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We report a solid-statte®™mg NMR spectroscopic study of two magnesium-containing organic compounds:
monopyridinated aqua(magnesium) phthalocyanine (Mgi2-Py) and chlorophylk (Chla). Each of these
compounds contains a Mg(ll) ion coordinating to four nitrogen atoms and a water molecule in a square-
pyramidal geometry. Solid-stat&g NMR spectra for MgPd,0-Py were obtained at 11.7 T (500 MHz

for H) for a ?Mg-enriched sample (99.1%Mg atom) using both Hahn-echo and quadrupole ERurcell
Meiboom-Gill (QCPMG) pulse sequences. Solid-statelg NMR spectra for Chd were recorded a®Mg

natural abundance (10.1%) at 19.6 T (830 MHz ). The ?Mg quadrupole parameters were determined
from spectral analyses: MgR¢,0-Py, Co = 13.0+ 0.1 MHz andrnq = 0.00+ 0.05; Chh, Co = 12.9+

0.1 MHz andnq = 1.00+ 0.05. This work represents the first time that Mg(ll) ions in a square-pyramidal
geometry have been characterized by solid-stdtey NMR spectroscopy. Extensive quantum mechanical
calculations for electric-field-gradient (EFG) and chemical shielding tensors were performed at restricted
Hartee-Fock (RHF), density functional theory (DFT), and second-order Mgldesset perturbation theory
(MP2) levels for both compounds. Comput®&ig nuclear quadrupole coupling constants at the RHF and
MP2 levels show a reasonable basis-set convergence at the cc-pV5Z basis set (within 7% of the experimental
value); however, B3LYP results display a drastic divergence beyond the cc-pVTZ basis set. A new crystal
structure for MgPdH,0-Py is also reported.

1. Introduction solid-state®’Zn NMR to study the nature of the ligands bound
) ) to the active Zn(ll) site in human carbonic anhydrase. Their
Recent developments in nuclear magnetic resonance (NMR) g4y has yielded new information about the enzymatic mech-
methodology, coupled with the availability of strong magnetic ,ism for this metalloenzyme. In addition to experimental solid-

f|;algl_s, haf\1e prowdgd nelw poslzlibzllgles I_or lsollld_-statet N'tVIR state’’Zn NMR studies, quantum mechanical calculations have
studies oriowy quadrupoar nucier=A particuiarly importan also been found useful in interpretif§zn NMR parameters

trend is that solid-state NMR has emerged as a viable techmquesuch as electric-field-gradient (EF&}” and chemical shielding
to study metal binding sites involving low-quadrupolar nuclei

with half-integer spins such @& (spin-3/2).67Zn (spin-5/2). tensort® Wu and co-workerd have demonstrated that solid-
and?Mg (spin-5/2) in organic and biological compountis® s’Fate_39K_ NMR can be used as a new probe for studying K
These metal ions are biologically important, but technically binding in DNA-related G-quadruplexes. In the contextg .
difficult to study by NMR spectroscopy. The most reliable NMR2,5severaI research groups have recently extended solid-
technique to localize these metal ions in biological macromol- Stat€~Mg 2|\'5MR to organic systems. Sham and Weported
ecules such as proteins and nucleic acids is crystallography,SOI'd'State Mg NMR spectra of several Mg(ll) complexes

which can yield structural information with atomic resolution. ~ including the firs#*Mg multiple-quantum magic-angle spinning
In the meantime, it is also highly desirable to develop other (MQMAS) spectrum for organic Mg(ll) salts. These Mg(ll)
spectroscopic techniques that can yield additional information COmpounds were used as models for examirfildg NMR
about the chemical environment at the metal centers. In this Parameters for inner-sphere Mg(ll) coordination, which is a
regard, solid-state NMR has begun to show promise, largely mode of Mg(ll) ion binding often found in nucleic acids. Wu
because the NMR sensitivity associated with lpmetal nuclei  and co-workers have also successfully observed solid e

has been improved in recent years to a point that some importantNMR spectra for bis(pyridine)(5,10,15,20-tetraphenylporphy-
biochemical problems can be directly tackled by solid-state rinato)magnesium(ll}*> The Mg(ll) ion in this compound is
metal NMR. For example, Ellis and co-work&save used coordinated to six nitrogen atoms in a distorted octahedral

geometry where thé®Mg quadrupole coupling constartd)

