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Abstract Mg(Il)-porphyrin-ligand and (bacterio)chlo-
rophyl-ligand coordination interactions have been
studied by solution and solid-state MAS NMR spec-
troscopy. 'H, '*C and '"°N coordination shifts due to
ring currents, electronic perturbations and structural
effects are resolved for imidazole (Im) and 1-methylim-
idazole (1-Melm) coordinated axially to Mg(II)-OEP
and (B)Chl a. As a consequence of a single axial coor-
dination of Im or 1-Melm to the Mg(I) ion, 0.9-
52 ppm 'H, 0.2-5.5 ppm '*C and 2.1-27.2 ppm '°N
coordination shifts were measured for selectively labeled
[1,3-"NJ-Im, [1,3-°N,2-13CJ-Im and [1,3-'°N,1,2-13C]-
I-MelIm. The coordination shifts depend on the distance
of the nuclei to the porphyrin plane and the perturbation
of the electronic structure. The signal intensities in the
'"H NMR spectrum reveal a five-coordinated complex,
and the isotropic chemical shift analysis shows a close
analogy with the electronic structure of the BChl «—
histidine in natural light harvesting 2 complexes. The
line broadening of the ligand responses support the
complementary IR data and provide evidence for a dy-
namic coordination bond in the complex.
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Introduction

Chlorophyll (Chl) and bacteriochlorophyll (BChl) are
the most abundant pigments of photosynthesis, which is
the energetic basis of life on Earth. They are mainly
found in the protein complexes of photosynthetic
organisms, and are functional elements in light har-
vesting, energy transfer and electron transfer [1]. They
are usually encapsulated in the light harvesting (LH) and
photosynthetic reaction center complexes, which are the
principal elements of the photosynthetic units of green
plants and bacteria [2].

(B)Chl contains a Mg(Il) ion in the center of the
porphyrin macrocycle that is coordinated by four pyr-
role nitrogens (Fig. 1). Two axial positions are available
for the coordination of ligands to the Mg(Il). From
vibrational spectra and X-ray crystallographic analyses
it was found that the Mg(Il) of most (B)Chls in pho-
tosynthetic proteins are five-coordinated by the N'-
atom from a histidyl residue in the protein. Owing to
this coordination, the Mg(II) is slightly out of the
equatorial plane [3, 4]. It has been reported that the
Mg(II) out-of-plane distance of the five-coordinated
[Mg(II)-OEP-pyridine] complex is 0.72-0.81 A; since the
Mg(Il) ion of the five-coordinated structure is some-
what out of the plane, a second axial ligand coordina-
tion at the opposite side is thought to be less favorable
[5]. Six-coordinated species are only formed in concen-
trated ligand solutions and in polar donor solvents that
form solvate complexes and compete with the ligand for
coordination to the Mg(II). It has been proposed that
polarizable histidyl residues can be involved in stabil-
ization of the charge separation process in photosyn-
thesis [6]. This is supported by model studies that
argued that charge—charge interactions between polar
groups in the reaction center of Rhodobacter sphaeroides
can give rise to a non-linear increase of the dielectric
constant of the protein interior and stabilize a charged
state [7].
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Fig. 1 A The structure of BChl a (R = phytyl, R; = COCHs3) and
Chl a (R = phytyl, Ry = CH=CH,). B The structure of Mg(II)-
OEP. C A schematic figure of the axial coordination of a diazole
ligand to the Mg(II)-porphyrin ring

A model study, in which NMR spectra were recorded
on co-dissolved Im and (B)Chl ¢ in THF, has proposed a
negatively charged [(B)Chl a'Im] complex due to the
deprotonation of the Im NH1 hydrogen [8]. The coor-
dination behavior of imidazole and 1-methylimidazole
(Im and 1-Melm) to the Mg(II) of a series of Mg(I1)-Por
systems, including (B)Chl a, is here investigated by
model studies in an attempt to mimic the neutral Mg(I1)-
histidyl coordination which is present in photosynthetic
proteins. In a more general perspective, the information
from these models is potentially also of interest for other
metal-containing complexes like the heme proteins and
vitamin Bj,.

"H and '>C NMR spectroscopy is used to monitor
'"H and '*C coordination shifts (Ad) for different

[ligand]:[Mg(II)-Por] molar ratios (r,). The AJ is the
difference between the isotropic shifts of the free and the
coordinated forms of the ligand and is due to the effect
of the ring currents in the macrocycle of the porphyrin
systems.

In addition to "H NMR spectroscopy, '’N NMR and
3C NMR can be applied to provide insight into the
structure and electronic properties of the axially coor-
dinated ligand. In particular, '">’N NMR experiments are
of interest, since the Mg(II) and the Im N-donor atom
form a coordination bond, and the dy is very sensitive to
the electronic configuration. In this work, '*C and >N
NMR experiments are performed using [1,3-'°N,2-13C]-
Im, [1,3-"N]-Im and [1,3-"°N,1,2-*C]-1-MeIm. "N
labeling at both positions is relatively straightforward,
while "*C nuclei can be incorporated conveniently at
positions 1 and 2 [9].

