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Abstract: Divalent manganese, magnesium, and zinc fill unique roles in biological systems, despite many
apparently similar chemical properties. A comparison of the liganding properties of divalent manganese,
magnesium, and zinc has been made on the basis of data on crystal structures (from the Cambridge Structural
Database and the Protein Databank) and molecular orbital and density functional calculations. The distribution
of coordination numbers for divalent manganese in crystal structure determinations, and the identities of ligands,
have been determined from analyses of data derived from the structural databases. Enthalpy and free energy
changes for processes such as loss of water or ionization of water from hydrated cations have been evaluated
from computational studies. The energy penalty for changing the hexahydrate of divalent manganese to a
pentahydrate with one water molecule in the second coordination shell is intermediate between the high value
for magnesium and the low value for zinc. The preferred coordination number of divalent manganese is six,
as it is for magnesium, while the preferred coordination is less definite for zinc and ranges from 4 to 6.
Magnesium generally binds to oxygen ligands, and divalent manganese behaves similarly, although it is more
receptive of nitrogen ligands, while zinc prefers nitrogen and sulfur, especially if the coordination number is
low. The slightly lower discrimination between nitrogen and oxygen of divalent manganese, compared to
magnesium, was apparent both in the energetics of competition of these cations for water and ammonia and
from ligand binding profiles in the crystallographic databases.

Introduction Divalent manganese has a radius of approximately 0.75 A,
. o ) somewhat larger than that of magnesium (0.65 A), smaller than
The element manganese is widely distributed in nature. Of {h4¢ of calcium (0.99 A), and almost the same as that of zinc
the first-row transition metals, manganese is second only to iron (0.74 A)45 In view of the similar sizes and charges of divalent
in terms of its natural abundanée? Manganese is found in manganese and zinc, they might be expected to substitute for
minerals mainly as an oxide or as a carbonate. It is therefore o5 . other readily in biochemical reactions. This, however, is
hot surprising th‘?‘t aW|d_e_ variety O.f plant and animal life forms generally not the case; the chemical and biochemical behavior
have evolved W'.th a critical requirement for manganese as a ¢ gy alent manganese resembles that of magnesium more than
trace element This reflects not only its high relative abundance zinc. The major difference between magnesium and manganese
and a_lcce53|b|llty bUt. al_so t_he versatility (.)f Its coordination involves their available oxidation states (Il for magnesium, many
chemistry, togsether with its W'.d €range of 0X|d_ata|on states (from for manganese). Divalent manganese is the most stable oxidation
—ll'to +VII).® As noted by Williams and da Silvenanganese state of manganese in acid and neutral aqueous solutions. In

has two major functions in enzymes: (1) as a Lewis acid, for : : . . .
. . : .~ alkaline solutions, however, the hydroxide forms and is readily
which its properties can be compared with those of magnesium, oxidized

zinc, and calcium, and (2) as an oxidation catalyst, for which it . .

can be compared with iron and copper. The first of these two It has been shown experimentally that when divalent man-

functions involves divalent manganese, which is the subject of 9anese replaces magnesium in the active site of a magnesium-

studies reported here. We present an analysis of ligand bindingutilizing enzyme, the catalytic activity of that enzyme often is

to divalent manganese, some of its chemical and stereochemicaMaintained? This observation has led to the widespread use of

properties relevant to biological systems, and a comparison with Manganese as a spectroscopically active replacement for mag-

the properties of divalent magnesium and zinc. nesium! because, unlike magnesium, it is paramagrfetic.
Magnesium, however, is less often a catalytically competent
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yet unclear. We have investigated here the similarities in
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Cancer Institute (Frederick, MD), as well as Silicon Graphics and DEC

coordination of magnesium and divalent manganese, and wealpha computers. Optimizations were performedaincases at the

show that cations of the two elements behave remarkably
similarly. Furthermore, comparisons show that zinc behaves
quite differently from magnesium and manganese with respect
to its preferred coordination number and the type of ligand it
prefers (its “binding profile”).

Methods

A. Structural Analyses of Ligand-Bound Metal lons. The
coordination geometries of Mh, Mg?*, and Zi#* ions were probed
using atomic coordinates of the crystal structures containing these
cations in the Cambridge Structural Database (CSD, 1998 versions).
In addition, molecular orbital and density functional studies of some

simple complexes of these cations were carried out to investigate the
energetic consequences of dehydration, deprotonation, and proton

transfer. The work described here concentrates orf*Mand the
published results for Mg and Zri#* are used for comparisoA%:1*
The CSD was searched for all published crystal structures éf Mn

ions by use of the program Quest3D that is connected with this database

A master file was created of three-dimensional coordinates and
bibliographic references of crystal structures found by this search. In
addition, our data on the coordination geometries and binding prefer-
ences of magnesium (published in 1994yere updated by a new

analysis. Only those crystal structures with divalent manganese,
magnesium, or zinc bound to the elements O, N, ClI, Br, and/or S were

considered, because we are interested in cation interactions in biological
systems. Some crystal structures were eliminated from the search

because they contained disorder and/or the crystallograpfféctor
was high (greater than 0.10).

The master file so obtained was then broken down into files for
each individual specific coordination number (from 3 to 8). The
coordination number of the metal ion in many crystal structures was
evaluated by inspection of its surroundings in the crystal structure using
the computer graphics program ICRVIEWnN other crystal structures,

Hartree-Fock (HF) level using a Huzina¢a<5,3,3,2,1;5,3;4,% basis

set for manganese augmented with an additigrigipe polarization
function (@, = 0.092) and the 6-31G* basis set for oxygen and hydrogen
(HUZ*);20 this basis set was chosen for computational efficiency in
view of the large number of electrons and the open-shell nature of the
Mn2* species. In a few cases, the internally stored 643£G** basis

set (which includes diffuse functions on all the atoms) was employed
so that direct comparisons with calculations on the corresponding
magnesium complexes could be made. In selected cases, optimizations
were also performed using second-order Mgtlelesset (MP2) per-
turbation theor$?* or density functional theory (DFT) using the B3LYP
method? 2 to incorporate the effects of electron correlation into the
calculated geometry. The default convergence criteria in GAUSSIAN
94 were used® Vibrational frequencies were obtained from analytical
second derivatives calculated at the HF/HUZ*//HF/HUZ* level in order
to verify that each calculated structure reported here corresponded to
a local minimum on the potential energy surface (PES) at that level,
and to estimate the thermal and entropic corrections required to obtain
reaction enthalpies and free energies at 298®For a number of the
manganese complexes we considered, vibrational frequencies were
obtained at higher computational levels, but this did not prove practical
for general use, and HF/HUZ* frequencies were used throughout for
consistency. Unless otherwise noted, no symmetry constraints were
imposed during the optimizations. Numerous single-point calculations
at the MP2(FULL)/HUZ* and MP2(FULL)/6-31+G** levels with

all orbitals active (FULL)® were carried out at the HF/HUZ* geometries

in order to evaluate reaction energies more precisely. Natural population
analyses (NPAs) were performed using the SCF and MP2 densities to
provide atomic charges and natural electron configurafioffs.