* Corresponding author. E-mail: gangwu@chem.queensu.ca. Fax: 1613 exceeds 15 MHz, the largest so far being observed for all Mg-

53§ 6669. (I) compounds. Frydman and co-workers studied solid-state
Queen’s University. 25 i
*Present address: Department of Physics, University of Warwick, Mg N7MR spectra for a Mg(ll) salt of adenqsmétﬁphosphate
Coventry, CV4 7AL, U.K. (ATP).” Hung and Schurko reported sqhd-sta?ﬁMg NMR

8 National High Magnetic Field Laboratory. spectra for bis(cyclopentadienyl)magnesiumt#These initial
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X-ray Crystallography. Crystallographic data for MgPc
H,0O-Py were collected from shiny red-purple hexagonal-shaped
crystals with dimensions of 0.5 mm 0.05 mmx 0.05 mm.
The X-ray diffraction data were collected on a Siemens P4
single-crystal diffractometer with graphite-monochromated Mo
Ko radiation operating at 50 kV and 40 mA at 180 K. Data
were corrected for Lorentz and polarization effects and analyzed
using Siemens SHELXTL software pack&delhe structures
were solved by direct methods. Neutral atom scattering factors
were taken from Cromer and Wal#r.

Solid-State Mg NMR. Solid-state?®Mg NMR spectra at
11.75 T were recorded on a Bruker Avance-500 (11.75 T) NMR
spectrometer operating at 30.62 MHz ¥&¥lg nuclei. A Hahn-
MgPc Chlorophyll a echo sequenée was employed to record statttMg NMR
spectra foP®MgPcH,0-Py. The interpulse delays were set to

Figure 1. The chemical structures of magnesium phthalocyanine

(MgPc) and chlorophylh (Chla). 71 = 400 us andt, = 30 us so that a whole echo can be
acquired. The effective 9Gnd 180 pulses for thé“Mg central
studies demonstrate the great potential of solid-gtg NMR transition were 1.8 and 3, respectively. Quadrupole Carr

in probing the Mg(ll) binding environment in organic systems. Purcell Meiboom-Gill (QCPMGY* spectra were also recorded
Because Mg(ll) ions play pivotal roles in biological structures for ?MgPcH;0-Py at 11.75 T. The delays in the QCPMG
and functions (e.g., enzyme activity and RNA foldif@)2! it sequencery, 7z, 73, T4, Were set to 5@5. The spikelet separation
is important to establish a baseline for the utility of solid-state (1/7a) was adjusted to 10 kHz. Solid-ste#g NMR spectra
25\1g NMR as an effective technique. To this end, it is necessary at 19.6 T were recorded at the National High Magnetic Field

to characteriz&Mg NMR parameters (tensors) for all known ~Laboratory (Tallahassee, FL). A Bruker Avance console and a
modes of Mg(ll) ion binding in organic compounds. In this home-built wide-line probe were used. At 19.6 T, the Larmor

study, we report solid-staf8Mg NMR characterization for an ~ frequency for?Mg is 50.77 MHz. Approximately 100 mg of
important class of Mg(ll) ions: Mg(ll) ions in a square- purified Chlh (as a metallic dark-green powder) was packed

pyramidal geometry. The two Mg(ll) compounds examined in into a 4 mm MASrotor. Static®®Mg NMR spectra were obtained

this stud Fi 1 idinated iumusing the Hahn-echo sequence with 2.0 andus.@ulses. The
's study (see Figure 1) are monopyridinate aqua(magnesmm)Bl field strength at théMg frequency was approximately 42

phthalocyanine (MgP&1,0-Py) and chlorophyla (Chla), the KHz

most important Mg-containing compound in nature. We report . .
P 9 9 b P Quantum Mechanical Calculations.All guantum mechan-

results from quantum mechanical calculations on electric-field- ical calculations were performed using the Gaussian 03 software
gradient and chemical shielding tensors for these two com- P 9

. packagé’ on a SunFire 6800 multiprocessor system 2900
Ec;/unds. We also report a new crystal structure for MgHO MHz processors and 24 GB of memory). Molecular cluster
' modeling was performed using SHELXPE. Positions of
) _ hydrogen atoms were calculated using the standard bond
2. Experimental Section distances. NMR properties were computed using various
methods and basis sets to test the reliability of quantum
mechanical calculations. A locally dense basis set approach was
employed where various basis sets were used for the central
Mg atom in combination with a 6-31G(d) basis set for all other
atoms. The principal components of the electric field gradient
(EFG) tensorg (ii = XX, Yy, 2Z |Gz4 > |Gyl > |0l andgzz +
Oyy T O = 0), were computed in atomic units (1 &u9.717365