The pyrrole-type (N1) and pyridine-type (N3)
nitrogens, present in Im and 1-Melm, each have very
characteristic chemical shift ranges in '>’N NMR spec-
tra. The pyrrole-type signal is shifted by ~100 ppm
from the resonance of the pyridine-type [10]. For Im in
protic solvents or in concentrated solutions, the proton
exchanges very rapidly in a tautomeric equilibrium,
yielding an average chemical shift, 5"°N. In contrast,
1-MeIm shows two different "N resonances, due to
the presence of the methyl group. It has been reported
that substitution of the hydrogen at the pyrrole-type
nitrogen by a methyl group has only a marginal
effect on the isotropic shift of the pyrrole-type nitrogen
[11, 12].

Materials and methods

Synthesis

Labeled starting materials, all with 99% isotope incorporation,
were purchased from Cambridge Isotopes Laboratories (Andover,
Mass., USA) and used without further purification. For the syn-
thesis of isotopically enriched Im and 1-Melm, a known procedure
was followed to obtain 1.08 g (15.4 mmol) of [1,3-'°N,2-13C]-Im,
1.00% (15.4 mmol) of [1,3-"°"N]-Im and 0.228 g (2.65 mmol) of
[1,3-P°N,1,2-"3C]-1-MeIm [9]. The purity of Im obtained by two
consecutive recrystallizations was ~99% and the material was used
without further purification. To obtain a completely dry ligand
solution for NMR investigations, 25 mg of ligand was dissolved in
5.0 mL CDCl; and dried over activated molecular sieves (3 A) in a
dry argon atmosphere.

An amount of 59.0 mg (0.11 mmol) of Mg(II)-OEP was pre-
pared, starting from 100 mg (0.19 mmol) of metal-free OEP (Por-
phyrin Systems) and an excess of MgBr,"OEt, (490 mg, 1.90 mmol)
in CH,Cl, [13]. The compound was washed with water. Subse-
quently, the Mg(II)-OEP was eluted rapidly from an alumina col-
umn (10x1.5 cm) with acetone (p.a. grade), giving 59.0 mg
(0.11 mmol) of 97:3% Mg(II)-OEP/metal-free OEP.

The complex of Mg(II)-OEP with one axial Im or 1-Melm li-
gand was achieved by dissolving Mg(II)-OEP with just sufficient
warm isobutanol. To this solution a slight excess of ligand solution
was added, and some drops of triethyl orthoformate were added for
dehydratation. After 1-2 days, the [Mg(II)-OEP-1,3-'°N,1,2-13C-
1-Melm] complex appeared as small crystals in the solution.
To obtain the crystalline [Mg(II)-OEP-1,3-"’N-Im] complex, an
amount of petroleum ether (100-120) equal to the isobutanol



volume was added to the complex solution and the mixture was
placed for 14 days at —35 °C. After crystallization the supernatant
was decanted.

(B)Chl « isolation

A mixture of Chl a and Chl b was extracted from spinach leaves,
using an efficient method described by Omata and Murata [14]. To
separate Chl « from Chl b, a silica column (3.0x12 cm) was used.
The fractions were slowly eluted with hexane/propanol (20:1). The
first band that eluted from the column contained pure Chl a; the
second band contained pure Chl b. The solvent of the Chl a solu-
tion was evaporated and the residue was stored under argon at
—35 °C until it was used.

BChl a was isolated from a Rhodobacter (Rb.) sphaeroides R26
culture [15]. Briefly, bacteria were grown anaerobically in a sterile
synthetic medium at 30 °C and with a light intensity of 2700 lux.
Each liter of medium contained: 0.75 g of algae hydrolysate, 1.00 g
succinic acid, 2.6 mL 6.5 M NH4OH, 20 mL of 1.0 M H,KPO,,
20mL of 1.0 M HK,PO,, 0.60 g MgSO42H,0, 0.12 g NaCl,
0.050 g CaCl,2H,0, 125 uL  vitamin solution (1.0 g thia-
mine-HCl+ 8.0 mg biothine in 20 mL 5% EtOH/H,0), 10 mg
nicotinic acid, 10 mL of a trace element stock solution containing
316 mg/L FeCl,, 20 mg/L MnSO4H,0, 10 mg/L H3;BO;, 10 mg/L
CuSO45H,0, 10 mg/L Na,MoO42H,0, 20 mg/L ZnCl,, 200 mg/
L CaCl,2H,0 and 40 mg/L MgSO47H,0. The pH of the medium
was adjusted with concentrated HCI to 6.8.

