° 30° 60° 90° 1200 150¢° 18C¢°
Y4 2.12 1.97 1.59 1.12 1.58 1.98 2.15
Va3 0.29 0.39 0.68 1.10 0.67 0.37 0.27
—-9.50 -959 -9.86 —10.33 —-9.86 —9.56 -—9.47

—11.97 —11.59 —-10.97 —10.35 —10.95 —11.58 —12.00

ml

Here, we consider a four-electron system such as diene.

energy would increase, accompanied by the rotation, becausg-q the sake of convenience, we let thg, andz axes coincide

the bond alternation is strengthened due to the breaking of

conjugation. The generation of angular momentum contributes

to causing a downfield shift for the shielding of the conjugated

carbons, while the increase in transition energy contributes to

causing an upfield shift. Thus, the fact that tg for C2 of

HEX shifts downfield with rotation of the C2C3 bond (Figure

2) cannot be interpreted without explicit theoretical analysis.
In the framework of molecular orbital theory, by setting the

gauge origin at the center of atom the a.o. component@ =

X, ¥, or 2) of the paramagnetic term is represented as follows

=
m;‘wl

complex conjugal

occvac

2 > AR L 1

par
oo

=

g,

C2
@

wherey, andyn, andlth occupied (occ) andith virtual (vac)
molecular orbitals, respectively, amdE, is the difference in

orbital energy between thenl.® is the local angular momen-
tum defined as

LV =L-R,xp @

whereR, is a positional vector measured from the atoif?

(40) Ramsey, NPhys Rev. 1952 86, 243.
(41) Ebraheem, K. A. K.; Webb, G. Arog. NMR Spectrosc 977 11,
149.

with the direction of the principal axes fois, 022, andoy; of
dienes, respectively. The dependence of the orbital energy on
@23 is schematically illustrated in Figure 3. The scheme
indicates that the energy of the orbital with an antibonding
character with respect to the central single bond is lowered when
rotation of the single bond occurs and that of the orbital with a
bonding character is raised. The validity of this scheme is
proven by the result from PM3 molecular orbital calculation
for butadiene shown in Table 1. It can be assumed thatthe p
orbitals of the carbons which form the rotating single bond are
perturbed by each other when the bond rotates. This perturba-
tion causes a distortion of the p-orbital, which is represented
by the mixing of the porbital with the g-y orbital defined as

Py = To(p,— V3p) 3)

whose direction is perpendicular to both thaxis and the single

bond. Using the mixing parametér the distortion can be
described as follows

1

p —_—
EENCIY

where the double sign takes plus fgr; and y,3 and minus

for 2 andy 4, depending on the symmetry of the molecular
orbitals. As for the C2 carbon, the matrix elements of angular
momentum (for examplég1|L<®|y,30) are calculated as

(P, £ APcy) 4
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L@y o= — ———{p2)IL|p2)0+
Ey}/'d' X |1/)7[3 4(1_'_/12){@&( )| X |pz( )

A (2)IL2Ip, (2)0H Ap2)ILPp, ((2)T+

B, IL P2 = - ﬁf o 20] (Xy% -
3 9 _ 2 —y22) + (x -
2 ay) i @(yz oz WY 8y)} U \@yﬁ(w ’
9 _ 20\ _ V3L
Y2y ~ % 8y) A1+ 29 ©)

where the functiorp represents the radial part of p-orbital and
the following approximation was used:

LOIpy(m)T= LY p,(0) B, (6)

Houjou

Accordingly, if a methyl group is introduced at the C3
position of HEX, an upfield shift is expected to be induced for
the C1 carbon. Figure 4 shows the calculated results obtained
by subtracting the values for HEX from those for 3MET,
indicated asA3MET. Certainly, an appreciable amount of an
upfield shift occurs in the isotropic shielding of C1 when the
angle ofgp,_3 is around 186, supporting the above conventional
picture.