Sample Preparation.29H,31H-Phthalocycaninate (Pc, 98%
purity) was obtained from Sigma-Aldrich (Ontario, Canada).
25MgO (99.1%%°Mg atom) was obtained from Trace Science
International (Toronto, Canad&Mg(ClOy), was prepared by
dissolving 2°MgO in HCIO4(aq) followed by evaporation to
dryness. Pc ant?Mg(ClQOg4), were dissolved in pyridine. A few
drops of water were added into the solution. The solution was 101 V m2). The principal magnetic shielding tensor
gently refluxed overnight in darkness and then evaporated to componentsd;) were computed Withiso = (011 + 022 + 033)/3
dryness with a rotary evaporator. The resulting purple precipitate and 033 > 02 > 11 In solid-state NMR experiments for
was then washed with cold distilled water. Purple single crystals quadrupolar nuclei, the measurable quantities are quadrupole

were obtained by slow crystallization from pyridine/water in coupling constaniCg), asymmetry parametend), and isotropic
darkness at room temperature. &mlas extracted from fresh  homical shift 0is). To compare calculated results with

spinach leaves following the literature procec?ﬁrwith the experimental NMR parameters, the following equations were
following modification. The adsorbed pigments in the column ,cag-
were washed first with pure petroleum ether with the aid of

pressure. This additional washing step allows removal of ColMHz] = €°q,,Q/h = —243.96x Q[barn] x q,Jau] (1)
carotenes and much of the yellow-colored fatty material, leaving

a distinct band of green chlorophylls in the upper portion of o= (a, — 9,)/q (2)
the column. CH, which appears at the lower green band in Q oo
the column, was eluted with a mixture of petroleum ether and Oiso = Oret — Oiso (3)

0.5% n-propanol with the aid of pressure. The product was

collected with a round-bottom flask covered with aluminum foil. whereQ is the nuclear quadrupole momeats the elementary
The above procedure was repeated twice to yield 70 mg af Chl charge, and is the Planck constant, anges is the magnetic
from 200 g of fresh spinach leaves. UV/vis (&Ek): Chla, shielding constant for the primary chemical shift reference
Jmax 667 and 410 nm. Solutiol’C and'H NMR data for Chh sample. The standard value f@(**Mg), 0.201 x 10728 m?,

are provided in the Supporting Information. was used®
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TABLE 1: Crystallographic Data for MgPc -H,O-Py

Wong et al.

TABLE 2: Selected Bond Lengths (A) and Bond Angles
(deg) for MgPc-H,0-Py2 and ChlaP

compound MgPd,0-Py

empirical formula G7H23NsOMg MgPcH,0-Py Chk

formula weight 633.81

temperature, K 180(2) Mg—01 2.002 Mg-O1 2.038

wavelength, 0.710 73 Mg—N2 2.030 Mg-N2 2.060

crystal system triclinic Mg—N4 2.017 Mg-N3 2.089

space group Mg—NG6 2.022 Mg-N4 2.180

unit cell dimensions Mg—N8 2.025 Mg-N5 2.032
a(h) 8.823(3) 01-Mg—N4 102.06 O+Mg—N3 107.7
b (A) 13.007(5) 01-Mg—N6 102.41 O1+Mg—N4 92.4
c(A) 14.424(6) N4—Mg—N6 88.64 N3-Mg—N4 159.7
o (deg) 81.912(6) 01-Mg—N8 103.49 O1+Mg—N5 98.0
p (deg) 80.385(6) N4—Mg—N8 154.45 N3-Mg—N5 85.4
y (deg 74.070(7) N6—Mg—N8 86.02 N4-Mg—N5 89.1

volume (&) 1561.5(10) 01-Mg—N2 102.68 O+Mg—N2 103.9

z 1 N4—Mg—N2 85.98 N3-Mg—N2 89.4

density (calculated) (g crd) 1.432 N6—Mg—N2 154.91 N4Mg—N2 88.6

bsorption coefficient (mm) 0.109 N8—Mg—N2 88.34 N5-Mg—N2 158.3

max and min transmission
crystal size (mrf)

1.0000, 0.7479
0.5x 0.05x 0.05

aThis work.? From ref 33.