Results

I. Binding Motifs of Divalent Mg, Mn, Ca, and Zn in Small
Molecules.Geometries of the coordination spheres of divalent

the metal ion coordination number was evident from the chemical Manganese in crystal structures were investigated in order to
formula drawn by the software provided within the CSD program address the issue of why manganese is such a good replacement
system. For viewing macromolecular crystal structures, the Protein Datafor magnesium in the active sites of enzymes. The geometries
Bank (PDB, 1998f was accessed by way of the World Wide Web, of Mn2"-containing complexes are derived from the 542 crystal
and atomic coordinates were downloaded. The molecular structure wasstructures obtained from the CSD, as described in the Methods

viewed by use of the graphics programs RASMO&nd ICRVIEW?®
and the metation coordination was evaluated for each structure.
B. Energetics of Reactions Involving Metal lons.The energetics
of dehydration, deprotonation, and proton-transfer reactions in the

presence of divalent manganese were evaluated by ab initio molecular

orbital and density functional theory calculations. These studies were
aimed at examining the affinity of Mn for water or other ligands and

its ability to facilitate the ionization of water to give a metal ion
hydroxide complex. The GAUSSIAN 94 series of progrémsere used,

and calculations were carried out on CRAY computers at the National

(9) Allen, F. H.; Bellard, S.; Brice, M. D.; Cartwright, B. A.; Doubleday,
A.; Higgs, H.; Hummelink, T.; Hummelink-Peters, G. G.; Kennard, O.;
Motherwell, W. D. S.; Rodgers, J. R.; Watson, D. &cta Crystallogr.
1979 B35 2331-2339.

(10) Bock, C. W.; Kaufman, A.; Glusker, J. lorg. Chem.1994 33,
419-427.

(11) Katz, A. K.; Glusker, J. P.; Markham, G. D.; Bock, C. W.Phys.
Chem. B1998 102 6342-6350.

(12) Markham, G. D.; Glusker, J. P.; Bock, C. L.; Trachtman, M.; Bock,
C. W. J. Phys. Chem1996 100, 3488-3497.
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117, 3754-3765.

(14) Hartmann, M.; Clark, T.; van Eldik, Rl. Am. Chem. Sod.997,
119, 9, 7843-7850.
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on Silicon Graphics computers from The Institute for Cancer Research;
Fox Chase Cancer Center, Philadelphia, PA, 1992.

(16) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.
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M. J. Mol. Biol. 1977, 112, 535-542.
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Research and Development, Middlesex, UK, October 1994.

section. This list, with REFCODEs, is given in Table 1S
(Supporting Information). Average values ofM:-O distances
and O--M2*---O angles (M= Mn, Mg) for various experi-
mentally observed manganese(ll) and magnesiufi@bordi-
nation numbers are given in Table 1. A comparison of the

(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
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Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
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Table 1. Average Mg*—0 and M#*—0 Bond Lengths (A) and and chlorine more commonly than does ¥Mgwhich still selects

Angles (deg) from Crystal Structures in the CSD as a Function of oxygen and nitrogen for binding. Therefore, Mgcan be

Coordination Number . : ; el
considered harder than ¥y implying that Mr#™ is slightly

MZ*.--0 O-+:M2*-+:0 more polarizable, although the coordination number 6 is the
CN Mg Mn Mg Mn most common to both.
3 These results can also be compared with those folZarnd
4 1.96(2) 2.12(1) 110(9) 105(6) calcium?® obtained in the same way. It was found that 91% of
5 2.02(3) 2.12(5) 93(9) 95(10) bonds to C&" in structures in the CSD involve oxygen. On the
6 2.073(3) 2.172(4) 90(1) 90(3) other hand, ZA" binds more frequently to nitrogen than does
7 2.25(6) 84(8) magnesium, especially at higher coordination numbers. These
aIncludes all ligands (bD, carboxyl, carbonyl, or hydroxyl groups, ~ binding preferences are shown in Figure 2 by triangular plots
for example). The standard deviations are in parentheses. of the average proportion of oxygen, nitrogen, and sulfur at each
2000 coordination number for Mit, Mg2+, C&", and Zi#". In these

triangular plots, the percentage of O, N, S is represented up the
height of the triangle (perpendicular to the base), with the vertex
at 100%. We chose to indicate oxygen at the top vertex, nitrogen
at the lower left vertex, and sulfur at the lower right vertex of
these plots. The circles are filled for commonly found coordina-
tion numbers and open for the rarer coordination numbers.
Nearly all entries cluster along the oxygemitrogen line,
indicating the hardness of the metal ions and their low tendency
to bind sulfur, which is softer. This is particularly marked for
calcium, which mainly binds oxygen and occasionally nitrogen;
no complexes with calcium liganded directly to sulfur have yet
been reported in the CSD. Magnesium has ligand preferences
similar to those of calcium for coordination numbers 6 and 7,
but at low coordination numbers (3, 4, 5) it also binds nitrogen
and, to a small extent, sulfur. The plot for divalent manganese
MwN 0O MgN is similar to that of magnesium but displaced toward nitrogen
Figure 1. Binding preferences of divalent manganese and magnesium for coordination numbers-63 and toward sulfur for coordina-