A theoretically more interesting finding is that this upfield
shift predominantly originates from a large upfield shiftoaf.
This agrees with the experimental re$tibat for the spcarbon,
the y-steric effect is reflected on the principal value whose
direction is perpendicular to the conjugated plane. It is also
consistent with a recent report indicating that for thécgrbon
a significant change occurs in the principal value whose direction
is perpendicular to the plane in which the interaction forces
operate?® Thus, the behavior oby; can be used to judge

The approximation of eq 6 means that the angular momentumyhether or not conformation-dependent changéaGrshielding

of a different-centered p-electron from the atom of interest is
neglected. Consequently, we can obtain the following equa-
tions:

IZjpzzl| L§<2)|w:r4|]= @nZl L§<2)|wrr3|]= 0

V3iA

() ()
Ey):rl“-x |1/JJ3D: Ey)nZ“‘x |¢n4D: 4(1+/,{2)

@)

It should be noted that the energy differengds ; andAE,,

of a given carbon are due to thesteric effect.

Next, along with the above criteria, we examine the data for
C1 of 1C3M, the shielding of which is shown as a difference
(A1C3M) measured from that of HEX in Figure 4. In this case,
the isotropic shielding also shifts to upfield when the angle of
@2-3 is around 180, but theo;; component does not. This
indicates that the change in the isotropic shielding cannot be
ascribed to ther-steric effect from the C3 methyl group. As
can be seen from Figure 4, the conformation dependence of
the o1 value for the C1 shielding is very similar to that for the

are nearly equal and remain almost unchanged through the bondC1 carbon of 1CIS. Thus, the C1 shielding of 1C3M is

rotation (see Figure 3). This means that the factor of transition

predominantly influenced by thteans—cisisomerization of the

energy does not contri_bute to the change in shielding. Ir_1 otherc1=c2 double bond. On the basis of these results, we could
words, the conformation-dependent change of the shielding deduce a theorem for thesteric effect: the shielding of a-€H

tensor is dominated by the change in the matrix element of
angular momentum.

carbon of interest receives thesteric effect only when the
C—H group directs toward the same side of thenethyl group.

On the basis of these results, we can write the paramagneticThis theorem implicitly states that a quaternary carbon (non-

term as follows

312

g 41+ 23 ©)

FI¥K(2) = — SAE 1F
C

whereAE;3 = AE;4 = AE and the average of 2 is regarded

as a constant. Similarly, the expressions of the other compo-

nents can be obtained as follows:
par _ 1 —15—3 12
Oyy 12)=— —ZAE T IEI—2
C 4(1+ 19
o2q2)=0

o 9)
According to egs 8 and 9, theorbital modification induced

by rotation of the single bond affects mainly the termssgf

and oyy, namelyosz and o2, in the diene system. Since the

value of increases with rotation of the bond, an appreciable

amount of downfield shift should be induced for these tensor

protonated carbon) is insensitive to thesteric effect.

The o3 shielding of C3 of 1CIS shows an upfield shift when
the ¢,—3 is around 180, indicating they-steric effect from the
1-methyl group. On the other hand, the behavioogfor C3
of 1C3M nearly coincides with that for SMET, supporting the
above theorem that the quaternary C3 of 1C3M does not receive
the y-steric effect from the C1 methyl group.

In summary, ther;; component of the shielding tensor can
be used as a measure of theteric effect. The maximal shift
by the effect occurs at the rotation angle of 180at is,s-trans
conformation. Thes;; of C1 of 3BMET shifts upfield by 8.0
ppm, whereas that of C3 of 1CIS shifts upfield by 14.6 ppm.
This difference may arise from the difference in the direction
of steric force. In the former, the-methyl group exists nearly
in the direction ofos3 axis which is almost perpendicular to the
C1=C2 double bond. In the latter, themethyl group exists
nearly in the direction ofr,, which is almost parallel to the
C3=C4 double bond.

