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Abstract: Density functional calculations are used to calculate the electronic structure of the bacteriopheophytin
a radical anion,φA, formed in the initial electron-transfer reactions of bacterial photosynthesis. Using the
hybrid B3LYP functional together with the doubleú basis set EPR-II, 13C, 1H, 17O, and14N isotropic and
anisotropic hyperfine couplings are calculated and explained by reference to the electron density of the highest
occupied molecular orbital and of the unpaired spin distribution around the radical. Good agreement is observed
between calculated and experimental hyperfine couplings. Hydrogen bonding to the carbonyl group of ring E
leads to minor changes in the unpaired spin density distribution and the resultant hyperfine couplings. The
electronic structure of the anion radical form of the other bacteriopheophytina molecule,φB, found along the
inactive-electron-transfer (B) branch, is also studied, and the calculated electronic properties are compared
with φA. It is shown that, whereas the electron density of the SOMO of theφA radical is delocalized along the
acetyl group attached to the A ring, this delocalization is much reduced for theφB radical. The implication of
this finding for selective electron transfer along the A branch is discussed.

Introduction

Initial electron transfer in the reaction center ofRb sphae-
roides proceeds from the excited singlet state of the primary
donor bacteriochlorophylla molecule (D) to an acceptor BA, a
bacteriochlorophylla molecule, in approximately 3 ps. After
another 0.9 ps the electron is transferred toφA, a bacteriopheo-
phytin a molecule, resulting in the formation of a bacteriochlo-
rophyll a cation radical-bacteriopheophytina anion radical ion
pair.1,2,3,4,5

To obtain a quantitative understanding of these initial
electron-transfer mechanisms one needs to know the spatial and
electronic structure of the electron-transfer pigments involved.
The well-resolved structures of the bacterial reaction centers of
RpsViridis6,7,8and Rb sphaeroides9,10,11,12provide us with the
spatial arrangement of the cofactors involved in electron transfer.
The electronic structure of the pigments involved is not easily
probed experimentally: EPR and ENDOR/TRIPLE resonance
methods have been used to map the unpaired spin densities of

the free radicals generated during the one-electron-transfer
steps13,14,15. These methods predominantly use the proton
hyperfine interaction terms to provide a map of the unpaired
spin density distribution of the free radical involved, which, in
turn, can be used to indirectly predict the electron density of
the frontier orbitals(HOMO/LUMO) involved in the electron-
transfer process. Proton hyperfine couplings provide an indirect
probe of the electron density of the frontier orbitals, as spin
density at the hydrogens arises usually from spin polarization
or hyperconjugation with the mainπ electron system situated
on the heavy atoms. There has been some, but somewhat sparse,
success in obtaining17O, 15N, or 14N16,17,18hyperfine couplings
for some biological free radicals. Unfortunately13C hyperfines,
which would provide the best direct probe of the frontier orbital
electron density, provide often insurmountable experimental
problems and are rarely detected.

Accurate electronic structure prediction methods have been
available for some time for small molecular systems. For the
size of molecules encountered in photosynthetic electron transfer
more approximate semiempirical methods have been principally
employed. With suitable parametrization the INDO/SP method
has been shown to provide good1H and14N isotropic hyperfine
coupling prediction for chlorophyll- and pheophytin-type radi-
cals.19 Here, s spin populations are calculated which are then
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converted to isotropic hyperfine couplings by multiplying by
an empirically determined constant for each particular nucleus.
As with all such methods the quality of the results depends on
the choice of parameters and the well-known serious drawbacks
of the INDO method20 preclude its use as a general method in
the study of free radicals. Chipman20 has provided an excellent
discussion of the limitations of the INDO method for electronic-
structure calculations in general and for the calculation of
hyperfine couplings in particular. The recent development of
density functional methods, in particular so-called hybrid
methods, now permits highly accurate wave functions to be
obtained for large molecular systems. These methods have been
particularly impressive in predicting properties of biological free
radicals such as semiquinones, glycine, and tyrosyl.21,22,23,24