After growing for 8 days, the cells were harvested and the
absorption of the cell culture was measured at 863 nm (Age3:
3.1 em™"). The cells were centrifuged (20 min at 15,000xg). The cell
pellet was suspended in 20 mM Tris-HCl buffer (pH 8.5) and
stored at —35 °C. The cell pellet was thawed and a mixture of
acetone/methanol (7:3) was added to extract the chromophores
from the cells. The suspension was centrifuged to precipitate the
cell fragments. The pigment-containing supernatant was concen-
trated and purified with a cross-linked agarose column (1.5x2.0 cm;
Sepharose CL-6B). First a thin green band was eluted from the
column, using hexane/acetone (20:1) as eluent. Subsequently, an
intense blue band, containing the BChl g, was eluted easily from the
column with pure acetone. The solution was concentrated and the
pure BChl @ was stored under argon at —35 °C until use.

Sample preparations

Activated molecular sieves (3 A) were used to prepare anhydrous
CDCl;. To exclude oxygen and moist from air, the sample prepa-
ration was performed under anaerobic conditions by using dry
argon gas and a Schlenck apparatus. Experiments with (B)Chl a
were performed in a dark, cold room (5 °C).

For each 'H and '*C NMR experiment, ~1-2 mg (B)Chl «
was dissolved in 2 mL of 2-propanol for the azeotropic removal
of traces of water and transferred into a two-necked round-bot-
tom flask. The solvent was evaporated and the concentrate was
exposed to vacuum (0.03 mmHg) at 40 °C for 2 h. Subsequently,
argon gas was led in and 500 pL of anhydrous CDCl; was added.
A NMR tube was annealed with a burner and placed in a
Schlenck apparatus. After cooling to ambient temperature under
high vacuum, argon gas was led in and the prepared solution was
transferred into the NMR tube. The NMR tube was covered with
a rubber stopper to keep the sample in a dry argon atmosphere.
For the preparation of a water-free sample of Mg(I1)-OEP,
the Mg(II)-OEP (~1-2 mg) was weighed in a NMR tube before
the annealing procedure.

NMR/IR experiments

For 'H and '>C NMR experiments, various amounts of 0.70 mM
Im or 0.60 mM 1-Melm ligand solution, ranging from 10 to
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450 pL, were injected into the NMR sample tube using a micro
syringe. After each injection of ligand solution, 'H and *C NMR
spectra were recorded to determine the Ady <0 and Adc <0 of the
ligand nuclei, relative to the corresponding shifts for the ligand
molecules in solution. The Ady and Adc of the ligand hydrogens
were measured for various ry, values, starting at the lowest ligand
concentration. The r, was determined from the integrals of the
resonances in the "H NMR spectra.

All spectra were recorded at 298 K with a Bruker DPX spec-
trometer operating at 9.4 T. The dy of CHCI; at 7.26 ppm was
used for internal calibration of the 'H shift scale, while the response
of CDCl; at 77.0 ppm was used for the calibration in the *C NMR
spectra. For '>N' NMR experiments, the crystalline [Mg(II)-OE-
P-1,3-1°N,1,2-3C-1-MeIm] and [Mg(II)-OEP-1,3-'>N-Im] com-
plexes were dissolved in anhydrous CDCl;. A relaxation delay of
10 s was used after each n/4 pulse. The on was referenced relative
to the response of liquid NH; with dx=0.0 ppm. 'H-'*N corre-
lations were determined using the heteronuclear multiple bond
correlation (HMBC) solution NMR technique. A '*N solid-state
MAS NMR spectrum from the crystalline [Mg(II)-OE-
P-1,3-°N,1,2-'*C-1-MeIm] complex prepared in a 4.0 mm
CRAMPS rotor was recorded, using a DMX-400 Bruker NMR
spectrometer. The Ady values were determined from the '*N shifts
in solution, since the pure 1-Melm is a liquid and cannot be
measured in the solid state.

From the crystalline [Mg(II)-OEP-H,O] and
OEP-diazole] complexes, IR spectra between 4000 and 300 cm™
were recorded on a Perkin-Elmer Paragon 1000 FTIR spectrome-
ter. To observe the Mg—Ny(por), Mg-Opro and Mg—Nyia ol
vibration frequencies, far-IR spectra of the crystalline [Mg(II)-
OEP-H520], the [Mg(I)-OEP-1,3-'*N-Im] and the [Mg(II)-OE-
P-1,3-1°N,1,2-3C-1-MeIm] complexes were recorded between 150
and 400 cm™! on a Bruker 113v IR spectrometer.