Other Steric Effects. As described above, the most apparent

components. This indicates that the shieldings of carbons o¢act due to the methyl substitution is theeffect, but the

forming a rotating bond do not necessarily follow the profile
of charge density. Therefore, the present formalism is helpful
to understand the unusual behavior of the C2 shielding of HEX,
especially of itsos3 component.

y-Steric Effect. As is well-known, the!3C shielding of an
aliphatic carbon significantly shifts to upfield when a methyl
group is introduced at the-position relative to the carbon of
interest, usually called/-steric effect. They-steric effect

shieldings of carbon atoms having pesubstituents also show

a characteristic conformation dependence. It was confirmed that
the 011 component again reflects the steric effect due to the
presence off- and d-substituents. Table 2 summarizes the
change in ther;; shielding induced by various substituents, as
indicated in Figure 5. For example, the difference between the
o011 for C2 of BMET ins-transform and that of HEX is denoted

appears most remarkably when the carbon atom of interest stayS™ 42 Harbison, G. S.; Mulder, P. J. J.; Perdon, H.; Lugtenberg, J.:

in eclipsed conformation with respect to themethyl group.

Herzfeld, J.; Griffin, R. GJ. Am Chem Soc 1985 107, 4809.
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Figure 4. Conformation dependence of the shielding parameters of the conjugated carbons in SMET, 1CIS, and 1C3M. The value of each shielding
parameter is given as the difference from that for the corresponding carbon of HEX with the same angle of

Table 2. Effects of Substituents on the,; Component of the Inductive Effect. HEXAL was used to examine the effect
Shielding Tensor of a Given Carbon of an electron inductive group on the conformation-dependent
positiort Ao (ppmy changes of the conjugated carbon shieldings. The value of
B 13.8 AHEXAL was obtained by subtracting the chemical shifts of
Be 12.84 0.6 HEX from those of HEXAL. As shown in Figure 6, the data
3 11.7 for AHEXAL have characteristic features. The shieldings of
Ba 5.5+2.7 C1 and C4 exhibit concave and convex curves, respectively.
71 —128+19 On the other hand, the shieldings of C2 and C3 have less
V2 —7.4+0.6 . L
apparent profiles. Thus, as similar to the case of HEX, the
V3 29407 . T o= .
5y 45+1.0 carbons relevant to the rotating bond have intrinsically different

aposition where a substituent is introduced (see Figuré 19gt properties from the other ones in chemical shielding.
shielding change induced by a substituent. Plus sign indicates a |t Should be noted that the shielding changes of C1 and C4

downfield shift. The data, except f@ andfs, indicate the average  are dominated by the behavior 6fs. As shown in Figure 7,
value with standard deviation over several kinds of diene derivative. the o33 values for C1 and C4 oAHEXAL change in the
opposite sense to each other; that is, as the molecule distorts

N & v from the planar conformation, the shielding of C1 shifts to
H 2 upfield, while that of C4 shifts to downfield. The net charge
B, N B2 of each C-H unit of HEXAL, measured from that for HEX, is
superposed upon Figure 7. In both carbons, the charge density
B3 B4 and chemical shielding are synchronizing with each other. From
Y3 this correlation, a shielding change 600 ppm is expected

Figure 5. Notation of positions where substituents are introduced. to occur per Cha”ge of unit charge. T,hes,e data CIearIY indicate
According to the usual notation, all of the positions are first denoted that the changes in the C1 and C4 shieldings are dominated by
with respect to the central methine carbon. The subscript (1, 2, ...) arethat in electronic distribution of the conjugated system. The
added to represent the difference of the backbone conformation or behavior of the net charge is explained as follows. When the
configuration. molecular structure is planar, positive charge should be induced
on C1 and C3 due to the so-called resonance effect. When the
as ‘fs-steric” effect. Interestingly, an upfield shift is caused conjugation is broken as a result of the rotation of the-C2
only by they-substituent, consistent with the results for aliphatic bond, the contribution of the resonance structure is reduced.
compounds. Consequently, the positive charge density on C1 decreases,
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Figure 6. Conformation dependence of the shielding parameters of the conjugated carbons in 1C3M, HEXAL, and 1C3MAL. The value of each
shielding parameter is given as the difference from that for the corresponding carbon of HEX with the same angle of

. 0.06 20.0 As for C2 and C3 of HEXAL, there was no apparent

~ 0.05 C 15.0 correlation between the charge density and chemical shielding.