Here, isotropic hyperfine couplings are rigorously obtained from
a Fermi contact analysis, and anisotropic hyperfine couplings
are obtained from the spin only electric field gradient at the
nucleus. No empirical parameters are used in the hyperfine
coupling calculation. The availability of such exact methods
together with the availability of accurate coordinates for the
electron-transfer pigments in bacterial photosynthesis permits
us to calculate the electronic structure of such pigments and
hence provide key insights on electronic pathways for electron
transfer. As accurate hyperfine couplings, both isotropic and
anisotropic, can be calculated with hybrid density functional
methods, they also permit us to accurately assign experimentally
determined hyperfine couplings to specific molecular positions.
In such a fashion also, comparison between experimentally and
theoretically determined hyperfine interactions can provide a
test of the wave function calculated for the electron-transfer
pigment.

Here we report on the electronic structure of the intermediate
electron acceptor for the purple bacterial photosynthetic system,
Rb sphaeroides, a bacteriopheophytina molecule usually
designatedφA. The electronic structure of its anion-radical form
is calculated using the B3LYP hybrid density functional method
with a doubleú basis set, EPR-II; 23 spin-density distributions
are calculated, and calculated anisotropic and isotropic hyperfine
couplings are compared with experimental measurements. The
effect of hydrogen bonding at the ring E carbonyl oxygen is
also studied to investigate its effect on the electronic structure
of the molecule. The electronic structure of the other bacte-
riopheophytina found in the reaction center but not involved
in electron transfer,φB, is also calculated and compared with
φA.

Methods

The heavy-atom coordinates forφA andφB used for the calculations
were obtained from the crystal-structure determination ofRb sphaeroi-
desas determined by Erlmer et al.11 and obtained from the Brookhaven
database (1PCR). The crystal-structure coordinates correspond to the
bacteriopheophytina in the nonreduced state. Geometry optimizations
performed in our laboratory on symmetrical models indicate only minor
changes in geometry occur on reduction to the anion radical form.
Hydrogens were added using standard bond lengths and angles. For
computational purposes the ethyl group attached to ring B at C8 was
truncated to a methyl group, and the long phytyl chain attached to ring

D was similarly truncated to a methyl group, Figures 1and 2. Both are
well removed from the mainπ electron system and will not affect the
spin-density distribution of the free radical. The models used are shown
in Figure 2. It has been shown that the OE1 atom of GluL 104 is within
hydrogen-bonding distance of the O26 carbonyl oxygen atom ofφA.
We have modeled this hydrogen-bonding interaction by using the
crystallographically determined positions for the GluL 104 oxygen and
carbon atoms. The hydroxyl hydrogen was added using a standard bond
length and angle and was placed such that all atoms making up the
carboxylic acid group COOH were in the same plane. This gave an
H-O26 hydrogen bond length of 1.7 Å. The remainder of the GluL
104 residue was truncated to a methyl group. This hydrogen bonded
model,φA-HB is shown in Figure 2b.

All density-functional calculations were performed using the Gauss-
ian 94 electronic structure code.25 The functional used was B3LYP.
The basis set was EPR-II.23 Graphical generation of electron-density
surfaces was achieved using the SPARTAN package.26

Results and Discussion

OA. The SOMO (R HOMO) of the free pigment is shown in
Figure 3 at three electron density contour values, (a) 0.09, (b)
0.07, and (c) 0.03 e/au3. The tightest contour, Figure 3a, shows
that the electron density of the HOMO is concentrated at the
N22, N24, C2, C5, C10, C12, C15, C20, and O26 atom
positions. More concentrated contours (not shown) demonstrate
that the N22, N24, C12, and O26 positions have the highest
concentration of electron density.