for oxygen and nitrogen. The number of entries in the CSD (vertical 10N number 4. In acceptance of nitrogen and sulfur ligands,
axis) for each coordination number (horizontal axis) is shown. The divalent manganese is similar to zinc, except that the proportions
magnesium data are normalized (by a factor 2.0164) to give the sameOf the various types of ligands are different; coordination number
total number of entries as for manganese (see Table 2, 1586 entries fod is more common for Zt than for Mr#*. Based upon the
Mg?*, 3198 entries for M#r). Divalent manganese data are shaded, structures present in the CSD, it appears that manganese is a
magnesium data are filled and unfilled. good replacement for magnesium in sites with oxygen and
nitrogen atoms available for liganding.
binding of oxygen and nitrogen ligands by divalent manganese  The tendencies of Mt and Mg to bind to water molecules
and magnesium is illustrated in Figure 1. The percentage of and to carboxylate groups was also analyzed. We found that
the various ligands (O, N, S, Cl, Br) for each coordination Mg2+ often binds to six water molecules; 41 structures out of
number is listed in Table 2 and shown for O and N in Figure 128 with six oxygen atoms around Mg had six water
1, while the identities of the ligands around each manganese-molecules as ligands. Mh commonly binds two water mol-
(I1) ion are indicated in Table 3, with more details in Table 2S ecules and includes other functional groups in its inner
(Supporting Information). coordination sphere. M (unlike Mg?*) also forms bidentate
Average Mi*--O distances are approximately 0.10 A longer carboxylate complexes. The fraction of carboxy! ligands involv-
than those for Mg"--O (Table 1); this is consistent with the ing Mg?t, Mn?t, C&*, and Zi#* that are bidentate was
larger ionic radius of MA" (0.75 A) compared to that of Mg examined as a function of coordination number (referred to as
(0.65 A). On the other hand, the geometries of their octahedral CN in the text that follows). It was found that Mighas not
structures are similar in that the average values for the O  been observed in a bidentate carboxylate complex and that
M2*.--O angles at coordination number 6 are 90&lthough ~ Mn2+, at CN = 5, also forms only monodentate carboxylate
the standard deviation of the average angle is slightly lower structures; however, at CN 6, 3% of Mr#t carboxyl ligands
for O---Mg?*--O than for O--Mn?*---O, suggesting that M are bidentate, and this value increases to 15% atCN For
may have a slightly more flexible coordination sphere than does Cz*, at CN = 6, no bidentate carboxylate binding was
Mg?*. observed; however, at both CN 7 and 8, 35% of the
There are striking similarities as well as some interesting carboxylate groups bound &ain a bidentate manner. 2nh
differences between crystal structures containing divalent behaved similarly in that, at CN= 4, only monodentate
magnesium and those containing divalent manganese. Thecarboxylate ligands were found, but (as for Mrand C&")
similarities, shown in Tables 2 and 3, are that both*Mgnd bidentate carboxylate complexes were found at higher CNs (in
Mn?* generally bind six ligands (as was found in about 75% 10% of structures with CN= 5 and 6 for Z&™). Among these
of the total number of structures for each), and oxygen is the cations, however, only Ga shows a substantial number of
most likely ligand for both, although less so for Kn(77% bidentate carboxylate group ligands.

1500 -

1000

500~

Mn/O B Mg/O

for Mg, 619 for Mn). A major difference is that M, as shown Il. Energetic and Electron Distributions. a. Ligand Func-
in Figure 1 and Table 2, more frequently binds nitrogen than tionality in Divalent Manganese ComplexesThe electronic
does Md@", especially at higher coordination numbers (i.e., (29) Katz, A. K.; Glusker, J. P.; Beebe, S. A.; Bock, C. WAM. Chem.

6—8). At the lower coordination number of 4, ¥inbinds sulfur S0c.1996 118 5752-5763.
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Table 2. Occurrences of K—0, M?*—N, M?*—S, M**—CI, and M"—Br (M = Mg and Mn) Bonds Found in CSD

Mgz —0, Mg? —N, Mg?+—S, Mgz —Cl, Mg —Br, total no.
MnZt—0O Mn2t—N Mn2t—S Mn2t—Cl Mnz+t—Br of bonds
CN no® % no® % no® % no® % no® % no® %
3 3 20.0 8 53.3 3 20.0 0 0.0 1 6.7 15 0.94
9 25.0 18 50.0 6 16.7 3 8.3 0 0.0 36 1.1
4 47 35.6 60 45.4 3 2.3 13 9.8 9 6.8 132 8.2
45 22.0 42 19.0 56 24.1 65 28.0 16 6.9 224 7.0
5 40 34.8 64 55.6 3 2.6 2 1.7 6 5.2 115 7.2
77 32.8 104 44.2 20 8.5 25 10.6 9 3.8 235 7.3
6 934 77.1 196 16.2 0 0.0 65 5.4 17 1.4 1212 76.4
1471 61.3 715 29.8 29 1.2 176 7.3 9 0.37 2400 75.0
7 81 72.3 22 19.6 0 0.0 9 8.0 0 0.0 112 7.0
122 54.2 99 41.6 1 0.42 9 3.8 0 0.0 231 7.2
8 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0
44 61.1 28 38.9 0 0.0 0 0.0 0 0.0 72 2.2
Mg?*-+X for all ligands 1105 69.7 350 22.1 9 0.57 89 5.6 33 2.1 1586
Mnz*--X for all ligands 1768 55.3 1006 314 112 3.5 278 8.7 34 1.2 3198

aData for organic crystal structures, extracted from the CSD. Remeasurements of the same structure are not included in the count. For each
coordination number, the upper entry is for Mgthe lower entry for MA*. ® Number of Mg*-+-X and Mr#*---X bonds. Percentages are also
given for each individual coordination number.

Table 3. Metal lon Coordination in Crystal Structures Containing
Mn2t--X (X = O, N, S, ClI, Br) in the CSB(Number of Entries
for Each Is Listed in Parentheses)

Coordination Number 3 (5 Entries)

3N(2) 3S(1)
201Br(1) 2N10(1)
Coordination Number 4 (33 Entries)
40(9) 4N(9) 4Br(1) 4CI(2)
301Br(1) 3N10(3) 3N1S(1)  3N1CI(1)
202N(1) 202Br(1) 2N2S(1)  2N2Br(1) 2N2CI(1) s

Coordination Number 5 (23 Entries) divalent manganese divalent magnesium
50(4) 5N(1)
4AN10(11) AN1CI(1) 4Br10(1) e,
302N(1) 3N20(1) 3S2N(1) N7
202N1CI(1) 2N2Br1O(1) o

Coordination Number 6 (202 Entries) o
60(125) 6N(20)
501N(7) 501CI(2)
402N(10)  402Br(3) 402CI(5) 4N20(8)  4N2CI(1)
4Br20(2) 4CI20(4) 4CI2N(2)
303N(3) 303Br(1) 303CI(9)

Coordination Number 7 (16 Entries) Ncm §
601C|(2) divalent zinc o divalent calcium
502N(9) 501N1CI(1) 502CI(3)
403N(1)

Figure 2. Binding plots, as triangular graphs, for O, N, S for various
aListed are the ligand atoms around one manganese ion and, incoordination numbers of divalent (a) manganese, (b) magnesium, (c)
parentheses, the number of individual crystal structures in which thesezinc, and (d) calcium. Data for these plots are derived from the CSD.
are found. Individual refcodes of the CSD entries and their journal 100% of one ligand atom (O, N, or S) is found at an apex of the triangle,
references are given in Table 1S (Supporting Information). as marked; percentages increase up the normal to the base of the
equilateral triangle. Common coordination numbers are indicated by
filled circles, fairly common ones by speckled circles, rare ones by
open circles. If a metal ion bind&% to O, B% to N, andC% to S
(whereA + B + C = 100), the orthogonal coordinates ate= [A/tan
60°] + [CIsin 60], Y = A. Note that manganese shows a slightly higher
preference than magnesium for nitrogen at high coordination numbers
and a higher preference for sulfur at lower coordination numbers.

consequences of adding various ligands t¢Mmere evaluated.
To analyze the relative binding of O, N, and S to Mrand
Mg?2", we initially optimized the complexes M[Ndf+ and
M[H2S]?" (M = Mn or Mg) at the MP2(FULL)/6-31%+G**
computational level for comparison with the published results
for M[H ,0O]2".3% Table 4 lists the calculated charges and natural
electronic configuration for a variety of magnesium and Taple 4). The M[HOJ]?* complex is planar for both Mg and
manganese complexes; similar results for all the complexes inpn, indicative of a very strong metal ierdipole interaction,
this paper can be found in Table 3S of the Supporting \yhereas the M[SH?* complex is nonplanar for both metal ions,
Information. It is evident from this table that more (negative) with a tilt angle of about 762in each case (see Figure 3).

charge is transferred to the metal ion on going from O to N to Thjs reflects the smaller dipole moment of$Hcompared to
S, and this effect is greater for Mih(0.06e for O, 0.14e for N, that of HO.