Me(ID-

Results

'"H NMR spectroscopy was used to determine the
molar ratio of Mg(II)-Por to ligand by the integrals of
the 'H responses and for an accurate determination of
the ring current effect. Because it was expected that the
carbon and nitrogen atoms are more changed by the
electronic structure than the hydrogen atoms connected
to the ligand, "N  NMR and '*C NMR experiments
were applied to provide insight into the electronic
structure of the axially coordinated ligand. In particu-
lar, ">’N NMR experiments were performed to deduce
the electronic change of the nitrogen when it coordi-
nates to the Mg(II)-Por complex. IR spectra were re-
corded to complement and to confirm the NMR
results.

'"H NMR

To determine the Ady, Adc and Ady values, first the
isotropic chemical shifts of the free Im and 1-Melm in
CDCl; were determined. The o, Opa and g5 values of
Im in CDClj are 7.72, 7.02 and 7.02 ppm, respectively.
For 1-Melm, chemical shifts were measured for oy,
OH4, Ons and Ocys at 7.42, 6.87, 7.05 and 3.68 ppm,
respectively. The dc; and dc» positions are observed at
137.9 and 33.3 ppm. The ¢ of free [1,3-'°N,2-"*C]-Im
in CDCl; is 134.9 ppm. The Jn; and Jnz of free
[1,3-1°N,1,2-13C]-1-MeIm are 161.2 and 256.1 ppm,
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respectively. The individual Jn; and N3 of
[1,3-'°N,2-'3C]-Im cannot be determined, because of the
tautomerization that yields dn; n3=209.1 ppm.

To resolve the Ady of the ligand atoms, Mg(II)-OEP
and (B)Chl a were titrated with aliquots of Im or 1-
Melm solutions. As an example, NMR spectra of a
titration series of 1-Melm and BChl a4 are shown in
Fig. 2. The maximum coordination shift (Ady™**), from
the diamagnetic ring current effect of the porphyrin
macrocycle, is observed for r, < 1.0. The Ady value
decreases for r,>1.0 and vanishes for r, — . The
Oons and Ocysz can be followed from the first added
aliquot of ligand solution, since the resonances of the
ligand are well resolved against the Mg(II)-OEP or
(B)Chl a background, while the responses from dy, and
Op4 are broadened and cannot be resolved for r,, <1.0.
Both the line width and the Ady are larger for H2 and
H4 than for the other ligand hydrogens. For ry,, <1.0,
the observed Adys and Adcys are at their maximum
and do not change when ry, is increased. For ry, > 1.0,
the Adys and the Adcys decrease after addition of each
new aliquot of ligand. Ady, and Ady4 appear as broad
signals when ry,>4.3. These signals narrow when the

(¢—(CHa

M
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Fig. 2 '"H coordination shifts of 1-Melm as function of [I-
Melm]:[BChl a] molar ratios (ry,), measured in CDCl; at 25 °C.
The signals from Jy; and dy4 are indicated by arrows

rm 18 increased, while the ring-current shifts also vanish
for ry — oo.

Evidently, an excess of Mg(II)-Por leads to coordi-
nation of all available Im or 1-Melm, leading to the
maximum Ady. All titration experiments consistently
show stronger ring-current effects for H2 and H4 than
for H5 and CH;. While for the free Im the H4 and H5
resonances have the same isotropic shift due to the fast
exchange between the two tautomeric forms, a different
ring-current effect on H4 and HS5 due to coordination
makes them distinguishable. At a r,, of approximately
7.5 the Jy, and the Jys are identical (Fig. 2). In all
series, the crossing point of the oy, and the dys is found
at ~6.5 ppm. The Ady™™ results for Im and 1-Melm in
the titration series with Mg(II)-OEP or (B)Chl « as a
ring-current reagent are summarized in Table 1. For the
[(B)ChlI adiazole] complexes the Ad,™* and Adys™™
are not observed owing to broadening of the signals or
overlap with the (B)Chl a porphyrin background signal.
In contrast, for the relatively simple [Mg(II)-OEP-diaz-
ole] complexes, a Ady ™™ is observed for all ligand
hydrogens.

For the titration series with Mg(II)-OEP the Ady,™,
Ada™, Adps™™ and Adcpz™* are all observed and the
titration curves of the Ad can be scaled by setting
Aoy =1.0. As an example, we show in Fig. 3A the
scaled titration curves of Ady,, Adpg, Adys and Adcys of
the 1-Melm for various r,, values. The four Ad curves
are comparable. This reflects that the variation of Ad
with r,, is due to the same molecular events for all
hydrogens. Similar behavior is observed for the Adyp,
Adp4 and Adys of the Im ligand coordinated to Mg(II)-
OEP. For the (B)Chl a series, only Adys and Adcys
curves can be compared, since the Ady,™™ and Adys ™™
are not observed for r,, <~4.0. However, when the ob-
servable parts of the Ady, and Adyy curves for r, > ~4.0
are scaled also, a good correlation with the Adys and
Adcys normalized data is obtained. Subsequently, the
Adp, ™ and Adys ™™ were estimated by extrapolation.
For the titration series in which Im was added to (B)Chl
a, no full Adys™ titration curve was observed, since
Adys in the [(B)Chl a'Im] complexes is broadened for
rm <1.0. In this case, it is not possible to scale the
Adys™ to 1.0, which is necessary for the extrapolation
of the Ady, and Adyy curves.