The intermediate 0.07 e/au3, Figure 3b, contour shows that
significant electron density is additionally found at O25, C1,
C3, C13, and C13.1 The diffuse contour at 0.03 e/au3, Figure
3c, encompasses the majority of the electron density of the
SOMO. Electron paramagnetic resonance methods, via the
hyperfine interaction terms, measure the interaction of the
magnetic nuclei with the unpaired spin density in the radical.
While to a first approximation the unpaired spin density should
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Figure 1. Molecular structure of bacteriopheophytina together with
numbering system used.
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correspond to the electron density of the SOMO, the exchange
interaction between SOMO electrons and the otherR electrons
in the molecule gives rise to spin polarization which leads to
regions of negative spin (excessâ) within the radical. As can
be seen from Figures 4a and b, the electron-density distributions
of the SOMO are mirrored in the positive(R-â) unpaired spin
density contours of Figure 4; high concentrations of positive
spin density are found at N22, N24, C2, C5, C10, C12, C15,

C20, and O26 with the highest concentration being found at
N22, N24, and O26, Figure 4a. The negative (excessâ) spin
density plots of Figures 4c and d show how spin polarization
leads to significant negative spin density at the N21, N23, C6,
C9, C14, C132, C16, and C19 positions.

The anisotropic and isotropic hyperfine couplings calculated
for the heavy-atom nuclei are presented in Tables 1-3. The
anisotropic hyperfine couplings are a direct reflection of the

Figure 2. Models of (a)φA and (b)φA-HB used for the calculations. Heavy-atom coordinates are taken from the 1PCR Brookhaven database file.
A similar model toφA was used forφB, again using theφB heavy-atom coordinates from 1PCR. The molecule orientation is as shown in Figure 1.

Figure 3. SOMO electron density contours forφA. (a) 0.09 e/au3, (b) 0.07 e/au3 and (c) 0.03 e/au3. The molecule orientation is as shown in Fig-
ure 1.
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spin-density plots of Figure 4. Large amplitude and axial tensors
are observed for the high spin density positions N22, N24, and
O26, Table 3. Large principal hyperfine tensor values are also
found for positions C2, C12, and the methine positions C5, C10,
C15, and C20, Tables 1 and 2. Interestingly, a major fraction
of the unpaired spin is found at the O26 atom position of ring
E. Relatively smaller magnitude principal hyperfine tensor
values are found for the other atom positions which have small
positive or negative spin densities.

The isotropic couplings arise from finite spin density at the
nucleus concerned (Fermi contact interaction). In aπ radical
this spin density arises at the nucleus concerned via spin-
polarization effects. The amount of spin at a particular nucleus
will depend on the spin polarization created by the atom’s own
π spin density and also on neighboring-atom positions.21 For
the isotropic13C hyperfine coupling,π spin density at the atom
itself will contribute positively, whereasπ spin density on near-
neighbor atoms contributes negatively. Hence, positions C2, C5,
C10, C12, C15, and C20 have large positive13C isotropic
couplings; C6, C9, C11, C14, C16, and C19 have negative
values. Similarly, positive isotropic hyperfine couplings are
found for N22 and N24 and negative values for O25 and O26
oxygen nuclei, as a result of the negative17O magnetic moment.
In contrast, negative isotropic couplings are found for N21 and
N23.

The calculated proton values in Table 4 reflect the spin
density found at the neighboring carbon atoms. For H5, H10,
and H20, which are bound to carbons having a high spin density,
negative isotropic hyperfine couplings are found, reflecting the
spin polarization from the nearby C5, C10, and C20 atoms which
causes negative spin to arise at the hydrogen nuclei. The methyl-
group hydrogens at C2 and C12 receive spin density predomi-
nantly via hyperconjugation of the hydrogens with theπ-orbital
lobe located at C2 and C12. Indeed, this hyperconjugation is in
evidence in Figure 3c, where the conjugation of the SOMO on
to the C12 methyl group hydrogens is shown. The methyl group
is known to rotate freely even at cryogenic temperatures. The
experimentally measured hyperfine coupling is therefore an
average value over all orientations. To facilitate comparison with
experimental determinations we have averaged the values for
the three hydrogens of the methyl groups, and these are
presented in Tables 4 and 5.