0.27e for S) than for M (0.03e for O, 0.09e for N, 0.10e for A comparison of M-O distances, binding enthalpies, and
S). Most of the additional electron density goes into the 3s and charges for the monohydrates MfBJ2* of the metal ions M
4s orbitals for magnesium and manganese, respectively (segn the neighborhood of manganese in the Periodic Table (Ca to

(30) Trachtman, M.; Markham, G. D.; Glusker, J. P.; George, P.: Bock, Zn) is given in Table 4S of th'e Supporting Information, with
C. W. Inorg. Chem.1998 37, 4421-4431. values for M@+ for comparisorf® These complexes are
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Table 4. NPA Charges and Natural Electron Configurations for Selected Manganese and Magnesium Complexes

NPA charge  NPA charge on
structure metalon metal ion  liganding atoms natural electron configuration of the metal ion
MI[H ,0]?* 1 Mg +1.968 0O,—1.104 Mg, [core]3s[0.02]3p[0.02]
Mg +1.968 0O,—1.104 Mg, [core]3s[0.02]3p[0.02]
Mn +1.937 0,—1.083 Mn, [core]4s[0.03]3d[5.00]4p[0.02]4d[0.03]4f[0.62]
Mn +1.937 0O,—1.066 Mn, [core]4s[0.04]3d[5.00]4p[0.02]4d[0.03]4f[0.62]
Zn +1.919 0O,—1.093 Zn, [core]4s[0.08]3d[9.89]4p[0.03]4d[0.08]5p[0.01]4f[0D2]
M[NH 3]2* 2 Mg +1.910 N,—1.250 Mg, [core]3s[0.08]3p[0.02]
Mn +1.862 N,—1.214 Mn, [core]4s[0.11]3d[5.00]4p[0.02]4d[0.03]4f[0.62]
M[H .S+ 3 Mg +1.898 S —-0.467 Mg, [core]3s[0.07]3p[0.01]3d[0.01]4p[0.61]
(nonplanar) Mn  +1.726 S-0.171 Mn, [core]4s[0.20]3d[5.01]4p[0.04]4d[0.03]5p[0.01]4f[0.02]
M[H 02" 4 Mg +1.799 0,—-1.005 Mg, [core]3s[0.17]3p[0.02]3d[0.01]4p[0.61]
Mn +1.703  O,—1.040 Mn, [core]4s[0.22]3d[5.05]4p[0.02]4d[0.02]
Mn +1.687 0,—0.976 Mn, [core]4s[0.16]3d[5.08]4p[0.02]4d[0.05]5p[0.01]4f[0.02]5d[0902]
Zn +1.743  0,-0.988 Zn, [core]4s[0.22]3d[9.89]4p[0.03]5s[0.01]4d[0.08]5p[0.01]4[0.02]
5d[0.02]
M[H 20]§+-[NH3]2 7 Mg +1.759  0,-0.986 Mg, [core]3s[0.21]3p[0.02]3d[0.01]4p[0.01]
N, —1.119
Mn +1.657 0,—1.020 Mn, [core]4d[0.27]3d[5.04]4p[0.03]4d[0.62]
N, —1.213
Mn +1.636 0,—0.968 Mn, [core]4s[0.21]3d[5.08]4p[0.02]4d[0.05]5p[0.01]4f[0.02]5d[0902]
N, —1.099
Zn +1.671  0O,—-0.977 Zn, [core]4s[0.29]3d[9.89]4p[0.04]5s[0.01]4d[0.08]5p[0.01]4[0.02]
N, —1.108 [0.02]¢
M[NH3]§+ 8 Mg +1.702  N,—1.106 Mg, [core]3s[0.26]3p[0.02]3d[0.01]4p[0.01]
Mn +1.581 N,—1.196 Mn, [core]4s[0.34]3d[5.05]4p[0.03]4d[0.62]
Mn +1.547  N,—1.086 Mn, [core]4s[0.27]3d[5.09]4p[0.03]4d[0.05]5p[0.01]4f[0.02]5d[0903]
M[H 20]§+~[OH‘] 9 Mg +1.786  0,—1.366 Mg, [core]3s[0.18]3p[0.02]3d[0.02]4p[0.01]
0, —-0.976— —1.020
Mn +1.649 0,—-1.279 Mn, [core]4s[0.24]3d[5.06]4p[0.04]14d[0.02]
0, —-1.002— —1.034
Mn +1.633 0O,—1.290 Mn, [core]4s[0.17]3d[5.11]4p[0.02]4d[0.05]5p[0.01]4f[0.02]5d[0.92]
0, —0.952— —0.989
M[HzO]§+’[HCOE] 11 Mg +1.765 0,—-0.977— —1.019 Mg, [core]3s[0.19]3p[0.02]3d[0.02]4p[0.01]
(two hydrogen bonds) Mn +1.654 0O,—1.007— —1.03¢ Mn, [core]4s[0.25]3d[5.05]4p[0.04]4d[0.02]
Mn +1.618 0,—0.949— —0.976 Mn, [core]4s[0.19]3d[5.10]4p[0.02]4d[0.06]5p[0.01]4[0.02]5d[0.92]

aMP2(FULL)/6-311+G**//MP2(FULL)/6-311+-+G** computational level; MP2 density.MP2(FULL)/6-31H+G**//MP2(FC)/6-31+G*
computational level; MP2 density MP2(FULL)/6-31H-+G**//[HF/6-31G* computational level; MP2 densitf MP2(FULL)/6-31H-+G**//HF/
HUZ* computational level; MP2 density.MP2(FULL)/HUZ*//HF/HUZ* computational level; MP2 density MP2(FULL)/HUZ*//MP2(FULL)/
HUZ* computational level; MP2 density.Water oxygen atomd.Hydroxyl oxygen atom.

M 28 direction

Y (g S ol
iy,

" bisector of
H-S-H angle

Figure 3. Tilt angle ¢ for M[HSJ*" (where M= Mg, Mn).

sufficiently small to allow high-level MP2(FULL)/6-31+G**
optimizations to be performed in all cases, followed by single-
point CCSDT(FULL)/6-31%+G** calculations to obtain reli-
able energies. Several of the ND distances (e.g., those
involving C* and F&") are similar to the Mg-O distance of
1.957 A'in Mg[H:0]?*. The binding energy of the monohydrate
Mg[H,0]?" is closest to that of Mn[pD]%", and the calculated

manganese have also been studied by ab initio molecular orbital
calculations, and the formulas are shown in Figure 4. Detailed
structures, with geometries and charge distributions, are shown
in Figure 1S and atomic coordinates in Table 5S of the Sup-
porting Information. Total molecular energies, thermal correc-
tions, and entropies of all the structures in Figure 4 are given
in Table 6S of the Supporting Information. The ground state of
each of these divalent manganese complexes is, as expected, a
sextuplet with one electron in each of the five d-orbitals. The
analogous structural and energetic data for the corresponding
magnesium complexes with singlet ground states are given in
the Supporting Information to the paper by Katz etlal.