%’ ' 0.0 .0 As described above, the shieldings of these carbons should

$ 0.04 ’ 83\ directly receive ther-orbital modification effect. Thus, it is

c 30 9 reasonable that their behavior does not follow the simple

z 0.03 0.0 3 correlation with charge density. Similarly, for C2 and C3 of
0.02 5.0 HEX (Figure 2), the shieldings ob,, and o33 would be
0.01 ST P determined by a simultaneous contribution of both electronic

distribution andz-orbital modification effects. We could say
-0.04 0.0 that in general the shielding of the carbon on the both sides of
the rotating single bond shows some complicated conformation

2 -0.05 -3.0 dependence due to these two factors.
® 0,06 -10.0 (2 For all of the other model compounds studied here, it was
5 -15.0 3 confirmed that the conformation dependence of charge density
g 0.07 20,0 2 coincides with that ofoss (data not shown). Therefore, in
“ 20.08 25.0 contrast to the steric effect, the effect of charge density is
reflected onoss. Since the behavior of;; resembles that of
-0.09 H—t—~——1—1—L -30.0 033 it may be expected thab, also reflects the change in charge
0 30 60 90120150180 density. However, such a correlation was less apparently
923 / degree observed foro, than foross.
Figure 7. The conformation dependence of thgs component ©) Additivity of Miscellaneous Effects. Figure 4 shows the

and the net charge of the CH un@) for HEXAL. The value of each sum of AICIS and A3MET, which is indicated as
parameter is givgn as the difference from that for the corresponding A1CIS+A3MET. As can be seen from this figure, each value
e e Sl T MWPE!  of 1y o1, 072 andos of ALCISIMET coincices with that

' " of ALC3M. This indicates that the methyl substituent effect
whereas that on C4 increases. This successfully explains theacting in SMET and thérans—cisisomerization effect in 1CIS
fact that C1 exhibits concave-type curves in conformation are almost additive throughout the rotation. Exceptionally, a
dependence of both shielding and charge density, but C4 exhibitssizable deviation is observed betweAlCIS+A3MET and
convex curves. A1C3M in o, of both C1 and C3 carbons in the rangegof 3
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Figure 8. Conformation dependence of the shielding parameters of the conjugated carbons in 3MET, 4MET, and 34DME. The value of each
shielding parameter is given as the difference from that for the corresponding carbon of HEX with the same angle of

= 90° to 18C. In other words, a breakdown of the additivity Discussion
occurs while they-steric effect acts predominantly.

The results for 4MET, 3MET, and 34DME are shown in Features of the'3C Shielding of Conjugated Carbons. In

Figure 8. As for all carbons, the sum ABMET andA4MET the previous section, we obtained some basic data for conforma-
agrees withA34DME. Thus, the effects of the methyl sub- tion dependence of thEC shieldings of conjugated carbons.
stituent on C3 and C4 are also additive. Clearly, the conjugated carbons are classified into two types

according to the behavior of shielding changes. As found in
the data for HEX and HEXAL, the shieldings of the carbons
the additivity shown in Figure 8 is also maintained for theg- forming the rotating bond exhibit complicated angular depen-
butyl group. Through comparison of Figure 8 and 9, it is shown d€nce. To understand the behavior, one must take into account
that the profile ofA3TBU is similar to that oA3MET. Thus, the effect ofz-orbital modifications other than the steric and

in thetert-butyl group, the carbon which plays a role in exerting inductive (charge density) effects. Thus, the dirabtinitio
steric effect is not that of the outer methyl groups, but the central calculations would be required to predict the shielding of this

quaternary carbon. Exceptionally, the outer methyl groups exerttype of carbon. On the other hand, the shieldings of the other
a y-steric effect on the C2 shielding in the range¢af 3 = carbons essentially follow the well-known mechanisms, includ-