The Adweso (H5, H10, H15 and H20 of the Mg(II)-
OEP) values show a small significant gradual increase
for r,<1.0 and reache Adpyeso at rm=1.0. For
0.0 <rp £ 1.0, the Ady of the ligand is maximal and
does not change. The increase of the r,>1.0 yields a
decrease of the Ady of the ligand hydrogens (Fig. 3A),
while the Adpeso " is essentially constant for rp, > 1.0
(Fig. 3B). The ethyl groups of Mg(II)-OEP are hardly
affected by the axial coordination. A Adpeso for
Adys, Adyio and Adyng of the pure [(B)Chl a-diazole]
complex dissolved in CDCI; cannot be derived, since the
OHs, Oxio and O signals are broadened beyond the
detection limit owing to aggregation of the chlorophyll
molecules. When a small amount of ligand is added,
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Table 1 Ady™™, Adc™ and AdN™ values (ppm) for imidazole and 1-methyl imidazole coordinated to Mg(IT)-OEP and (B)Chl a

Im complex H, H, Hs NH H-meso C,
Mg(I)-OEP 4.9 4.7 2.3 4.2 0.08 4.5
Chl a - - 1.6* - - -
BChl a - - 1.0% - - 1.8
1-Melm COmpleX H2 H4 H5 CE_*, H-meso C2 EH3 N] N3
Mg(II)-OEP 5.2 5.2 2.3 1.6 0.07 5.5 1.3 2.1 27.2
Chl a 3.0° 3.0 1.7 1.1 - - - - -
BChl a 2.8° 2.7° 1.5 0.9 - 22 0.2 - -
#Observable for ry, > +2.5
PExtrapolated values
Fig. 3 A Normalized Ady A 1 qessu,
values of the ligand hydrogens iy ° AS-HS
in the [Mg(II)-OEP-1-Melm] '] 5 AS-H4
complex for various ry, values, A .
measured in CDCl; at 25 °C. 08 . A8-CHs
B Ab‘l—lmoxo of [Mg(II)'OEPl' : ° AS‘HZ
Melm] for various ry, values,
measured in CDCl; at 25 °C. € 06 1
The dashed line marks the S H
rm = 1.0 point of the equimolar o a
ratio in the titration series < 04 A
: o
02 1 .
0 T T T T T T
0 1 2 3 4 5 6 7
B 008 1
006 )
E .
g
g 004 1
I .
0
<
0.02 A
0 T T T T T T T
0 1 2 3 4 5 6 7
Im

broad dys, 0o and dyng signals are observed that are
not shifted. The dys, oo and oy signals narrow upon
increasing ry, to ry,=1.0.

13C and "N NMR

The Adc>™ and Adcpys™ values for the [1,3-'°
N,2-13CJ-Im and [1,3-PN,1,2-13C]-1-Melm complexes

are summarized in Table 1. The coordination effects on
the Adc values, due to ring currents and electronic per-
turbations when Im or 1-Melm coordinates to Mg(II),
are consistent with the effects measured for Ady. Also a
gradual decrease of Adc is observed for r, > 1.0.

For the "N NMR measurements, the HMBC
technique that provides the 'H-'>N correlations was
performed on the crystalline [Mg(II)-OEP-1,3-"°N,1,
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2-13C-1-MeIm] and [Mg(II)-OEP-1,3-"> N-Im] com-
plexes dissolved in anhydrous CDCl;. The ry, is exactly
1.0, pointing to a single axial coordination of the
Mg(II)-Por complex. The Ady™* values of the ligand
hydrogens can be detected in the '"H NMR spectrum and
are in line with the Ady™** obtained from the titration
series. The HMBC NMR spectrum of the [Mg(II)-OE-
P-1,3-"°N,1,2-13C-1-MeIm] complex is presented in
Fig. 4. Strong signals are observed for the 15Nl/Cﬂ3
and the "N1/HS correlation, while weaker correlation
signals are observed for the '’N1/H2, '"'N3/H2, '°N3/H4
and the 'N3/H5 cross resonances. The 2D NMR
spectrum also shows a correlation between the dp,050 at
10.1 ppm and the natural abundance signal from the
four N nuclei of Mg(II)-OEP at dy =200 ppm. The '°N;
and 'SNj are detected with dn;=159.1 and on3=
230.9 ppm, corresponding to a ASNT"* of 2.1 and
25.2 ppm, respectively. This is also shown in Fig. 5D.
The strong 'J(*H-"2C) couplings between H2 and '*C2
(206 Hz) and between '*CH; and '*CHj; (140 Hz) con-
firm the assignment of both nitrogen signals. When the
rm 1s increased to 2.5, the on3 broadens beyond the
detection limit. This indicates exchange of the coordi-
nated 1-Melm with the 1-Melm pool in solution. For
Fm > 10 the >N NMR spectrum is essentially identical to
the spectrum observed for the free ligand solution.