Since most optimizations on the larger manganese complexes
could only be performed at the HF/HUZ* level, it is important

NPA charges on the metal ions in these monohydrates are closeto establish how well this method performs in comparison to
for magnesium and manganese than they are for magnesiunimore sophisticated computational methods. In Table 5, we

and most of the other transition metal eleméefifshe enthalpy
change for the decomposition of Cafbl?* (54.6 kcal/mol) is
significantly smaller than that for the first-row transition metal
ions (66.5-102.5 kcal/molf® The Zn—-O distance in the
monohydrate Zn[K0]2" is found to be shorter than the metal
oxygen distances in the correspondinggnd Mr#* mono-
hydrates by 0.08 and 0.12 A, respectively.

compare the MrO distances and the NPA charge on the
manganese ion in the Mnj@]>" and Mn[HOJs?>" complexes

at several computational levels. It is evident from this table that
the HF/HUZ* and HF/6-31%++G** levels yield similar Mn—O
distances and NPA charges on thealion. The MP2(FULL)/
HUZ*, MP2(FULL)/6-311++G**, and B3LYP/6-31H+G**
levels, which include the effects of electron correlation, give

Of the various manganese complexes, those with a coordina-Mn—0 distances which are smaller than those found with the
tion number of 6 are the most relevant to systems of biological HF methods; e.g., correlation effects reduce the-d@ndistance

interest. The structures of a wide variety of six-coordinate

in Mn[H20]¢2* by 0.02-0.03 A. These smaller MrO distances

hydrates, ammoniates, hydroxylates, and carboxylates of divalentare accompanied by a greater transfer of electronic charge from
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Figure 4. Schematic diagrams of Mn[Ng#+ (1), Mn[SH,]?" (2), Mn[H20]?* (3), Mn[H20]e*" (4), Mn[H20]5?*+H,0 (5), Mn[H20]42*-2H,0 (6),
Mn[H20]42+~[NH3]2 ), Mn[NH3]62+ (8), Mn[H20]52+'[OH’] (9), Mn[HZO]32+~[NH3]2'[OH’] (10), Mn[HzO]52+'[HC02’] (two hydrogen bonds)
(11), Mn[H0]s?"+[HCO,] (one hydrogen bond1@), Mn[H,O]5*"*[NH3]*[HCO, ] (13), MNn[H0]42*[HCO,]-[OH"] (14), Mn[H 0]2"[HCOH]-[OH"]
(15), Mn[H;0]5*™[CI~] (16), Mn[H0]4*+[CI~]-[OH™] (17), Mn[H:0]s*" (18), and Mn[H:0],#"-[HCO,"] (bidentate) 19).

the water ligands to the Mt ion. It should be noted, however,
that such relatively small changes in the geometry of these numbers greater than 814293133t should be noted that there
complexes do not significantly alter calculated binding energies is evidence from blackbody infrared radiative dissociation
(BIRD) experiments of a second conformer of the hexahydrated

obtained from subsequent single-point calculatins.

The octahedralT,) manganese complex MnfB]e2™ (4) is
a local minimum on the potential energy surface, as are similar hexahydrated Ca apparently does not have a second con-

complexes for M[HO]¢2"™ (M = Mg or Zn) (as well as Ca-

(31) Pavlov, M.; Siegbahn, P. E. M.; SandstrdVl. J. Phys. Chenl998

A102 219-228.

[H2O]6?", although C&" complexes often have coordination

Mg?* ion in the gas phase at higher temperature®((°C);33:34

(32) Tongraar, A.; Liedl, K. R.; Rode, B. Ml. Phys. Chem. A997,

101, 6299-6309.

(33) Rodriguez-Cruz, S. E.; Jockusch, R. A.; Williams, E.JRAm.

Chem. Soc1999 121, 1986-1987.
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Table 5. Comparison of Calculated MrO Distances and NPA Mn—O distance is (as found earlier in the CSD search)
Chargé on the Manganese lons in MnfB]*" and Mn[HO]s*" at a approximately 0.1 A greater than the M@ distance, while
Variety of Computational Levels the Zn-0 distance is only 0.016 A greater than that involving
Mn[H0]?* Mn[H,0]3* Mg?t. Furthermore, the calculated charge distribution in
Mn—0 Mn—0 Mg[H20]e?" is closer to that in Zn[kHO]e2" than to that in
level (R) Ofuin A) Ovin Mn[H,0]¢?". Thus, it might appear that Zhwould be a better
HFE/HUZ*//HE/HUZ* 2050 1956 2246 +1.795 replacement for M§J" in biological systems than would Mn.
MP2(FULL)/HUZ*/I 2018 1929 2221 +1.703 Since this is generally not the case experimentally, other factors
MP2(FULL)/HUZ* must also be important and intervene.
HFA%%%;%*ZQ* 2.047 1962 2.254 +1.795 Coordination requirements of the metal ions were then
R : S .

MP2(FULL)/6-31 G/ 2007 1.933 (,\:/?n&deregr. Opt|m|zat|qns of Mnpd]s*™-H,O (5) and
MP2(FULL)/6-311++G** n[HZO_]4 -2I-_|20 (6), with one and _two water molecules_,
B3LYP/6-311H-+G**// 1088 1.886 2.218 +1.612 respectively, in the second hydration sphere surrounding
B3LYP/6-31H+G** Mn2+, were also carried out at the HF/HUZ* computational

level. Energies of these complexes are higher than those of
d Mn[H.0]¢?" (see Table 7); values for the corresponding
magnesium complexes are also given in this table. Within the
gontext of a hexahydrated complex, there is clearly a greater
of MnCl, using distance-dependent enhandet electron- energy penalty for changing the inner-shell coordination number

nuclear double-resonance spectroscopy. In this experiment, '[heOf Mg(ll)_than Of_ Mn(ll), suggesting somewhat less ri_gio_l
Mn2+—H distance was found to be 2.903436 indicating that coordination requirements for manganese complexes. Similar

hydration of M#™ had occurred; the calculated Rm-H calculations were done for Znid]s*", Zn[H0Js*"-H0, and

distance for Mn[HOJe2* is 2.918 A at the HF/HUZ* compu- Zn[H,0]42"+2H,0. For Mn(ll) complexes, the energetics of CN

tational level. change are between those for’ZZmmand Mg (Table 7)10.13At
The metat-oxygen bonding in Mn[HO]2* is predominantly some computational levels, Znj8],2"-2H,0 is found to be

i i 2+ 31 i i
electrostatic. More electron density (0.31e) is transferred to the Signtly lower in energy than Zn[pD]e*".* The coordination
manganese ion in Mn[#®]s2" than to the magnesium ion in requirements for dlva_llent zinc are apparently significantly I(_es_s
Mg[H-0]e2* (0.20€), although the calculated M® distances rigid than those for divalent magnesium or manganese. This is
of 2.246 A are app’roximately 0.1 A greater than the-M@ in line with the work of others. Relativistic pseudopotential
distances: the result for Znp@]:* (0.26€) is between those calculations by Sponer and co-work&r®n the interaction

