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Supplemental Data

Table S1. Structural parameters (dihedral angles in degree) of the crystal structures and

active site model for PYP

PDB/ Res’ C3-C4 (C4C7 C7-C8 ClC2 (C3C4 HICT Ref
model C7-C8 C8C9 -C9-02 -C3H3 -C7-H7 -C8HS
2PHY 14 24 173.6 07 - - - (1)
IDTE 139 5.9 165.8 126 - - - 2)
INWZ  0.82 24 165.1 115 - - - (3)
10T9 1.0 75 167.6 116 - - - (4)
10TB 1.1 83 169.2 83 - - - (4)
D01 134 46 172.3 184 - - - (5)
2QWS 2.5 65 171.8 39 - - - (6)
2Q17 105 0.4 176.9 26 - - - (7)
2701 1.5 47 168.2 100 1694  —179.8  -172.5  (8)
model 1 -10.0 170.0 100 -170.0 —179.8  -170.0

“Resolution in A.



Resonance Raman spectra of the pB state for PYP. We measured the resonance
Raman spectra of the pB state for PYP with 325 nm excitation, and the result is shown in
Fig. S1. The observed spectra were simulated by the DFT calculations using protonated
cis-form of p-coumaric acid methyl thiol ester as a model (models A and B, Fig. S2). The
results confirmed our previous assignment of the Raman bands for pB.
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Fig. S1. Observed and calculated Raman spectra of the pB state of PYP. The spectra for
the unlabeled (black) and "“C8-labeled (red) samples as well as the "C—""C difference
spectra (blue) are displayed. The calculated spectrum is an average of two spectra based
on models 2A and 2B. Gaussian band shapes with a 10 cm™ width were used.
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Fig. S2. Optimized geometries of two models for the pB state of PYP. Black, blue, red,
and yellow represent carbon, nitrogen, oxygen, and sulfur atoms, respectively.



Fig. S3. Optimized geometry (model 1) for the pG state of PYP. Black, blue, red, and
yellow represent carbon, nitrogen, oxygen, and sulfur atoms, respectively. All quantum
chemical calculations were performed using Gaussian09 (9).
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Fig. S4. Calculated Raman and ROA spectra of the active site model of PYP (model 1).
The spectra drawn in black were computed by a B3LYP/6-31+G** level of theory. For
the spectra drawn in red, Raman and ROA intensities were calculated by B3LYP/6-
311++G**, while B3LYP/6-31+G** was used for the geometry optimization and force

field calculation.
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Fig. S5. ROA intensities for ¥, as a function of the dihedral twists about the C7=C8 bond
7(C4-C7-C8-C9) for the chromophore model of PYP.
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Fig. S6. Raman and ROA intensities and circular intensity difference (CID) as a function
of the dihedral twists about the C7=C8 bond for the chromophore model of PYP. Raman

intensities are fitted with a parabolic curve. The fitted curve is shown as the dashed line
in panel A.
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Fig. S7. Changes in energy associated with the dihedral twists of 7(C3—-C4-C7-C8),
7(C4-C7-C8-C9), and ®(C7-C8-C9-02) for the chromophore model of PYP. Energies
were calculated by B3LYP/6-31+G**. For 7(C4-C7-C8-C9), the horizontal axis stands
for differences in the dihedral angle from a planar geometry.




Supplemental Experimental Section

Preparation of “C8-Labeled p-Coumaric acid
C8-labeled p-coumaric acid (pCA) was prepared according to the method described
previously (10) with its minor modification (Schemes 1).

Scheme 1. Preparation of p-Coumaric[8-3C;] Acid
(1)

@)
(CoH50),P(0)1BCH,CO0C,Hs — 5 HO \
13C —COOC,H;
(3)

(4)
—— > HO \
13C—COOH

(1) Toluene, sodium hydride in mineral oil 60 % at RT under Ar, 30 min
(2) 4-Hydroxybenzaldehyde in ether at 60°C under Ar, 4 hr, NH,Claq
(3) KOHag (1 mol/L), 35°C for 12 hr, redissolution

(4) HClaq (6 mol/L), precipitate

The "“C-labeled reagent, triethylphosphonoacetate (1-°C, 99%) (Cambridge Isotope
Laboratory) was used and was commercially available. Under an argon atmosphere, 4-
hydroxybenzaldehyde was treated with phosphonate anion, which was generated from
triethylphosphonoacetate at room temperature. After 4 h stirring, ethyl 4-
hydroxycinnamate was obtained and then hydrolyzed in 1mol/L potassium hydroxide
solution. After usual workup and purification, colorless *C8-labeled p-coumaric acid (4-
hydroxycinnamic acid) was obtained. The purity was checked with GCMS and 'H NMR
spectroscopy.
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Theoretical Considerations of Raman and ROA Intensities