The HMBC NMR spectrum of the [Mg(II)-OE-
P-1,3-'N-Im] complex (data not shown) clearly shows
the '"'N1/NH1 (‘J("H-'""N)=96 Hz) and the ""NI1/H5
correlation. The correlation between the OJyeq at
10.1 ppm and the natural abundance oy of the

Mg(II)-OEP at 200 ppm is also observed. The correla-
tions '°N3/H2, '°’N3/H4 and '>N3/H5 are too weak to
be detected. The 1D solution '’N NMR spectrum of the
[Mg(I1)-OEP-1,3-'*N-Im] complex in Fig. 5B shows two
>N signals at 232.9 and 154.0 ppm from N3-Mg and
NIH ("J("H-'"N)=96 Hz), respectively. These isotropic
chemical shifts are comparable to the '°N shifts mea-
sured for the [Mg(II)-OEP-1,3-'°N,1,2-"3C-1-Melm]
complex. The averaged dn; and dns of free [1,3-'°N]-Im
in solution makes it impossible to determine Ady in
solution.

Figure SE shows the 1D MAS NMR spectrum of the
[Mg(II)-OEP-1,3-'°N,1,2-13C-1-MeIm] complex. The
measurement demonstrates the existence of the model
complex in the solid state, and that it has exactly one
axial ligand, forming a five-coordinated complex, which
corresponds with the (B)Chl a—his(Im) complex natural
photosynthetic complexes [4]. The Adn provided by the
MAS "N NMR spectra of the [Mg(II)-OE-
P-1,3-'°N,1,2-13C-1-MeIm] complex are in close agree-
ment with the shifts observed for the monomeric
complex in solution. The dn3 (N3-Mg) appears at
229 ppm and corresponds with Adn=27.2 ppm. The
Adn shift is only 0.8 ppm.

IR spectra
To complement the NMR data, we have recorded a few

IR data sets from the complexes. The O-H stretching
vibration in the IR spectrum of [Mg(II)-OEP-H,O] at

Fig. 4 '"H-""N HMBC NMR H-meso CHa
correlation dataset of micro- /N
crystalline [Mg(II)- H
OEP-1 ,3-'£N,1,2-13C]-1-Melm] He H‘ 7 opm
dissolved in CDCl;. The large
A(stmax, A5H4max and A(;Hsmax )
and the relative signal intensity :
in the "H NMR, in combination Coo L 120
with the correlation between !
H,, H4, Hs and the 1-'°N at
231 ppm, prove the existence of 140
the five-coordinated [Mg(II)- B
OEP?°7/1-MeIm®* complex Hs Ha
AN
N-CHs oo j FQ{;\' 160
CHa
S N 180
H-meso /| NMg(ll}-OEP b 200
[
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Fig. 5 >N NMR spectra of free [1,3-°N]-Im (A), the monomeric
[MggII)-OEP-1,3-15N-Im] complex ['J("H-'"N1)=96 Hz] (B), free
[1,3-°N,1,2-*C]-1-MeIm  (C), the monomeric [Mg(I)-OE-
P-1,3-1°N,1,2-13C-1-MeIm] complex in CDCl; (D), and a MAS
NMR spectrum of the crystalline [Mg(I)-OEP-1,3-"*N,1,2-13C-
1-Melm] complex (E)

3529 cm™' (data not shown) has disappeared in the
spectra of the [Mg(I)-OEP-1,3-">N-Im] and [Mg(I)-
OEP~1,3-15N,1,2-13C-1-MeIm] complexes. This shows
that a water molecule is substituted by Im and 1-Melm,
respectively. In the IR spectrum of the [Mg(II)-OE-
P-1,3-"°N-Im] complex, a response is observed at 3347
cm™!, which is assigned to the N—H stretching vibration
of the axially coordinated Im.

The low-frequency region in the far-IR spectra of all
three complexes is presented in Fig. 6. It shows a
vibration at 350 cm™' with a shoulder at ~340 cm™'.
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These vibrations are assigned to the symmetric and
asymmetric Mg—Ny(Por) stretching vibrations, respec-
tively. Upon substitution of the axial water ligand by Im
or 1-Melm, the Mg-Op,o stretching vibration at
215 cm™! disappears and a new response from the
Mg—N|_.merm Or Mg—Ny,, stretching vibration can be
observed at 300 cm™', pointing to a dynamic complex.