0—30°. ing the steric and charge density effects. Thus, their angular

Figure 6 shows that the values ALC3M+AHEXAL agree dependence can be understood by using t_he addi_tivity rule
with those ofALC3MAL. This indicates that the effect of the 2Mong them and the data for charge density obtained from
aldehyde group is additive to the other effects included in the Mulliken population analysis.
data ofA1C3MAL, such as methyl substitution or isomerization. One of the most important findings is that the steric effects
This finding is quite natural because the charge density effect are reflected predominantly on the; component, and the
caused by the carbonyl group mainly affects the and o33, effects originated in electronic perturbation are ondbgand
while the steric effect exerts am;. o33 This classification is hardly disturbed even when both types

In summary, for most cases, the effects of alkyl substitution, of effects simultaneously act during a conformational change.
isomerization, and carbonyl substitution are additive. The only For example, ther; and o33 components of C1 (and C4) of
situation in which the additivity is disturbed is in the confor- HEX are independent of each other. As previously described,
mational range where the-effect is acting predominantly. the latter changes according to the charge density profile. The

As can be seen from Figure 43TB4M agrees with the
values of the sum oA3TBU and 4MET. This indicates that
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shielding parameter is given as the difference from that for the corresponding carbon of HEX with the same angle of

former exhibits a steep upfield shift of about 10 ppm on going
from @o—3 = 0° to 3C° (Figure 2). Clearly, this shift can be
explained by the-steric effect between the C1 and C4 carbons.

the concave-type curve is attributable to breaking of the
mr-conjugation, leading to a reduction of the contribution of the
resonance structure in distorted form. The C13 shielding

These results suggest the possibility that by analysis of the exhibits a different pattern from those for the other odd-

shielding tensor one may identify the origin of shielding change
caused by unknown factors. In the final section, we attempt to
analyze the unusual shifts of retinal in Rh.

Availability of the Diene Data to Retinal. To check the
availability of the diene data to retinal and its derivatives, we
first selected 1Xis-retinal as a target molecule. The shielding
calculation for 1leis-retinal was executed for each conformer
with a given rotation angle of Ct2C13, which is an angle
crucial to interpretation of the chemical shift data for rhodop-
sin2% The angle ofp1,-13 was defined as the dihedral angle of
C11-C12-C13-C14, the value of which is taken to be £80
when the C12C13 conformation is-trans In Figure 10 the
isotropic shieldings of C5 to C14 are plotted as a function of
P12-13.

The C11 carbon is similar to the C1 carbon of HEXAL in

numbered carbons, since the carbon involved in the rotating
bond is similar to the C3 carbon of HEXAL.

Among the diene compounds studied, 1C3MAL is the model
that most resembles the molecular fragment ofciElretinal
including the C11, C12, C13, and C14 carbons. The calculated
isotropic shifts for LC3MAL are superposed upon Figure 10.
Clearly, the conformation-dependent profiles of the C1, C2, C3,
and C4 shieldings of 1C3MAL coincide with those for C11,
C12, C13, and C14 of 1@is-retinal. In addition, the conforma-
tion dependence of the principal values are also reproduced well
by the calculation for the model as shown in Figure 11, where
the data for the C12 shielding are indicated as an example.

In a previous study using an analogue compougd (
ionylideneacetaldehyde, see Figure4l)ye investigated the
change of carbon shieldings as a function of the-C& torsion.