; tween several pentahydrated metal ions, such & lsligd
for magnesium and manganese. The charges on the wate#Je ) - . .
oxygen atoms in Mn[pD]e2" (—0.98e) are slightly more Zn?t, and the guanine-cytosine Watse@rick DNA base pair

negative than those in isolated watetQ(90e) but less negative ShQW tha}t ZATis more tightly b'ound to the bgses (presumably
than those in Mg[HO]e2* (—1.01e) or Zn[HOJs2" (—0.99€) mainly via N) than is M&", while the hydration shell around
. . . oy )

A significant portion of the charge density transferred to the Zr** is more flexible than that of I\/Fg‘
central ion resides in the 3s orbital for Kgand the 4s orbitals The search of.crystal structures in the CSD showed a greater
for Mn2t and Zri#". Mn?" also gains some electron density in preference for nitrogen ligands by manganese than by magne-
the 3d orbitals, whereas Zhloses electron density in these sium. To analyze the energetic implications of the observation,
orbitals. we optimized one conformer of Mnp®]4>"+[NH3], and also

To provide a more rigorous basis for comparison of the Mn[NH 3> (seg structu_re% ands in Fig”fe 4). The. presence
structures of hexahydrated Rig Mn2*, and Z#+ complexes, of the tvvp NH; ligands in7 leads to an increase in the' four
we optimized M[BO]e* (M = Mg, Mn, and Zn) using density Mn—0O distances by nearly 0.05 A cpmpared to those in Mn-
functional theory at the B3LYP/6-3#1+G** level. This [H20]6*". In Mn[NH3]52+,_the Mn—N dlstancezi are about 0.12
method incorporates the effects of electron correlation into the A longer than the Mg N distances in Mg[NH|e*". More charge
calculated geometrical parameters. The results of the optimiza-

is transferred to the metal ions in M§B]42"[NH3], and
2+ i 2+ i
tions are given in Table 84! together with the NPA atomic ~ MI[NHsle"" than in M[O]¢*" for both magnesium and
charges; for comparison, we also list in this table the metal

manganese (to the 3s and 4s orbitals, respectively), but the
oxygen distances in some citrate crystal structures. Hartmann

bonding remains primarily electrostatic (see Table 4).
and co-worker$ have recently reported the results of optimiza- Reactions in which nitrogen-containing ligands are transferred
tions on Zn[HO]Js*" (as well as for several other hydrated

from magnesium to manganese ions, i.e.,
divalent zinc complexes) using density functional theory with ot ot ot ot
similar basis sets. Our calculated Z0 distances are in Mn[H,0]"" 4+ Mg[NH;]"" — Mn[NH,]*" + Mg[H,0]
llent t with thei Its. For th I ,th
ex;i)indégree:en ;VIE Jelrkreshu Rs Ao\rN‘”-ese csrr;p I:exes leMn[HZO]§+ n Mg[HZO]ff-[NHS]Z—'
odriguez-Cruz, S. E.; JOCKuUsCNn, K. A.; Hiams, E. R. Persona
communicatign. Mn[HZO]§+-[NH3]2 + Mg[HZO]?

(35) Sivaraja, M.; Stouch, T. R.; Dismukes, G. £.Am. Chem. Soc.
1992 114, 9600-9603.

former, and no data are currently available for hexahydrate
Mn2Z*. The calculated structure of the Mnf8]¢2" complex
appears to be similar to that observed in frozen aqueous solution

(36) Zheng, M.; Dismukes, G. Q. Phys. Chem. B998 102, 8306 and
8313.
(37) Johnson, C. KActa Crystallogr.1965 18, 1004-1018. Mn[HZO]g+ + Mg[NH3]§+ — Mn[NH3]§+ + Mg[HZO]?
(38) Carrell, H. L.; Glusker, J. PActa Crystallogr.1973 B29, 638—
640. . . )
(39) Swanson, R.; llsley, W. H.; Stanislowski, A. &.Inorg. Biochem. are all exothermic (see Table 8a). This confirms that manganese
1983 18 187-194. ) is more accepting of liganding nitrogen atoms than is magne-
(40) Tsuji, S.; Shibata, T.; Ito, Y.; Fujii, S.; Tomita, K.-lActa
Crystallogr. 1991, C47, 528-531. (42) Sponer, J.; Burda, J. V.; Sabat, M.; Leszczynski, J.; Hobza, P.

(41) Sheldrick, B Acta Crystallogr.1974 B30, 2056-2057. Phys. Chem. A998 102, 5951-5957.
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Table 6. Comparison of Geometrical Parameters and Charge Distribution of the Hexahydrate®]M{HM = Mg, Mn, Zn, and Ca) at the
B3LYP/6-31H+G**//B3LYP/6-311++G** Computational Level (Distances in A, Angles in Deg, Charges in Electrons)

geometrical parametérs NPA charge%
M2+ distance in citratés ref M—-0O O—H OMOH M ¢} H
Mg 2.07(0.001) 37 2.113 0.967 126.7 +1.819 —1.016 +0.523
Mn 2.17(0.002) 38 2.218 0.968 126.7 +1.612 —0.983 +0.524
Zn 2.09(0.003) 39, 40 2.129 0.967 126.2 +1.740 —1.006 +0.524
(or=3 2.42(0.005) 41 2.414 0.974 127.4 +1.898 —1.064 +0.540

aFrom X-ray structures in the CSD. Estimated standard deviations are given in parentheses (from the published crystal stierctores).
density functional calculations at the B3LYP/6-313G**//B3LYP/6-311++G** level. ¢ Natural electron configuration: Mg, 853p>°% Mn,
49 13P 2402 Zn, 4923 9UpP0U 0% Ca, 48930 9 Huzinaga basis set including diffuse functions; see ref 29.