A proton ENDOR spectrum of theφA anion radical formed
in Rb sphaeroideshas been reported.14 As a result of the
complexity of the spectra and the absence of deuteration studies,
no firm assignment of spectral lines to radical positions has been
attempted. The four largest couplings observed in the experi-
mental studies, at 11.0, 9.3, 8.7, and 7.5 MHz, were tentatively
assigned to the methyl groups on rings A and C. These values
are in quite good agreement with the calculated principal

Figure 4. Unpaired spin density (R-â) contours forφA. (a)0.02 e/au3, (b) 0.006 e/au3, (c) -0.001 e/au3, and (d)-0.0005 e/au3. The molecule
orientation is as shown in Figure 1.
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hyperfine tensor values for these two methyl groups presented
in Table 4. For the bacteriopheophytina anion radical in the
solvent, dimethoxyethane, an extensive list of isotropic hyperfine
couplings has been reported,27 including the14N couplings. In
Table 5 the isotropic hyperfine couplings calculated for our
model are compared with the measured values. The agreement
between theoretically predicted hyperfine couplings and ex-
perimental determinations is excellent and once more demon-
strates the ability of hybrid density functional methods to provide
quantitatively accurate hyperfine couplings. Moreover, such
good agreement between experimental couplings and calculated
values, without the aid of any parametrization, suggests that
the wave function calculated is exact and the SOMO electron
density plots in Figure 3 provide an accurate picture of the
photoejected electron, approximately 4 ps after initial light
excitation.

OA-HB. In the crystal structure determination of ref 11 the
OE1 atom of GluL 104 was shown to be within hydrogen-
bonding distance of the O26 oxygen ofφA. As described in the
Methods section we have taken the GluL104 heavy atom
positions from the crystal-structure coordinates and added the
hydrogen to the hydroxyl group. As described in the methods
section the LGlu104 was truncated down to an ethanoic acid
moiety. In Figure 5 the spin density, 0.007 e/au3 contours, are
compared for the hydrogen-bonded and non-hydrogen-bonded

forms to investigate the change in spin density brought about
by hydrogen-bond formation. The only discernible change in

(27) Lubitz, W.; Lendzian, F.; Mobius, K.Chem. Phys. Lett.1981, 84,
33.

Table 1. 13C Isotropic (Aiso), and Anisotropic (T) Hyperfine
Couplings Calculated for C1 to C10 (All Values Given in MHz)

atom φA φA-HB φB

T11 T11 T11

T22 Aiso T22 Aiso T22 Aiso

T33 T33 T33

C1 7.5 -1.3 8.4 -0.4 9.8 0.5
-3.2 -3.7 -4.4
-4.3 -4.7 -5.4

C2 15.8 5.6 14.9 4.9 13.3 3.7
-7.8 -7.3 -6.6
-8.0 -7.6 -6.8

C21 0.4 -3.7 0.4 -3.5 0.4 -3.1
-0.2 -0.2 -0.2
-0.2 -0.2 -0.2

C3 8.3 1.5 8.5 1.8 11.0 1.8
-4.0 -4.0 -5.3
-4.4 -4.4 -5.6

C31 2.6 -0.3 2.2 -0.7 0.9 -2.8
-1.0 -0.8 -0.1
-1.6 -1.5 -0.8

C4 3.0 -3.5 2.9 -3.6 6.3 -1.0
-1.2 -1.2 -2.8
-1.8 -1.8 -3.5

C5 16.2 9.6 16.3 9.7 16.1 7.8
-8.0 -8.0 -8.0
-8.3 -8.3 -8.2

C6 3.8 -12.6 3.7 -12.7 3.1 -11.5
2.3 2.3 1.7

-6.1 -6.0 -4.8
C7 0.3 0.7 0.3 0.6 0.3 0.2

-0.1 -0.1 0.0
-0.3 -0.3 -0.3

C8 0.4 1.4 0.4 1.6 0.3 0.8
0.0 0.0 0.1

-0.4 -0.4 -0.3
C9 5.3 -16.7 6.0 -17.8 4.5 -13.1

3.9 4.6 2.9
-9.2 -10.6 -7.4

C10 18.0 11.0 18.8 12.2 18.0 9.5
-8.8 -9.2 -8.9
-9.2 -9.6 -9.2

Table 2. 13C Isotropic (Aiso) and Anisotropic (T) Hyperfine
Couplings for C11 to C20 (All Values Given in MHz)