1. Raman Intensity

In this study, we have performed systematic DFT calculations and showed that the
ROA intensities are roughly proportional to the dihedral twists of the chromophore. On
the contrary, the Raman intensities exhibit a non-linear dependence on the dihedral twist
(Fig. 3, Fig. S6). In order to explain these differences, we have made theoretical
considerations of Raman and ROA intensities. Using far-from-resonance (FFR)
approximation, the Raman transition polarizability from vibrational levels 0 to 1 of the
ground electronic state for a polyene chain, which adopts a planar geometry, is given

by:(11)

1 glh,le)elis|g) (glisle)e|i,|g
@wm*@GE<|aJ¥LA>+<|jKL|>
e eg 0 eg 0

)

where we, represents the frequency (energy) difference between the initial state g and the
intermediate state e. (& is a electric dipole operator.

The summation is over all excited states of the molecule. ¢ and ¢; are the nuclear
wavefunctions responsible for describing the vibrational states 0 and 1 in the electronic
state g of the molecule, respectively. Greek subscripts represent the Cartesian
components, i.e., x, y, and z. The elements of the Raman polarizability tensor depend on
the orientation of the molecule with respect to an xyz-reference frame. However, we can
take combinations of tensor elements that are invariant to changes in the orientation of
the molecule in the reference frame. These combinations are called invariants. In this
section we will consider how Raman and ROA invariants for a hydrogen out-of-plane
(HOOP) mode are perturbed, when the polyene chain experiences the out-of-plane
distortion. First, we assume that an internal coordinate associated with the distortion is
represented by O, 6, when the polyene chain is twisted along the coordinate Q,, by a
dihedral angle of 6. Here, the distortion coordinate Q, is generally expressed by the linear
combination of the vibrational normal mode Q, as

0= a,0,. @)

Then, we write the nuclear coordinate dependence of the electronic wavefunctions as a
quantum mechanical perturbation expression, which is analogous to the Herzberg—Teller
expansion as follows:

o 3Ns6 8|g>
g)=]g) + ; ana—QnQn'@ (2a)
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e)=le)’+ 3 a,5570,70 (2b)

By contrast, the nuclear wavefunctions depend only on second order in 6, and there is no
first order term. The potential energy difference AV can be expressed using force constant
k as

AV =%k(Q6 -0)° 3)

Because the nuclear wavefunction is written by the following perturbation expression

‘¢°> (4)

By = ¢y + 2<

s=0

there is only second order term in 6. On the basis of these considerations, we can write
the Raman transition polarizability to first order in 8 by

eoha=leb), 3o (357 e

n=1

> E( )10 +(Aaaﬁ)1,og (5)

where

(aaaﬁ ) _ 0 [(elaelelisle) | (glisle)ela|g)

— = + (6)
aQn 0,=0 aQn weg - CUO a)eg + 6()0
Equation (5) indicates that the distortion-induced change in the Raman polarizability of a
given normal mode Q, is proportional to how much the normal mode is included in the
distortional coordinate (i.e., a,) and the Raman polarizability before the structural

0,-0

perturbation (i.e., (aaaﬂ / 00, )Q =O). Using Equation (5), the Raman scattering invariant

2. .
o is given as follow:

O‘Z:;E . ﬁﬁ-—z(a +Aa,, )(a2ﬁ+Aaﬁﬂ-9) (7)
wp

For a representative HOOP mode with A, symmetry in Fig. S8 (cf. Table S2), ( )1 o 18

zero at 6= 0 because the symmetry of the Raman polarizability tensor is A, or B,, while
that of the vibrational mode is A.. In this case, we can write the invariant as follows:
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o = éEAam ‘A, 60 (8)
a.p

Analogously, the Raman scattering invariant S(c)” is given by Equation (9).

play = %E(3aaﬁaaﬁ ~ 0ty ) = %2(3 ‘A0, Ao, —Aa,, Aay,) 07 )
a.f a.p

Equations (8) and (9) indicate that the dihedral twist 6 makes only a second-order
contribution to the Raman invariant o and f()>. We note that the symmetry-based
argument is less applicable as the symmetry of the vibrational mode is worse. However,
for the HOOP modes, which typically show the small intensities when the molecule is
planar, the same argument with A,-type HOOP mode still holds.

Generally, if we start from the achiral conformation (e.g. planar polyene) and distort it
by changing the dihedral angle with +68 and —6, we obtain two enantiomers that have the
same Raman intensities; the Raman intensity is even function of 6. Therefore, the
quadratic term is expected to be a major contributor to the 8 dependence.