the chemical environment. As can be seen from Figures 7 andIn that paper, it was indicated that the C5 shielding shows a
10, both carbon shieldings exhibit similar conformation depen- concave-type dependence while the C8 shielding shows a
dence, characterized as a concave-type curve with minimaconvex-type. At first sight, the behavior of C5 and C8 shielding
located aroung,-13= 90°. Similar patterns are also observed seems strange since both carbons are located in the equivalent
for the C9 and C7 shieldings of retinal, although the amplitude position to C1 of HEX, whose shielding shows a convex-type
in shielding change becomes smaller with increasing distanceprofile (Figure 2). However, we can show that these profiles
from the rotating bond: C1% C9> C7 > C5. These results  represent intrinsic properties of tifeionone ring moiety. The
imply that the conformation dependence of the C11, C9, C7, 3TB4M is an appropriate model in which C4 and C1 are in
and C5 shieldings follows the same mechanism as the Clsimilar chemical environments to C5 and C8 of retinal,
shieldings of HEXAL. Namely, the origin of occurrence of respectively. As shown in Figure 12, the shieldings for C5 and
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Figure 10. Conformation dependence of the isotropic shieldings of conjugated carbonscig-Etinal. The data for C1, C2, C3, and C4 of
1C3MAL are superposed on the figures for C11, C12, C13, and C14, respectively.
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100.0 Figure 12. Comparison of the isotropic shieldings of conjugated
L1 carbons of the retinal analogu®)(and those for 3TB4AM®). The
260.0 former data are cited from ref 14. (a) The data for the C5 shielding of
’ the retinal analogue and those for the C4 shielding of 3TB4M. (b)
The data for the C8 shielding of the retinal analogue and those for the
3 C1 shielding of 3TB4M. In both a and b, the shielding data for the
& retinal analogue and 3TB4M are plotted agaigst; and ¢o-s,
o respectively.
6
the dienes can be used to interpret the shieldings of carbons
apart from the rotating bond.
230.0 S E— From these results, we believe that the data for the present
0 30 60 90 120 150 180 model compounds are applicable to the analysis of the confor-
®1p.130r Pp_3 / degree mation dependence of chemical shifts for the conjugated carbons

of retinal, even if the length of the conjugated chain is shorter
than that of retinal.

The C12—-C13 Conformation of the Chromophore of Rh.
The isotropic shielding of C12 of the chromophore of Rh shows
C8 of the retinal analogue coincide with those for C4 and C1 a~3 ppm downfield shift relative to that of protonated di%-
of 3TB4M, respectively. This indicates again that the data for retinylidene Schiff base in solution. It has been hypothesized

Figure 11. Comparison of the principal values for the C12 shielding
of 11cis-retinal @) and those for the C2 shielding of 1C3K). The
former and latter data are plotted agaigpst 13 andg,-s, respectively.
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Table 3. Experimental Chemical Shift of C12 011 component shifts upfield by 2.7 ppm upon going frait
Giso o1 22 033 trans to ll<cisretinal. 3MET and 1C3M are the minimal
models available for examining the effect of th@ns—cis
gh} ransPSB 113?; '13 (5586) (113331) (221120 isomerization: the C1, C2, C3, and C4 of the models correspond
RIF 1335 41 149 209 to C11, C12, C13, and C14 of retinal, respectively. As shown

in Table 4, th i i .
2 (011+02:+039)/3. ® Taken from ref 6. Each principal value shown able 4, thev:, component of C2 shifts upfield by 6.5 ppm

in parentheses was obtained by subtracting 2 from the corresponding!PO" 90ing from SMET to 1C3M. These results indicate that
value ofall-trans PSB.¢ Taken from ref 7. the net effect of thérans—cisisomerization on thes, shielding

is not more than several ppm, which is insufficient to explain
Table 4. Comparison between the Experimental and Calculated the above experimental data for Rh.

Data for the Shielding Parameters of C12 . . .
ieding As the C12-C13 bond of 1lcisretinal is rotated from the

Oiso ou 022 033 strans form, the o1; shielding gradually shifts upfield. As
exptk -0.8 -—17 +16 -3 shown in Figure 11, ther;; of C12 exhibits a concave-type
calce ‘ ¢1-13=180 —-42 27 27 -71 profile with a minimum atg,-3 = 90-120°. Wheng,-3 =
g;ll(l:;tom) g;:li:lééq :‘2":(2) __12:; jg:g fg:i’ 120, theoys shifts upfield by 18.1 ppm, as measured from that
(model) ‘ G2a=120° —32 -199 431 +70 of thea_ll-tran5|_somerWIthqozfg =18C. A compa_rable amount

of upfield shift (19.9 ppm) was also obtained from the
2 Obtained by subtracting the data for protonatdtitransreti- calculation using the model compounds (Table 4). When the

nylidene Schiff base (ref 6) from those for rhodopsin (ref 7) (positive - . s
sign denotes downfield shifty.Obtained by subtracting the data for C12~C13 takes thestrans conformation, the C12 shielding