Table 7. Relative EnergiesAE (kcal/mol), of M[H,O]e*",
M[H 20]52+‘H20, and M[I—b0]42+-2HZO (M = Mg, Mn, Zn)

relative energiesAE *
MP2(FULL)/6-31H+G**/[HF2 level

Table 8. Competition between Metal lons for Various Ligands

(a) Enthalpy ChangegH3,, (kcal/mol), and Free Energy Changes,
AG34q (kcal/mol), for Various Transfer Reactions of
Mg?* and Zr#*, Showing Ligand Selection among Water and
Ammonia (O versus N)

Mge Mn Znf :
M[H 02" 0.0 0.0 0.0 reaction AH3eq AG3eg
6
M[H ;0]2"-H,0¢ +6.4 +3.5 +1.0 Mn[H,O]** + Mg[NH3]2* = —2. —2.8
(+6.8p (+4.1p (+1.6f Mn[NH3J*" + Mg[H.OJ>"
M[H,0]%"-2H,0° +12.4 +7.7 +1.4 Mn[Hz0]6*" + Mg[HOl4*"-[NHgl, —5.1° 4.3
e (+13.2p (+8.9y (+1.9y Mn[H20].***[NHs], + Mg[H-O]¢*"
) ) ) Mn[HZO]62+ + Mg[NH3]GZ+ - -10.8 -10.2

aHF = HF/6-31G* for magnesium compounds and HF/HUZ* for
manganese and zinc compounti¥alues in parentheses have been
adjusted to 298 K using the HF vibrational frequency analysA&
= E{M[H0]¢*"} — E{M[H0],>"*mH,0}, n=6, 5, 4,;m=0, 1, 2;
n+ m=6; M = Mg, Mn, Zn. Note that, whem = 6 andm = 0, AE
= 0.0, as shown in the first line of the table. Positive values indicate
the weakness of a complex relative to M{Ble*". ¢ The second-shell

Mn[NH3] 52Jr + Mg[H 20]52Jr

(b) Competition for O, N, S, Clin Crystal Structures in the CSD
That Contain Two Different Metal lons from among
Mn2*t, Mg?*, Zr?*, and C&"

coordination

' metal ions MA"  Mg?" Zn?" C&" CSDrefcode ref

water molecules are hydrogen bonded to two first-shell water molecules
(see Figure 4)¢ Pavlov et aF! find the same ordering at the B3LYP/ Zn, Ca N, 30 60 GAWMOG 43
6-311+G(2d,2p)//IB3LYP/LANL2DZ level, but the energy differences Mg, Zn 60 40,N GAWMIA 43
are smaller+3.7 kcal/mol for Mg[HO]s?"+H,O and+4.4 kcal/mol 60 40, 2N ZNEDTA12 44
for Mg[H20]42"-2H,0.  Pavlov et aPf! find that Zn[H:0]."-2H,0 is 60 40,N KIKRIF 45
lowest in energy at the B3LYP/6-3%15(2d,2p)//B3LYP/LANL2DZ Mn,Zn 60 N, 30 GAWLIZ 43
level. Zn[H0]e?" is +3.4 kcal/mol, and Zn[kD]s?"-H,0 is +3.7 kcal/ 60 40 ZAQSIT 46
mol. 60 50 POMWUJ10 47a,b

60 4Cl HEBMEG 48
sium. The value ofAH3,, for the transfer reaction Mg + 4N, 2S 4S RUDRUD 49

3N, 30 6N VONNER 50

Mn[H20]e2 — Mg[H20]¢?" + Mn2t is significantly exothermic

(see Table 9), confirming an energetic preference of magnesium™ a MP2(FULL)/6-311+G*//MP2(FULL)/6-311++G** computa-
for water, as was implied by the results of the CSD search (seetional level.”? MP2(FULL)/6-311+G**//HF/6-31G* for the magne-
Figure 2). Interestingly, the corresponding transfer reaction sium complexes and MP2(FULL)/6-3¥#G**//[HF/HUZ* for the
between magnesium and zinc (Table 9) is substantially endo-manganese complexes.

thermic. The crystal structures present in the CSD in which
different pairs of metal ions were present (e.g., Mg and Mn, or
Mn and Zn, etc.) indicate that the ions exhibit the anticipated
ligand preferences in the condensed phases (see Table8h).
This table leads to the conclusion that ¥Mgand C&" bind
oxygen atoms in ligands if they are available, whil&Zwill
accept oxygen or nitrogen or sulfur for binding. Mnbinds
nitrogen but has a preference for oxygen. In this it is different
from Zr?™,

b. Energetics of lonization and Proton Transfer in
Mn(Il)-Bound Water. The ionization of water is facilitated

(43) Clegg, W.; Little, I. R.; Straughan, B. horg. Chem.1988 27,
1916-1923.

(44) Solans, X.; Font-Altaba, M.; Oliva, J.; HerreraAgta Crystallogr.

C 1983 39, 435-438.

(45) Clegg, W.; Harbron, D. R.; Straughan, B A2ta Crystallogr.1991,
47, 267-270.

(46) Drumel, S.; Bujoli-Doeuff, M.; Janvier, P.; Bujoli, Blew J. Chem.
(Now. J. Chim) 1995 19, 239-242.

(47) (a) Tanase, T.; Watton, S. P.; Lippard, S1.JAm. Chem. So4994
116, 9401-9402. (b) Tanase, T.; Yun, J. W.; Lippard, Sldorg. Chem.
1996 35, 3585-3594.

(48) Furmanova, N. G.; Kozhoeva, S. T.; Sulaimankulov, K.; Resnyan-
skii, V. F. Kristallografiya 1993 38, 120-125.

(49) Mikuriya, M.; Tsutsumi, H.; Nukada, R.; Handa, H.; Sayama, Y.
Bull. Chem. Soc. Jpri996 69, 3489-3498.

Table 9. Metal lon-Hydrated Metal Complex-Transfer Reactions

AH34g (kcal/mol)

B3LYP/6-31H-+G**// MP2(FULL)/
reaction B3LYP/6-31H+G** 2 6-311G**/[HP
Mg?" + Mn[H,0]¢%" — —13.4 —19.4
Mg[H20]62+ + Mn2*t
Mg2* + Zn[H,0]" — +25.9 +19.2
Mg[H20]52+ + Zn?t

aFrequency analyses at the HF level were used for thermal
corrections givingAHSgg

by metal ions, and this property can be utilized by enzymes to
generate hydroxyl or hydrogen ions for catalysis. Removal of
a hydrogen ion from one water molecule in Ma[Bls?" and

in Mn[H20]42"+[NH3],, with subsequent reoptimization, yields
structure® and10, respectively (see Figure 4). Two of the water
molecules in Mn[HO]s?"-[OH"] are directly involved in
hydrogen-bonding interactions with the hydroxyl group, al-
though the @-H distances (1.956 and 2.026 A) are not the
same. We observed a similar situation for the corresponding

(50) Chaudhuri, P.; Winter, M.; Birkelbach, F.; Fleischhauer, P.; Haase,
W.; Florke, U.; Haupt, H.-Jlnorg. Chem.1991 30, 4291-4293.
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Figure 5. Syn and anti orientations of metal iecarboxylate
interactions.