Table S2. Character table of C,, for the ethylenic group

Czh E C2 l Op

A, | 1 1 1 1 |R. x5,V 25, Xy
B, 1 -1 1 -1 R, R, Xz,yz

Aol 1 1 -1 -1 |z

B, | 1 -1 -l 1 [xy

1 T~

2/  H

Ethylenic group Au-type HOOP vibration
Fig. S8. Illustration of A,-type HOOP (hydrogen-out-of-plane) mode.

2. ROA Intensity

There are many forms of ROA. In this study, we used incident circular polarization
(ICP) ROA, in which the laser radiation is switched between right and left circularly
polarized states, unpolarized Raman scattered radiation is detected. The theoretical
expression for back-scattering geometry is given by: (11)

ICP(180°): 1;(180°)-1;(180°) = 8_K[12/3(G’)2 + 4/3(A)2] (10)
C
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where K is a constant, ¢ is the speed of light, and (G")* and B(4)* are ROA invariants
that will be defined later. Note that if these expressions are compared with those for
unpolarized backscattering scattered circular polarization (SCP) ROA, one can see that,
in the FFR approximation, these two experiments give exactly the same results. To
evaluate these invariants, we first consider magnetic dipole optical activity tensor G., for
a planar geometry.

6, oL [(Sdtetie) (gl

,, =, W,, + @,

)

where m_ is a magnetic dipole operator.

)

According to Equation (11), we derive

W6 (G
(G"‘ﬁ )1,0 = (Ggﬂ)l,o + E @ (@aﬁ) <¢1
o

n=1

aGaﬁ B
aQn Qn =0 aQn

Next we consider electric quadrupole optical activity tensor 4., for a planar geometry.

(42),, = 0153

e

)0

(Ggﬁ)L0 + (AGM)L0 6

where

(8la|e)elis|g) (glas|e)elnlg)

,, — w,, + W,

0,=0

(8l |e)elO]8) , (8lOple)elit]s)
W,, =W, w,, + o,

[¢)

where (:)Oﬁy is an electric quadrupole operator.
A0 _ € 2
Oy = 5(3rﬂry - 6/a’y)

According to Equation (15), electric quadrupole optical activity tensor for a distorted
polyene chain is given by:

(Aa’ﬂy)l,o ( a/J’V) + Cl( aﬁ}/) <¢1 Q

¢0>6 = (Ag /J’V) +(AA0!»/3V)1,0 6

n=1

where

14

(11)

(12)

(13)

(14)

(15)

(16)

(17)



(glit|e)el®,]2)  (gla]e)el®

w,, — W, w,, + o, 00

(aAaﬁ}’ 06/5|g> (18)

aQn )Q,, =0 aQn

As described above, two ROA invariants, S(G')* and B(4)>, contribute to the
backscattering ROA under FFR approximation. In the other forms of ROA such as right-
angle scattering, an invariant oG also contributes to the ROA intensity. This invariant can
be expressed using Equations (5) and (14) as follows:

EamGﬁﬁ —E(a +Aa,,0) (G, +AG,,-0) (19)

For A, type HOOP mode, for instance, (aga )1 o is zero because the symmetry of the

Raman polarizability tensor is not A, but A, or B,. By contrast, since the elements of
(g|i, |e){e|m,|g) exhibit A, symmetry, (ngl , is non-zero (cf. Table S3). We therefore
obtain the following expression.

aG = é%(mm Gy 0+Aa AG,, 07 +) (20)

In a similar way, the invariant S(G)* can be given by:

1
B(G) = EE(MWGaﬁ ~,,Gy)
- (21)
= %E[(:’»Aaaﬁ -Ggﬁ -Aa,, .G%ﬁ)0+(3Aaaﬁ ‘AG,,, - A 'AGﬁﬁ)Bz +]

ao

Next we consider ROA invariant 5(4)°, which is related to electric quadrupole optical
activity tensor, as follows:

DN | —

ﬁ(A)Z =5 E aaﬂgayéAr,éﬁ
“pird (22)
w, E (agﬁ+Aaaﬂ-6) ayé(A(y’éﬁ+AAyﬁﬁ-0)

a.B.y.0

| =

In this equation, ¢,, is the alternating tensor that equals +1 for even permutations of x, y,

and z and —1 for their odd permutation. For A, type HOOP mode, (agﬁ )10 is zero as
mentioned above, whereas <g| ﬂy |e><e|@ 5 | g> shows A, symmetry (cf. Table S4), so that

(Aoy,,sﬂ )Lois non-zero. Thus B(4)* depends on the dihedral twist 6 as described bellow:
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/5(A)2 =la)0 E [(Aaaﬁ -eayézﬁl(y),éﬁ)6’+(Aozo[,j -.9W(5-AAYM)62 +] (23)