atom φA φA-HB φB

T11 T11 T11

T22 Aiso T22 Aiso T22 Aiso

T33 T33 T33

C11 0.8 -9.3 1.7 -11.7 1.5 -7.3
0.2 0.6 -0.2

-1.0 -2.3 -1.3
C12 24.6 12.9 27.9 15.4 21.8 10.1

-12.1 -13.7 -10.7
-12.6 -14.2 -11.1

C121 0.3 -5.9 0.3 -6.5 0.4 -5.2
-0.1 -0.1 -0.2
-0.2 -0.3 -0.2

C13 5.9 -4.2 3.9 -7.0 5.9 -3.2
-2.0 -0.8 -2.2
-3.8 -3.1 -3.7

C131 7.4 -0.2 12.8 3.3 6.0 -0.1
-2.9 -5.8 -2.3
-4.5 -7.1 -3.8

C132 0.2 -4.9 0.3 -5.7 0.1 -3.9
0.0 -0.1 0.0

-0.2 -0.2 -0.1
C14 1.8 -4.4 2.3 -4.5 1.0 -3.9

1.2 1.9 0.7
-3.1 -4.2 -1.7

C15 17.3 9.5 16.5 9.5 16.9 9.9
-8.4 -8.0 -8.3
-8.9 -8.5 -8.6

C16 4.2 -11.2 4.6 -11.0 4.6 -12.0
2.6 3.0 3.1

-6.9 -7.6 -7.8
C17 0.3 1.1 0.3 1.2 0.2 1.0

0.1 0.1 0.2
-0.4 -0.4 -0.4

C18 0.2 -0.4 0.2 -0.6 0.3 -0.3
0.0 0.0 0.0

-0.2 -0.2 -0.3
C19 1.7 -7.9 1.0 -6.5 1.3 -7.8

0.3 -0.3 -0.1
-1.9 -0.6 -1.2

C20 14.6 4.7 13.1 3.6 14.3 4.6
-7.1 -6.4 -7.0
-7.5 -6.8 -7.3

Table 3. 17O and14N Isotropic (AIso) and Anisotropic (T)
Hyperfine Couplings (All Values Given in MHz)

atom φA φA-HB φB

T11 T11 T11

T22 Aiso T22 Aiso T22 Aiso

T33 T33 T33

N21 0.6 -1.4 0.6 -1.4 0.8 -1.9
0.5 0.5 0.7

-1.1 -1.1 -1.5
N22 12.6 6.8 12.5 6.9 13.2 6.7

-6.2 -6.2 -6.5
-6.4 -6.3 -6.7

N23 0.3 -0.3 0.2 0.1 0.3 -0.8
0.2 0.1 0.3

-0.5 -0.3 -0.6
N24 11.9 5.9 11.0 5.3 11.8 5.7

-5.9 -5.4 -5.8
-6.0 -5.6 -6.0

O26 -24.7 -5.9 -25.4 -6.7 -22.1 -5.3
12.2 12.5 10.9
12.5 12.9 11.2

O25 -7.5 -3.0 -7.2 -2.9 -3.6 -2.3
3.7 3.5 1.7
3.8 3.7 1.9
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the spin density distribution is a noticeable increase at the C131

position. The isotropic and anisotropic hyperfine couplingscal-

culated on H-bond formation are shown in Tables 1-4. The
most obvious change, brought about by hydrogen-bond forma-
tion, is an approximate doubling of the anisotropic tensor
principal values for the C131 atom, mirroring the changes in
spin density described above. Interestingly, little change is
predicted to occur for the O26 atom position. The C131 increase
in spin density is accompanied by a smaller decrease in the
C13 atom tensor values. The hydrogen-bonded hydrogen atom
of φA-HB has an anisotropic hyperfine coupling with the spin
density of the bacteriopheophytin a anion dominated by the high
spin density surrounding the O26 atom. The values calculated
are given in Table 4. These correspond to total (anisotropic+
isotropic) principal hyperfine tensor values of 3.2,-1.7, and
-1.8 MHz. A hyperfine tensor having principal values of 1.92
and-0.93 MHz has been deduced from ENDOR spectroscopy
on deuterium-exchanged samples and assigned to this proton
interaction.15 To reproduce these experimental values we have
found it necessary to rotate the hydrogen of the hydrogen-
bonding hydroxyl such the hydrogen bond distance (H-O26)
is 2.1 Å. This is a quite long and unusual orientation for
hydrogen bonding. As numerous other exchangeable ENDOR
bands were found in the experimental study, it is not certain
that the assigned bands do correspond to the GluL 104 hydrogen
bond interaction. Specific deuteration of the GluL 104 hydroxyl
hydrogen will be needed to resolve this uncertainty.