Discussion

Monomeric (B)Chl, dissolved in polar solvents, shows
very sharp and narrow resonances in the 'H NMR
spectra [16]. (B)Chl a in CDCl; is aggregated, and does
not form solvate complexes [20, 21]. In our model study
this is reflected by the broadened signals for the Hs, Hy
and H,y meso-hydrogens (dy,yeso) from pure (B)Chl a in
CDCl;. The dys, 010 and g responses of (B)Chl «
show up gradually and narrow when Im or 1-Melm is
added to the (B)Chl a solution. This shows that axial
ligand coordination is energetically favorable compared
to maintaining an aggregate structure. For r,>1.0, the
H,,.s, resonances are narrow, and do not show an up-
field shift due to neighboring porphyrins like occurs in
aggregate structures. This provides evidence for the
formation of the [(B)Chl a-diazole] complex in CDCl;.
The dnmeso Of the [Mg(IT)-OEP-H,O] and the dxe50 Of
the [Mg(II)-OEP-diazole] complexes are narrow for both
rm<1.0 and r,>1.0 and are not shifted due to the
aggregation effects, which gives convincing evidence for
monomeric [Mg(II)-OEP-H,O] and [Mg(II)-OEP-diaz-
ole] complexes in CDCl;.

A constant Ady in all titration experiments at r,, < 1.0
shows that virtually all added ligand molecules are co-
ordinated to the Mg(Il) ion. The decrease of the Ady for
rm > 1.0 is attributed to a rapid exchange of coordinated
ligand with molecules from the ligand pool, since in that

Fig. 6 Low-frequency IR
spectra of the [Mg(II)-
OEP-H,O0] complex (dashed
line), the crystalline [Mg(II)-
OEP-1,3-"°N,1,2-'*C-1-MelIm]
complex (solid lines) and the
[Mg(II)-OEP-1,3-"°N-Im)]
complex (grey line)
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case averaging of the isotropic shifts of the coordinated
and free ligand occurs, according to their relative con-
centrations (Fig. 2).

The Stmeso for ry <1.0 is due to rapid averaging of
the responses from the coordinated and bare porphyrin.
In that case, all the available ligand is coordinated and
the excess of Mg(I)-Por exchanges with the coordinated
form. At rp, = 1.0 the Adpmeso - is reached, while at this
point the decrease of the Ady of the ligand starts. This
means a minimum of exchange at r,, = 1.0.

Since the Adyeso . is reached for r,>1.0 (Fig. 3B),
it can be concluded that the Mg(II)-Por complexes in
solution are five-coordinated. The binding of N-donor
ligands in solution to Mg(Il)-Por, like pyridines and
diazoles, has been studied thoroughly and it is clear that
the dominant process in solution and in most crystal
structures is the formation of five-coordinate 1:1 adducts
that have a puckered structure [17, 18, 19]. Axial coor-
dination to the Mg(II) of (B)Chl « has been investigated
for monomeric BChl a complexes in solution by reso-
nance Raman spectroscopy, magnetic circular dichroism
and absorption spectroscopy [20, 21, 22, 23]. These
studies confirm that the Mg(II) in (B)Chl is mostly five-
coordinated in aggregates and in solution with imidazole
derivatives.

The Ady™™ of the [Mg(I)-OEP-1-Melm] and
[Mg(II)-OEP-Im] complexes, summarized in Table 1,
show that Ady™* for all ligand hydrogens is slightly
larger for 1-Melm than for Im, which is in line with a
stronger coordination effect for the 1-Melm than for Im.
In line with the Ady results, the larger Adc, for the
[Mg(II)-OEP-1-Melm] complex than for the [Mg(II)-
Por-Im] complex confirms the stronger coordination ef-
fect for 1-Melm than for Im. This stronger coordination
is a result of the methyl group, which is a better electron-
donating group than a hydrogen atom.

The C2 in the diazole ring is probably more sensitive to
variations of the electronic structure due to coordination
than the hydrogens that are connected to the ring. How-
ever, the Adc> and Adcys both decrease when ry, > 1.0,
very similar to the Ady in the titration series. This shows
that Adcis to alarge extent determined by the ring current.
The Adc,™ in our experiments is 4.5 and 5.3 ppm for
coordinated Im and 1-Melm to Mg(II)-OEP, respectively,
while the Adc» of Im and 1-Melm coordinated to BChl a
are 1.8 and 2.2 ppm, respectively. The data for the C2 in
the [Mg(I1)-OEP-diazole] models match very well, with
Adc=5.1 ppm for the corresponding Ce of the histidyl
residue in the natural LH2 complex [24]. This shows that
the Mg—N3 coordination in the natural system is stronger
than in the [BChl a-1-Melm] model complex. In this re-
gard, the stabilizing effect on the coordination bond of the
methyl group at the N™ in our model system provokes a
comparable effect for the protein environment on the
stabilization of the Mg—N coordination bond in the nat-
ural system. The protein potentially has an electron
donating effect on the NH1 moiety.