all-transretinal (ref 14) from those for 1ltis-retinal (positive sign should receive theBs-steric effect from the C13 methyl.
denotes downfield shiftf Obtained by subtracting the data for SMET  Similarly, the C2 shielding of 1C3M receives the effect from
from those for 1C3M (positive sign denotes downfield shift). the C3 methyl. As previously described in Table 2, the
steric effect causes a large downfield shift to the shielding
that this shielding difference arises from the electrostatic of a3 carbon of interest. The rotation of the GiQ13 or C2-
interaction between the chromophore and charged amino acid-C3 bond should decrease thesteric effect on the C12 or C2
(s) of the protein, a model which has been originally proposed shielding, resulting in a large upfield shift. Thus, the occurrence
by Nakanishi's group®> However, there is still no direct  of the concave-type profile as shown in Figure 11 can be
evidence for the hypothesis from either theoretical or experi- regarded as an intrinsic property of molecules possessing the
mental viewpoint. According to accumulated data f8€ local structure like 1C3M.
shieldings of conjugated compouritsonly a few ppm of the For retinal and the models, tha; shielding changes upon
shielding change could also be explained by other factors going from @1s_13 (¢2—3) = 180° 10 1213 (¢2_3) = 12 are

including nonspecific interactions like solv_ent effééts' and quite close to the experimental value for Rh. The uniqueness
structural changes of molecules as studied here. Thus, the

; i . S - - . ! of such an agreement is assured from Figure 11. Therefore, on
information on isotropic shielding alone is insufficient to identify the basis of the Mollevanger results, we can conclude that the
the real origin of the above shielding difference. Here, we X

. . . " chromophore of Rh takes the skewsttans form around the
abandon the attempt to interpret the isotropic shielding. Instead,c12_Cl3 bond.

we focus on the analysis of the principal values of the shielding
tensor.

Unfortunately, the solid-state NMR data for tis-retinal
Schiff base have not been published. Thus, we used protonatec’
all-transretinylidene Schiff base as a reference compound.
There have been two reports refering to the C12 shielding in
the chromophore of Rh (see Table®3).First, we consider
Mollevanger’s data. Table 4 summarizes the differences in the
principal values between the C12 shielding of the Rh chro-
mophore and that for the reference. A notable feature is that

h n mponents are largely shifteedt17 ppm an . .
the o, andoz2 components are largely shifted-{7 ppm and between the Rh arall-transPSB cases. Namely, the isotropic

+16 m, respectively) as compared with those for the ~~ "~ Y .
refereﬂge. On Ft)he bas)ils), of the prgsent results for the dienes,Sh'e'CIIng (134.3 ppm) calculated from the principal values shift

we determined that; reflects steric effects likg-effect, while downfield about 2 ppm Fe'a.“"e to the actually_ observed value
022 and o33 reflect electronic perturbations to the conjugated (132.1 ppm) for Rh. Th's discrepancy may arise from the fact
systems. Thus, it may be concluded that the C12 shielding of that all-trans ISomer 1S qsed as a refqrence co.mp.ound. To
the Rh chromophore receives both types of effects. Further- con3|st¢qtly expl_aun both isotropic shielding and pr!nc!pal values
more, the detailed analysis of steric effects responsible for thefor Rh, it is sufficient to assume that each of the principal values

. . for Rh is actually about 2 ppm smaller than thosedlbtrans
change ins1; may enable us to speculate the conformation about
the Cglz—cllls b())/nd. P PSB: namely,011, 022, and o33 are 56, 131, and 210 ppm,

respectively. Such a modification does not bring about any
changes that would be induced on C12 as a resutaos—cis change on the value of magnetic anisotropy and the NMR

isomerization of the CE:C12 double bond and the rotation of ~SPECtral pattern (shown in Figure 4B of reference 6).
the C12-C13 bond. The effect of these factors was estimated  The present calculation provides information about the extent
first by subtracting the C12 shielding afl-transretinal from of shielding change induced for the isotropic shielding of C12

that of 11¢is-retinal. When the angle, s is kept at 180, the purely as a result ofis—trans isomerization of the C11C12
bond. As shown in Table 4, a—221 ppm downfield shift is