60 range for data collection (deg) 2.281028.30
index ranges

h -11<h=9

k —16=< k=17

| —18=<1=<19
reflections collected 10 459

independent reflections
completeness to

699R(int) = 0.0819]
6 = 28.30 90.1%
refinement method full-matrix least-squaresFn
data/restraints/parameters 6995/0/616
goodness-of-fit orfF? 0.778
final Rindices | > 20(1)] R, = 0.0655, wr, = 0.0931
Rindices (all data) R, =0.2174, wR, = 0.1156

3. Results and Discussion

3.1. Crystal Structure of MgPcH,0-Py. The original reason
for our 2MgPcH,O synthesis was to use this compound as a
model for Ché, because several Mght;O crystal structures
reported in the literatuf&32 have shown that the Mg(ll) ion
in MgPcH0 is coordinated to four nitrogen atoms and one
water in a square-pyramidal geometry, similar to that found in these different crystal structures for MgPgO-Py is the packing
Chla.33 However, the cell dimensions determined for our sample of solvent molecules in the crystal lattice. Overall the core
were found to be very different from those previously reported coordination environment at the Mg(ll) center in MgFRgO-
in the literature. Because it is important to know the precise Py is indeed similar to those found in chlorophyll derivatiges.
Mg coordination environment not only for interpreting solid- 3.2. Solid-State®®Mg NMR. Figure 3 shows the experimental
state NMR results but also for building a molecular model for and simulated statie®™g NMR spectra for2®MgPcH,0-Py
quantum mechanical calculations, we decided to determine therecorded at 11.75 T. T®Mg NMR signal obtained with the
complete crystal structure for our Mg0O compound. The Hahn-echo sequence exhibits a line shape approximately 150
single-crystal X-ray analysis indicates that our MgRP© kHz wide. Assuming that thé®Mg chemical shift anisotropy
crystals contain one solvent molecule of pyridine, thus the (CSA) is negligible, we obtained tféMg nuclear quadrupole
correct formula for this compound is MgRt0-Py. This coupling constant and the asymmetry parameterrfsigPc
monopyridinated MgPc compound has not been previously H,O:-Py: Cqo = 13.0+ 0.1 MHz andnq = 0.00 £ 0.05. As
reported, despite the fact that other numbers in the series ofwill be discussed later, results of our magnetic shielding
MgPcH,O-Py, wherex = 0, 2, and 3, are all know#?.32 computation suggest that the span of #idg chemical shift

MgPcH20-Py crystallizes in triclinic form with a space group  tensor in MgPeH>0-Py is less than 52 ppm. Inclusion of a CSA
of P1 (Z = 1). Crystallographic data and selected structural of this magnitude and the computed tensor orientations in the
parameters for MgPEI,O-Py are reported in Tables 1 and 2. NMR line shape simulation did not produce detectable difference
A complete list of atomic coordinates for MgiP0-Py can from the one shown in Figure 3 after appropriate line broadening
be found in the Supporting Information. As shown in Figure 2, was applied. ThéMg QCPMG spectrum obtained fétMgPc
the Mg(ll) ion in MgPeH,0-Py is coordinated to four nitrogen  H,O-Py shows a typical spikelet structure. The span of the
atoms from Pc and one oxygen atom from a water molecule in QCPMG spectrum is in excellent agreement with that observed
a square-pyramidal coordination geometry, i.e., a #NLO in the Hahn-echo spectrum. The QCPMG spectral simulation
coordination. The water molecule is further hydrogen bonded also confirms the size of ttEMg nuclear quadrupole coupling
to the pyridine molecule. The Mg(ll) ion is displaced by 0.447 constant and the asymmetry parameter. Fiddg QCPMG
A from the Pc plane toward the axial water molecule. The four experiment appears to yield a better sensitivity than the
Mg—N bond lengths are quite similar (2.017, 2.022, 2.025, and traditional Hahn-echo experiment. As seen in Figure 3, although
2.030 A) and slightly longer than the MdgDw bond length, the Hahn-echo and QCPMG spectra exhibit similar signal-to-
2.002 A. The Mg(ll) ion coordination observed in MgPgO: noise ratios, the time for recording the QCPMG spectrum is
Py is similar to that seen in the crystal structures reported approximately 3.5 times shorter than that for the Hahn-echo
previously in the literaturé?=32 The primary difference between spectrum. In the QCPMG experiment, we collected only 15