As given in Equations (20), (21) and (23), the distortion-induced changes in the ROA
invariants are proportional to the change in Raman polarizability under distorted
conformation, Aa,, (in Equation (5)). Besides, the ROA invariants show a first-order

dependence on the dihedral twist 6. This is distinctly different from the Raman invariants,
which exhibit only a second-order dependence on 6. The difference between the Raman
and ROA intensities is consistent with the results of the DFT calculations shown in Fig.
S6. We note that the argument using A,-type HOOP mode is less applicable as the

symmetry of the vibrational mode is worse. However, (agﬁ )10 of HOOP modes is

typically small when the molecule is planar and (Ggﬂ )10 (and also (Aoy,,sﬂ )1,0) are

expected to be non-zero because the nuclear displacement along the HOOP mode makes
the polyene chain chiral. The same argument with A,-type HOOP mode, therefore, can
hold for other HOOP modes.

If we consider a case that distorts an achiral conformation by changing the dihedral

angle with +6 and - 6, we obtain two enantiomers whose ROA intensities have the

opposite signs but the same magnitudes, i.e., the ROA intensity is odd function of 6. Thus,
in the case of ROA, the linear term is expected to be a major contributor to the
dependence.

Table S3. Irreducible representation of G; elements for A, HOOP mode, which is
obtained from the direct product of i (= x, y, and 7) and R; (= R,, R,, and R, cf. Table
S2)

-‘j %:

y y E i o, | irreducible representation

"’LLL -

Gj; element
G 1 1 -1 -1 Ay
G,y 1 1 -1 -1 Ay
G-: 1 1 -1 -1 Ay
Gy 1 1 -1 -1 Ay
G- 1 -1 -1 1 By
Gy« 1 1 -1 -1 Ay
G,- 1 -1 -1 1 By
Gy 1 -1 -1 1 By
G, 1 -1 -1 1 By
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Table S4. Irreducible representation of Gj elements for A, HOOP mode, which is
obtained from the direct product of i (=x, y, and z) and ij (=xy, yx, and zx, cf. Table
S2)

-‘i %:

y y E C i o, | irreducible representation

2/ ) 2 h

Ajir element
Ay 1 1 -1 -1 Ay
Aypzx 1 1 -1 -1 Ay
Ay 1 1 -1 -1 Ay
Ay 1 1 -1 -1 Ay
Ay 1 1 -1 -1 Ay
Azx 1 1 -1 -1 Ay
Az 1 1 -1 -1 Ay
Ay 1 -1 -1 1 By
Ay 1 -1 -1 1 By
Ay 1 -1 -1 1 By
Ay 1 -1 -1 1 By
Az 1 -1 -1 1 By
Az I -1 -1 1 B.
Ay 1 -1 -1 1 By
Ay 1 -1 -1 1 By




3. Estimation of the Distortion-Induced Raman and ROA Intensities

Based on the above-mentioned theoretical considerations, we estimated the relative
values of distortion-induced Raman invariants o and f(a)* for HOOP modes, 7», 75, and
10 from the DFT calculations (B3LYP/6-31+G**). According to the calculated values in
Table S5, the HOOP modes dominantly gain the Raman intensities from the invariant
B(a)’. After confirming the quadric dependence of their Raman intensities on (C4-C7—
C8-C9), the changes in the Raman invariant, g2 _ ;2(3. Ac,, Aa,, -Aa,, -Aa,, ), due to
the structural distortion about 7 C4—C7—-C8—C9) is estimated. The AS” is derived from
Equation (5) and (9) as the product of S(c)* at 7(C4-C7—-C8-C9) = 0 and the square of
the HOOP mode contributions a(y,, ys, oryio) in the structural distortion with 7(C4-C7—
C8-C9). When the invariant of is small in comparison to §(cx)’, the relative amplitude of
2Aq;; that is proportional to the back-scattered ROA intensity is obtained as the square
root of AB%. The y; mode has the largest ZAay;.

Table S5. Raman invariants a” and B(a)’ for HOOP modes ¥3, ¥s, and y;o from the
DFT calculation (B3LYP/6-31+G**) at the dihedral angle 7(C4-C7-C8-C9) = 0.”

)2 V8 Y10
a(yY2, Y8, 0T Y10) 1% 1% 3%
o 0.0004 0.0002 0.0026
Blay 0.123 1.024 0.0188
A ~0.123 x 12=0.123  ~1.024 x 1’=1.024  ~0.0188x 3*=0.0564
SAag;; ~0.3 ~1 ~0.2

“a(y,.vs.0ry10) is the estimated HOOP mode contributions in the structural changes with
7(C4-C7-C8-C9). AB* and 2Aaq;; are the estimated changes in B(a)* and 2oy due to the
structural perturbation to a change in the dihedral angle 7(C4—C7-C8-C9).
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