Recently, Smith et al. have reexamined the C12 shielding
for Rh and found that the principal values of the C12 shielding
ensor are largely unperturbed in comparison with thaalbf
ransprotonated retinylidene Schiff base chloride sall-frans
PSB), which is in contrast to Mollevanger’s resi§itéiccording
to this new finding, it may be reasonable to be concluded that
the conformation about the C+Z13 bond is nearly planar
trans However, as can be seen from Table 3, an appreciable
discrepancy arises in the isotropic shielding on the assumption
that all of the principal values of the C12 shielding are equal

Table 4 summarizes the calculated values for shielding

(43) Sakurai, M.; Hoshi, H.; Inoue, Y.; Chujo, Bull. Chem Soc Jpn expected upon going froxisto transwhen the rotational angle
199q 63, 1335. A - " e
(44) Sakurai, M.; Ando, |.; Inoue, Y.; Chujo, RhotochemPhotobiol about the C12C13 bond is kept 180 In addition, each o

1981, 34, 367. the principal values exhibits a similar amount of downfield shift,
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although the shielding change @f; for retinal and that ofr; systems, called-orbital modification effect, was evidenced with
for the model are somewhat larger. Consequently, the major rigorous theoretical analysis; (2) some characteristics of the steric
part of the above discrepnacy between Rh alidrans PSB and substituent effects in acting for the conjugated system were

C11-C12 bond. Therefore, on the basis of the later NMR  qy,died was confirmed. In addition to these results, the direct
results given by Smith et al., it could be accepted that the-C12 5, jniti shielding calculation of 1tisretinal enabled us to

C13 conformation of the Rh chromophore takes nearly planar determine the preferred conformation around the-8223 bond
trans one, in agreement with that afl-trans PSB. of the chromophore in Rh

One of the main purposes in this study is to present a
theoretical procedure by which a conformational structure of  As earlier theoretical studyhas indicated that there are two
linear polyene is deduced from given experimental data for energy minima at the skewestransand skewed-cis confor-
isotropic shieldings and the corresponding principal values. As mations around the C+Z13 bond of 11eis-retinal. According
described above, this was successfully achieved by using they; NMR studies of protonated Idis-retinal Schiff base, in
chromophore of Rh as an example of linear polyene. A g4 tion the thermal equilibrium holds between the two con-

biologically significant finding is that the occurrence of &2- formers® The C12-C13 conformation is a key factor to
transconformer alone is deduced from both of the two different determine the orientation of the chromophore in the protein

sets of experimental data, although there is a difference in the - .
P ' g pocket and thereby the chromophemotein interaction. In

rotational angle about the C+Z13 bond. . . .
Throughout this section, we focused mainly on the C12 spite of this, the C12C13 conformation of the chromophore

shielding of the chromophore, since our attention was given to " Rh has not been determined yet, probably because there is
the conformational property about the G113 bond. How- no direct method available to determine the conformational
ever, for a thorough understanding of interactions of the retinal population in the protein. This is the first study to answer this
chromophore with opsin, it is necessary to consistently explain problem.

the occurrence of the shielding differences extending over

several carbon atoms from C5 to C14. A recent theoretical

study®*"has successfully indicated that such shielding differ-  Acknowledgment. The authors gratefully thank the Com-
ences can be interpreted in terms of charge polarization effectsputer Center, Institute for Molecular Science, Okazaki, Japan,

on the conjugated system by the putative Glu side chain. In\here we performed calculations for this study with an IBM
that study, the conformation of the C1€13 bond was assumed SP2 clu stei: system y

to bes-trans, the validity of which is supported by the present

calculations. JA961023+

Concluding Remarks

. . 45) Honig, B.; Karplus, MNature 1971, 229, 558.
The results for the dienes can be summarized as follows: (1) 5463 Shriv%r, 7 W.;pMateescu, G.D.: }\brahamson, E BMchemistry

the presence of the effect uniquely occurring in the conjugated 1979 18, 4785.