Figure 2. The molecular structure of MgRd,0-Py determined by
single-crystal X-ray diffraction experiment.
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Simulation Simulation
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Figure 3. Experimental and simulated staffVig NMR spectra 0f"MgPcH,0-Py at 11.75 T. The following experimental parameters were used
to collect NMR data for a 40 mg sample: Hahn-echo, 0.5 MHz spectral windaswecycle delay, 335 411 transients; QCPMG, 10 kHz spikelet
separation, 0.5 MHz spectral window s recycle delay, and 91 826 transients.

whole echoes with a total acquisition time of 1.5 ms. Because
of the crystalline nature of MgPid,O-Py, the value ofT; is
relatively long, ca. 1.3 ms. Potentially, the sensitivity of the
QCPMG experiment for MgPE,O-Py may be further im-
proved by collecting more echoes. We should also point out
that, in both Hahn-echo and QCPMG spectra shown in Figure
3, spectral distortions do exist as a result of insufficient RF
excitation. In particular, the high-frequency peak (horn) is more
intense than the low-frequency one in the experimental spectra,
which is opposite to that shown in the theoretical line shapes.
This is because the RF transmitter was set close to 0 ppm, which
is much closer to the high-frequency peak than to the low-
frequency peak. Fortunately, because 4fMg nuclear quad-
rupole coupling constant is measured fromplsitionsof these

two peaks, one can still obtain reliable results from these
distorted wide-line spectra.

After establishing thé®Mg NMR parameters for a Mg(ll) Simulation
ion in a square-pyramidal geometry, we attempted to record a
natural-abundancéMg NMR spectrum for CHd using both
Hahn-echo and QCPMG sequences at 11.75 T. However, we ™ g000" 6000 4000 2000 O  -2000 -4000 5000 -8000
were unsuccessful; acquisition for 6 days did not yield any M
detectabl@Mg NMR signal for Cha. Thus we decided to tackle ~ Figure 4. Experimental and simulated stafiMg NMR spectra for
this problem by using a considerably higher magnetic field. Chla at 19.6 T. The following experlme_ntal parameters were used to
Figure 4 shows the experimental and simulated stédg NMR frgges?émgﬂzr?(?tf I/?LS Slggc?rg ﬁrr::i%\?v- 0.5 s recycle delay, 512 000
spectra for CHd obtained at 19.6 T using the Hahn-echo ' '
sequence (our attempts to record a QCPMG spectrum fa Chl obtained at a lower field, 11.75 T. Where is the inveBe
at 19.6 T have been unsuccessful). The total line width of the scaling effect for the second-order quadrupole interaction? The
static?®®Mg NMR spectrum for CHd is approximately 180 kHz, explanation for these seemingly inconsistent results lies in the
even wider than that observed for MgPgO-Py at 11.75 T. fact that the asymmetry parameter of the EFG tensor also plays
The spectral analysis yields the following parameters foaChl  a role in the total line width. For the central transition £
Co=12.94+ 0.1 MHz andnq = 1.00+ 0.05. It is interesting +1/2< —1/2) from a half-integer spihnucleus, the frequency
to note that, although the value G§ for Chla is similar to that separation between the high- and low-frequency outer shoulders
found for MgPeH,0-Py, the asymmetry parameters observed in the powder pattern for a stationary sample is giveff by
for the two compounds are very different. o2

It may at first seem puzzling that, while Mgft:0-Py and o |(I(I + 1) — (3/4) 2
Chla have essentially the same value @, the Mg NMR (TO 64221 — 1Y )[(3 19"+ 16(1+ng)] (4)
spectrum observed for Ghat 19.6 T exhibits, however, a larger
line width (180 kHz) than that for MgPEI,O-Py (150 kHz) wherewg is the Larmor frequency. Thus, for the sa@g and

Hahn Echo
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TABLE 3: Calculated and Experimental 2°Mg Nuclear
Quadrupole Parameters for MgPcH,O and Chla

Wong et al.