Electronic Structure Comparison of OA and OB. We have
also performed a similar electronic structure study on the anion
radical of the other bacteriopheophytina found in the Rb
sphaeroidesreaction center,φB. φB is found on the inactive (B)
branch for electron transfer and therefore is not reduced during
the electron-transfer reactions of photosynthesis. It is of interest,
however, to study the electronic properties ofφB, particularly
with a view to discerning any differences withφA which could
account for the unidirectionality of electron transfer along the
A branch in photosynthetic electron transfer. To this end, the
electron density of the SOMO of theφB anion is compared with
that of theφA anion in Figure 6. The SOMO electron density
plots are very similar for most parts of the radical, but there is
a discernible difference around the ring A, and particularly the
acetyl group attached to ring A. ForφA, the electron density of
the SOMO is extended along the acetyl group; forφB, on the
other hand, it is apparent that the delocalization of the SOMO
on to the acetyl group is much reduced compared withφA. These
SOMOs of the anion radicals correspond to the LUMOs of the
unreduced bacteriopheophytins. The LUMOs of the pigments
trace the pathway along which electron transfer occurs. Ac-
cording to the Marcus theory, electron transfer between two
molecules depends on three principal factors:5 the overlap of
the electron densities, the difference in redox potential between
the two molecules, and the reorganization energy. The maximum
electron-transfer rate, for a given overlap, is predicted to occur
when the reorganization energy equals the difference in redox
energy, a situation which results in temperature independent
electron transfer. Several of the electron-transfer reactions in
photosynthesis satisfy this condition. According to Feher et al.,5

electron-density overlap is the most crucial factor influencing
rates of electron transfer between the cofactors of the bacterial
photosynthetic reaction center, i.e., the electron transfer rate will
be strongly influenced by electronic overlap between the
LUMOs of the neighboring cofactors. The apparently greater
extension of the LUMO forφA compared with that forφB may
be a significant factor in the exclusive use of the A branch for
electron transfer. In particular, it should be noted that the acetyl
group ofφA points directly at the bacteriochlorophylla molecule,

Table 4. 1H Isotropic (Aiso) and Anisotropic (T) Calculated
Hyperfine Coupling Constants (All Values Given in MHz)