The intermolecular nuclear shielding is a probe for
the distance from the nucleus to the plane of the

macrocycle [25]. The ring-current effects depend more
strongly on the distance to the plane of the macrocycle
for nuclei at a short distance than for positions that are
more remote from the equatorial plane [25, 26, 27].
Therefore, the Ao for nuclei closer to the porphyrin ring
are more sensitive to variations in the distance than the
Ao of nuclei that are remote. Owing to vibrations of
the Mg-N bond as found by the IR measurements, the
distance between the nuclei and the macrocycle slightly
changes continuously, yielding a broadened response of
the ligand nuclei. This is reflected in the line widths,
which are larger for the proximal H2 and H4 than for
the distal H5 and the CH3. From the equal Ady,™** and
Adps™* (Table 1), it is concluded that the distances
between H2 and the macrocycle and between H4 and the
macrocycle are equal. As a consequence of the symmetry
of the ligand, the distances between H5 and the mac-
rocycle and between NHI and the macrocycle are also
equal. It is remarkable that the HI in the [Mg(I1)-OE-
P-Im], with Adng™**=4.2 ppm, is more shielded than
the H5, with Adys™* = 2.3 ppm, while the distances for
HS5 and NHI1 to the Mg(l) should be comparable,
according to electronic calculations performed on this
model system, which show that an identical shielding
effect can be expected for both H5 and NH1 (unpub-
lished results). Moreover, the Adny; titration curve
cannot be scaled to the normalized curves for Adyo,
Adps and Adys. This indicates that Adny; cannot be
only a result of the ring-current effect and involves an-
other mechanism as well. The NHI1 signal of free Im in
solution is observed at 10.8 ppm, which is significantly
higher than the calculated value of 8.1 ppm, while all
other calculated shifts correspond with the observed
values in the blank experiment. We attribute the rela-
tively high dng; of Im in solution to intermolecular
hydrogen—nitrogen interactions of Im molecules, form-
ing loose aggregates, while the calculations are per-
formed on a monomer. For the [Mg(II)-OEP-Im]
complex, the calculated dng;=6.1 and the observed
Onpg1 = 6.6 are comparable, which confirms that dny; of
Im in solution is anomalous.

The HMBC NMR spectrum of the dissolved crys-
talline [Mg(II)-OEP-1,3-'°N,1,2-13C-1-MeIm] complex,
presented in Fig. 4, shows that the exchange processes
are quenched exactly at the equimolar ratio when
rmn=1.0 and a stable complex is obtained in solution.
This is in line with the "H NMR spectra. Both the pyr-
role- and the Pyridine-type !N are observed, while the
pyridine-type >N cannot be observed in the '’N NMR
data sets of the titration series owing to exchange
broadening. The dn3 (N-Mg) at 230.9 ppm in the
HMBC NMR spectrum of the [Mg(II)-OE-
P-1,3-'°N,1,2-13C-1-MeIm] complex in CDCl; and at
228.9 ppm in the >’N MAS NMR data set implies a Ady
of 25.2-27.2 ppm. Such a large Adyn cannot be produced
by ring currents, and provides convincing evidence for a
strongly perturbed electronic structure. The shift of the
on3 (N-Mg) is close to the 6 =224.0 ppm observed for
the on3 (N-Mg) in the LH2 antenna complex [6]. The



large AoN™** of the N3 (N-Mg) possibly points to a
partial charge transfer from the 1-Melm to the Mg(II)-
OEP, yielding a Mg(II)-OEP’/1-MeIm°" complex,
which was observed for the natural LH2 complex [24].
In a more general perspective, the coordination of his-
tidine and imidazole in the model compounds are also of
interest for studies of other porphyrin- or heme-con-
taining proteins that have dynamic axial coordination
properties to perform their biological key function.

The Ad is a useful marker to provide insight into the
axial coordination of diazole ligands coordinated to
Mg(Il) porphyrins. The Ady data compare well with
previous results from other Mg(Il)-porphyrin systems
that also show a gradual change of the Ady after
increasing the methanol or pyridine concentrations [28,
29]. In all cases, the NMR measurements were done in a
non-polar solvent.

Finally, in the NMR study on the [(B)Chl aIm]
complex in THF, relatively small shifts (<0.5 ppm)
were found for the coordinated Im hydrogens and no
coordination was observed when 1-Melm was co-dis-
solved with (B)Chl @ in THF [8]. In this study, a nega-
tively charged [(B)Chl a'Im] complex was inferred to
explain the results. In the present study, we observe a
single neutral axial coordination for both the [Mg(II)-
Por-1-MelIm] and [Mg(IT)-Por-Im] complexes in CDCls,
with large hydrogen shifts for both coordinated Im and
1-Melm.
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