TABLE 4: Calculated Mg Magnetic Shielding Tensors for
MgPc-H,0 and Chla

basis set RHF B3LYP MP2 method/basis set  0iso o 022 033 Qb
on Mg Co/MHz g Co/MHz 779 Co/MHzZ 79 MgPcH,0
MgPcH,0 HF/6-31G(d) 590.8 572.3 575.7 624.3 52.0
6-31G(d) 12.598  0.090 13.332 0.088 12.622 0.091 HF/cc-pV5Z 5916 5764 5776 6208 444
6-311G(d)  17.400  0.075 17.806 0.064 17.479 0.076 Chla
6-311+-G(d) 17.433 0.075 17.846 0.064 17.510 0.076 HF/6-31G(d) 591.4 575.3 594.2 604.6 29.3
6-31:+G(3df) 17.666  0.075 17.846 0.065 17.744 0.075
cc-pVvVTZ 15.256 0.072 15.002 0.066 15.280 0.072 a All magnetic shielding tensor components and isotropic chemical
aug-cc-pVTZ 15.245 0.070 15.060 0.066 15.264 0.070 shifts are in ppm° Q = 033 — 011.
cc-pvQz 14563  0.063 17.271 0.060 14.580 0.064
aug-cc-pVQZ 14.435  0.066 18.530 0.066 14.447 0.066 30
cc-pV5Z 13.872  0.077 26.263 0.098 13.855 0.078 (A) s d exptl
—A—RHF
exptl 13.0+ 0.1 0.00+0.05 o8
—e—B3LYP
Chla = 24]|—8—wmP2
6-31G(d) 11.458  0.818 11.167 0.826 11.513 0.814 z
6-311G(d) 16.742  0.685 16.807 0.640 16.832 0.682 < 224
6-31:-G(d) 16.769  0.685 16.847 0.639 16.858 0.681 S 204
6-311G(3df) 16.891  0.696 16.764 0.649 16.979 0.692 g
6-31HG(3df) 16.902  0.695 16.793 0.648 16.989 0.691 2 87
cC-pvTZ 14.345  0.702 14.093 0.654 14.466 0.697 & 16
aug-cc-pVTZ 14.348  0.701 14.174 0.651 14.466 0.696 14
cc-pvQz 13.638  0.729 16.358 0.642 13.750 0.724
aug-cc-pvQZ 13.621 0.725 17.363 0.644 13.674 0.721 12 1
cc-pV5Z 13.089  0.756 27.615 0.559 13.135 0.753 10 , , , , ,
exptl 12.9+ 0.1 1.00+0.05 NI
P I RO g g
vo, the total NMR line width fomq = 1 is 48/25= 1.92 times S PP A A A
greater than that fapg = 0. The two compounds examined in © @ i
this study represent just such extreme cases. As a result, the Basis Set
line narrowing effect due to the increaseBp (19.6/11.75~ 30
1.67) is partially canceled by the line-width increase expected (B) 28| exptl
for Chla wherezq = 1, compared with MgP&1,0-Py where 0| | o RHF
-0 —o—B3LYP
Q= Y. 24 | |—B—MP2

It is also worth noting that our solid-stat®Mg NMR results
do not agree with those reported by LumpRion the basis of
nuclear quadrupole resonance (NQR). The reported values for
Co(®*®*Mg) are 3.79 and 3.73 MHz for MgPc and @hl
respectively. Clearly, thes€q values are drastically different
from our results. The exact reason for this discrepancy is unclear;
however, Lumpkin mentioned in his paper that the nature of
the axial ligands in his compounds was uncertain. In this study,
we have characterized the Mg(ll) coordination geometry by
crystallography. In addition, as shown below, our experimental
results are also in agreement with quantum mechanical calcula-
tions. Therefore, we are confident that G8iMg NMR results
are correct representations for Mg(ll) ions in a square-pyramidal
geometry (i.e., 4N+ 10 coordination).

3.3. Quantum Mechanical Calculations Because we have
obtained experiment&PMg NMR parameters for MgPEl,O
and Chh, we decided to use these data as benchmarks for testingrirst, while the RHF and MP2 results converge (only higher
the quality of quantum mechanical calculations in Mg-containing than the experimental value by less than 1 MHz with the cc-
compounds. In a previous study, we made the first attempt to pV5Z basis set), the B3LYP results diverge drastically from
calculate?®Mg NMR parameters in organic systefidlere we the experimental value beyond the cc-pVTZ basis set. Although
extend our approach to examine Mg(ll) ions in a square- the correlation consistent basis sets, cc-pVxZ whereX(2),
pyramidal geometry. For MgPd,O, we used the crystal T(3), Q(4), 5, are known to exhibit a smooth convergence for
structure directly to construct our molecular model. ForaChl  such molecular properties as geometry and atomization energy
we constructed a 79-atom model using the “best set” of bond with the hybrid B3LYP exchange function®ljt is apparently
lengths and bond angles for @Hderivatives reported by Kratky ~ not the case for EFGs at the Mg nucleus in M¢iR© and
and Dunitz33 In our model for Ch, the Mg atom is located  Chla. On the other hand, there have been precedents where the
above the chlorin plane by 0.39 A. The Mgl and Mg—Ow hybrid B3LYP functional (and DFT in general) performs poorly
bond lengths are given in Table 2. Calculated results for the for the calculations of EFGs in certain metal containing
25Mg nuclear quadrupole and chemical shielding tensors for molecules®’—3° Our finding further illustrates that caution must
MgPcH20 and Ché& are summarized in Tables 3 and 4. be exercised in computing EFG tensors at a Mg(ll) center; a