atom φA φA-HB φB

T11 T11 T11

T22 Aiso T22 Aiso T22 Aiso

T33 T33 T33

H5 4.5 -7.0 4.5 -7.1 4.5 -7.1
-0.9 -0.9 -0.8
-3.6 -3.7 -3.8

H7 0.7 -2.0 0.7 -1.9 0.8 -1.9
-0.2 -0.2 -0.2
-0.5 -0.5 -0.6

H8 0.5 -3.0 0.4 -3.3 0.7 -2.4
-0.1 0.0 -0.1
-0.5 -0.4 -0.6

H10 4.7 -8.1 4.7 -8.5 4.8 -7.8
-0.7 -0.6 -0.7
-4.0 -4.1 -4.1

H132 1.1 -1.0 1.1 -0.1 1.1 -0.6
0.2 0.2 0.4

-1.3 -1.4 -1.4
H17 0.7 -2.3 0.6 -2.5 0.7 -2.7

-0.1 0.0 0.0
-0.7 -0.6 -0.7

H18 0.9 -1.1 1.0 -0.8 1.0 -0.9
-0.2 -0.3 -0.3
-0.7 -0.7 -0.7

H20 4.1 -5.8 3.8 -5.1 4.2 -6.1
-0.9 -0.9 -0.9
-3.2 -2.8 -3.3

H21 2.3 0.5 2.2 0.5 2.6 0.8
-0.3 -0.3 -0.6
-2.0 -1.9 -2.1

H23 2.0 0.0 1.7 -0.2 2.3 0.2
0.0 0.2 -0.2

-2.0 -2.0 -2.1
H(hb) 3.3 -0.1

-1.6
-1.7

A11 A11 A11

A22 Aiso A22 Aiso A22 Aiso

A33 A33 A33

CH3(21)a 8.0 6.5 7.7 6.2 6.6 5.1
6.0 5.7 4.5
5.5 5.3 4.1

CH3(121)a 12.0 10.2 13.5 11.6 11.0 9.3
9.7 11.0 8.8
9.1 10.4 8.2

a For the methyl group protons at positions 21 and 121 the total
(isotropic plus anisotropic) principal values (A) are given. These are
obtained by averaging over the values calculated for a static orientation
of the three hydrogens.

Table 5. Comparison of Isotropic Couplings Determined for the
φA Anion Model and the Isotropic Hyperfine Couplings of the
Bacteriopheophytina Anion Radical Determined in
Dimethoxyethane27 (All Values Given in MHz)

position calculated experimental

N21 -1.4 -1.2
N22 6.8 7.2
N23 -0.3 -0.6
N24 5.9 6.2
H5 -7.0 -8.0,-8.5,-6.9
H10 -8.1
H20 -5.8
H7 -2.0 -1.5,-1.8,-2.6
H8 -3.0
H17 -2.3
H18 -1.1
H12′ 10.2 8.3
H2′ 6.5 7.1
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BA (see Figure 7) which precedes it in the electron-transfer
chain.11 The extension of the LUMO ofφA readily extends the

electronic pathway for electron transfer from BA to φA. For the
B branch ,the decreased extent of the LUMO onφB will lead

Figure 5. 0.007 e/au3 unpaired spin density contours for (a)φA and (b)φA-HB. The molecule orientation is as shown in Figure 1.

Figure 6. Comparison of SOMOS ofφ (a) andφ (b). Contouring at 0.03 e/au3. The molecule orientation is as shown in Figure 1.
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to lower LUMO overlap between BB andφB, thereby possibly
inhibiting electron transfer.

The decreased delocalization onto the acetyl group forφB is
caused by the larger dihedral angle that the acetyl-group plane
makes with the main-ring plane forφB compared withφA.
Greatest delocalization onto the acetyl group occurs when the
acetyl plane is in the main-ring plane. As it is progressively
moved out of the ring plane, by rotating the C3C31 bond, the
delocalization of electron density onto the acetyl group is
diminished. ForφA, the O25C31C3C2 dihedral angle is 37°,
whereas the corresponding dihedral forφB is 66°. A similar
situation arises in theRpsViridis reaction center.8

The hyperfine couplings calculated for theφB anion radical
are compared with theφA values in Tables 1-5. The principal
differences between the two radicals occur for the ring-A and
acetyl-group nuclei. For example the O25 and C31 anisotropic
values are decreased in magnitude forφB as compared with those
fir φA. This reflects the decreased spin density at these positions
for φB due to the decreased delocalization of the SOMO onto

the acetyl group. On the other hand, the magnitude of the C3
and C4 anisotropic tensor values are raised, reflecting the
buildup in electron density at these positions forφB. Such
changes will reverberate through theπ-electron system, via spin
polarization, leading to minor changes in hyperfine-coupling
values throughout the radical.

Conclusions

The electronic structure of the bacteriopheophytina anion
radical forms of φA and φB in the reaction center of the
photosynthetic bacteriumRb sphaeroideshas been calculated
using hybrid density functional methods. Calculated hyperfine
couplings show good agreement with experimental determina-
tions. Comparison of the electronic structures ofφA andφB show
major differences around ring A and its acetyl group. The greater
extension of the frontier orbital onto the acetyl group forφA is
proposed to promote good orbital overlap for electron transfer
to occur.

JA983630Y

Figure 7. Orientation of the SOMO of theφA radical anion relative to the BA molecule in theRb sphaeroidesreaction center, illustrating the
extension of the SOMO ofφA toward BA. The coordinates are taken from the 1PCR file in the Brookhaven database.
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