As illustrated in Figure 5, the compute®®Mg nuclear single-point calculation may yield unreliable results. Further
qguadrupole coupling constants show several interesting trendsstudies are clearly required to see whether the same basis-set

Mg NQCC (MHz)

Basis Set

Figure 5. Basis set convergence of the comput®Mg nuclear
quadrupole coupling constant for MgP£O and Ché.
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Figure 6. Calculated tensor orientations of the EFG and chemical shielding tensors in the molecular frames of (A)Xdgitd (B) Ché.

divergence problem also exists for other metal centers when52 ppm at the HF/6-31G(d) and HF/cc-pV5Z levels. The
the hybrid B3LYP exchange functional is used. Second, the RHF maximum line-width contribution from such a small CSA is

and MP2 results shown in Table 3 are nearly identical,

1.8 and 3.0 kHz at 11.75 and 19.6 T, respectively. Since the

suggesting that the electron correlation effect is not important total Mg NMR line width observed for MgP&l,0-Py and
in the present system. Because the RHF calculations requireChla is on the order of 156180 kHz, it is not surprising that

only a fraction of CPU time and disk space required by the

the small?®Mg CSA can be ignored in our spectral analysis.

MP2 calculations, it appears that MP2 is unnecessary in EFG For the same reason, it was also impossible to obtain an

calculations for Mg(ll) centers. Third, the observed difference
in the asymmetry parameters for the two compoumgs< 0.0

for MgPcH,0 andrnq = 1.0 for Chh) is very well reproduced
by the quantum mechanical calculations, providing further
evidence that the computed results are reliable.

experimentally meaningful estimate for the isotropRMg
chemical shift for these compounds, unless very fast magic angle
spinning (e.g.7>50 kHz) is used. As illustrated in Figure 6, the
computed?®®Mg chemical shift tensor orientations are similar
to those for the EFG tensors in the molecular frame of reference.

The calculated EFG tensor orientations are shown in Figure For both MgPeH,O and Ché, the tensor component with the

6. For both compounds, the largest EFG tensor compo¥Nest,

is aligned essentially parallel to the M@ bond direction.

At the HF/cc-pV5Z level, the angle betwe¥n; and the Mg-

Ow bond is only 5.3 and 3.3 for MgPcH,O and Ché,
respectively. For MgP&1,0, the smallest EFG componeNfy,

lies approximately in the porphyrin plane, making an angle of
58.6° with respect to one of the MgN bonds. However, it

most shieldinggss, is very close to the MgOy, bond direction,
while the other two tensor components;; and o2, lie
approximately in the porphyrin or chlorin plane. It appears that
the difference in shielding tensor asymmetry for the two
compounds is also consistent with the EFG results. However,
because the accuracy for th#g chemical shielding tensor
calculations has not yet been verified, further discussion is not

should be noted that since the calculated EFG tensor for MgPc warranted at this point.

H0 is very close to axially symmetric, the difference between
Vxx andVyyis perhaps well within the computational accuracy.
In contrast, the EFG tensor for Ghis not axially symmetric.

This can be certainly attributed to the fact that the chlorin ring
in Chla is nonsymmetric, i.e., three pyrrole rings and the fourth

4. Conclusion

We have obtained solid-stat@vg NMR spectra for two Mg-
containing organic compounds, MgPigO-Py and Cha. To the
best of our knowledge, this is the first time that Mg(ll) ions in

one is fused with a cyclopentanone ring. Indeed, the calculationsa square-pyramidal geometry have been characterized by solid-

show thatVyylies along the direction connecting the Mg center
with the qunioline nitrogen atom; see Figure 6. The structural
basis for this EFG orientation is that the Mil bond length

state?®Mg NMR spectroscopy. The larg&Mg nuclear quad-
rupole coupling constantCg ~ 13 MHz) associated with a
square-pyramidal geometry has made diféty NMR detec-

associated with the pyrrole ring fused with the cyclopentanone tion challenging. We have also performed extensive quantum

ring, 2.032 A, is considerably shorter than the other two
perpendicular Mg-N bonds, 2.089 and 2.180 A. The fact that
the experimental EFG tensor has exagity= 1.0 implies that
the EFG along the MgOy bond (2.038 A) is equal to that
along the Mg-N bond (2.032 A) for CH. It is entirely possible
then in some Clal derivatives that the directions &fzz and

mechanical calculations féPMg EFG and magnetic shielding
tensors at RHF, B3LYP, and MP2 levels of theory with both
Pople-type and correlation consistent basis sets. The RHF and
MP2 calculations show reasonable basis-set convergence with
correlation consistent basis sets; with a cc-pV5Z basis set, the
calculated?Mg nuclear quadrupole coupling constants for

Vyy may switch as a consequence of structural perturbations MgPcH,O and Cha are within 7% of the experimental values.

either at the Mg-N bond or at the Mg Oy bond.
As seen in Table 4, the computédg chemical shielding
anisotropies (CSA) for MgPEl,O-Py and Cha are less than

In contrast, B3LYP calculations exhibit a drastic divergence
with the correlation consistent basis sets beyond the cc-pVTZ
basis set. In the present syster#]g CSAs are too small to
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be accurately measured. Our quantum mechanical calculations (12) Hung, I.; Schurko, R. WSolid State Nucl. Magn. ResoR003

; 25 . 24, 78.
predict that>Mg CSA values for MgP¢1,0-Py and Ché are (13) Wu, G.: Wong, A Wang, S. NCan. J. Chem2003 81, 275.

less than 52 ppm. (14) Wu, G.; Wong, A.; Gan, Z. H.; Davis, J. T. Am. Chem. Soc.
In this study we have shown that natural-abundance (10.1%) 2003 125, 7182.
25Mg NMR detection of a single Mg(ll) ion in Chl(a 950 Da (15) Wong, A.; Whitehead, R. D.; Gan, Z. H.; Wu, G&.Phys. Chem.

molecule) is possible at 19.6 T. WiffMg isotope enrichment A 2004 108 10551 .

to 99%, one gets approximately a factor of 10 in sensitivity 12812)73L5'Pt°n’ A. 8. Heck, R. W.; Elis, P. D). Am. Chem. So2004
gain, which can be translated to detection of a single Mg(ll)  (17) Ida, R.; Wu, GJ. Phys. Chem. 2002 106, 11234.

ion from a 10 kDa molecular system without employing any  (18) Zhang, Y.; Mukherjee, S.; Oldfield, B. Am. Chem. SoQ005
other technical improvements for NMR sensitivity. If other 127 2370.

sensitivity enhancement methods such as multiple rotor assisteq,\,“(el)?:) He]sv sgfg'lzag;hem'sw of Magnesiunowan, J. A., Ed.

population transfer or hyperbolic secant pulses (both techniques ~(20) Draper, D. E.; Grilley, D.; Maria Soto, AAnnu. Re. Biophys.
give a factor of 3-4 in sensitivity enhancement for spin-5/2  Biomol. Struct2005 34, 221. '
nucleif941are combined with isotope enrichment, the molecular ~ (21) Misra, V. K.; Draper, D. EBiopolymers1998 48, 113.

systems suitable for solid-stateMg NMR can be potentially 19%2)755282’ H. H.; Thomas, M. R} Katz, J.Biochim. Biophys. Acta

extended to-30 kDa. Another option to further improve NMR (23) SHELXTL Crystal Structure Analysis Packagersion 5; Bruker
sensitivity is to use even higher magnetic fields including hybrid Analytical X-ray System, Siemens: Madison, W1, 1995.
magnets (e.g., 40 T). We anticipate that solid-st&g NMR (24) Cromer, D. T.; Waber, J. Tinternational Tables for X-ray

will soon find applications in both metalloenzyme chemistry Cr}gg"%ﬂg\?\g ?ng_c.hTE:re]:rszG?'m'g?gﬁ;g Ual}flli/égz%ﬁesomgsa

and nucleic acid chemistry. 69, 124.
(26) Larsen, F. H.; Jakobsen, H. J.; Ellis, P. D.; Nielsen, N0.®hys.
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