magnesium compleX. In the particular structure of
Mn[H,0]3%"[OH~]-[NH3], that we optimized, only one water
ligand is hydrogen bonded to the hydroxyl oxygen atom (1.833
A), but there is also a long (weak) hydrogen bond involving a
hydrogen atom from one of the NHigands (2.300 A). The
manganeseoxygen bonding remains primarily electrostatic in
both Mn[H;O]s2*-[OH~] and Mn[H,0]52"*[OH~]*[NH3]>, al-
though some additional charge density is transferred into the

3d-orbitals on the manganese ion (see Table 3S, Supporting

Information). Interestingly, the difference in NPA charge on
the manganese ion between Mna{]s*t (+1.687) and
Mn[H,0]s2"-[OH"] (+1.633) is about 4 times greater than that
between the corresponding magnesium complexe. 799
and +1.786, respectively), where the 3d-orbitals play no
significant role in bonding. Bertini and co-workétshave
shown that the Mulliken charges on the divalent zinc ions in
ZNn[NH3]s?"+[H20] and Zn[NH]s>T-[OH™], where the five
d-orbitals are completely filled, are very similar to each other.
In this, zinc therefore resembles our data orMigut not Mr#*

Bock et al.

Table 10

(a) Enthalpy Change&H3,, (kcal/mol), and
Free Energy ChangeAG5, (kcal/mol), for the
Reaction M[HO]s?*"*[HCO,™] — M[H ;0]5*>" + HCO,™)
(M = Mg, Mn, and Zn)

MP2(FULL)/6-311+G**//HF 2

metal AH3gq AG3gq
Mg +229.1 215.9
Mn +226.0 2131
Zn +229.8 217.0

(b) Relative Free Energy Chang&AG, kcal/mol) for
Carboxylate Dissociation

gas phase aqueous soluticit*
Zn 0 0
Mg +1.1 +1.2
Mn +3.9 +1.4

aHF/6-31G* for the magnesium complexes and HF/HUZ* for the
manganese and zinc complexes. The thermal corrections and entropies
for the calculation ofAH3y; and AGSy are given in Table 1S
(Supporting Information) or in refs 10 and 12lComputed values.
¢ Experimental values.

experimental values for carboxylate dissociation in aqueous
solution (Table 10 with the computed (gas phase) values

shows the same relative order of affinity among Zn, Mg, and
Mn. However, the quantitative differences among the cations
are apparently attenuated in solution.

(presumably because divalent manganese has only partially filled Since extensive calculations on several conformers of the

d-orbitals).

magnesium complexes MgpR]42"[OH"]-[HCO,"] showed

To evaluate the structural and energetic consequences oflittle variation in energy! we considered only a single

replacing an inner-sphere water molecule with a carboxylate
ligand, two local minima of Mn[HO]s2"-[HCO,"] on the

conformer of Mn[HO]42"+[OH~]-[HCO, ], which is illustrated
schematically as structutet in Figure 4. The manganese ion

potential energy surface were identified at the HF/HUZ* level IS in & syn orientation relative to the carboxylate group in this
(see structured1 and 12 in Figure 4). In the lowest energy ~ conformer, and no attempt was made to find an anti structure.
form, 11, the carboxylate oxygen atom that is not bound to the It should be noted that the carboxylate oxygen atom forms a
manganese ion interacts with hydrogen atoms from two different hydrogen bond with only one water molecule, and that there

inner-sphere water molecules. In the second fdriznpnly one
such interaction is present, and this form is 1.4 kcal/mol higher
in energy at the MP2(FULL)/6-3t+G**//[HF/HUZ* level.

are intramolecular interactions between two water molecules
and the hydroxyl group.
The HF/HUZ*-optimized form of Mn[HO]2"[OH"]-

The manganese ions in these complexes are in a syn orientatiofHCOOH] is shown as structurg5 in Figure 4. This complex

relative to the carboxylate group (see FiguréésyWhen the
Mn[H,0]s2"+[HCO, ] complex structure was initialized in an
anti orientation, it isomerized to a syn form during the
optimization; this was also observed with the corresponding
magnesium compleX-53 It should be noted that, while the
carboxylate-water interaction motif.2 is found in a variety of
crystal structures in the current versions of the CSD and
PDB%11 no entries containing the motif id1 are found.
Binding enthalpies and free energies for the carboxylate group
in M[H,0]s2"+[HCO,"] (M = Mg, Mn, and Zn) are compared
in Table 10a, where it can be seen that there is relatively little

has a relatively short @H hydrogen bond (1.512 A) between
the hydroxyl oxygen atom and the acidic hydrogen atom in
formic acid. The complex Mn[pD]42-[OH~]-[HCOOH] is
approximately 4.4 kcal/mahigherin energy than conformer
12 of Mn[H»0]s2"-[HCO, ] at the MP2(FULL)6-313+G**//
HF/HUZ* computational level. Interestingly, an attempt to find
a local minimum of Mn[HO].2"[OH"]-[HCOOH] at the
B3LYP/HUZ* level, which incorporates electron correlation
into the optimization, failed, and the optimization gave
Mn[H20]s2"+[HCO,]. Similar results were found for optimiza-
tions of the magnesium complex Mgj&l],#+[OH~]-[HCOOH],

difference among the three metal ions. For comparison, we alsowhere MP2(FC)/6-3+G* level calculations also failed to

optimized one conformer of Mn[}D]s>"[HCO,7]-[NH3]>,
which is shown as structuré3 in Figure 4. Because of the
position of the two NH groups, the carboxylate oxygen atom

identify this structure as a local minimum on the corresponding
potential energy surfacé.On the other hand, calculations on
Mg[H,0]42"[OH]-[RCOOH] showed that, when R is an

that is not bound to the manganese ion in this structure interactselectron-donating group such as\H,, this structure is a local

with only one water hydrogen atom. The-®l---O distance is
nearly 0.1 A longer than that in the corresponding structure,
12, suggesting a weaker hydrogen bond. Comparison of the

(51) Bertini, I.; Luchinat, C.; Rosi, M.; Sgamellotti, A.; Tarantelli, F.
Inorg. Chem.199Q 29, 1460-1463.

(52) Carrell, C. J.; Carrell, H. L.; Erlebacher, J.; Glusker, JJ.PAm.
Chem. Soc1988 110, 8651-8656.

(53) Deerfield, D. W., Il; Fox, D. J.; Head-Gordon, M.; Hiskey, R. G.;
Pedersen, L. GProteins1995 21, 244-255.

minimum on the potential energy surface at the MP2(FC)/
6-31+G* level 1t

Two reactions of aquo manganese complexes were studied.
In the first reaction, one water molecule in MnBi2",
Mn[H20]42"+[NH3]2, or Mn[H0]s2"[HCO, ] ionizes; i.e., one
of the deprotonation reactions occurs:

(54) Sillen, L. G.; Martell, A. E.Stability ConstantsThe Chemical
Society: London, 1964; Special Publication No. 17.



Manganese as a Replacement for Magnesium and Zinc J. Am. Chem. Soc., Vol. 121, No. 3Z36999

2+, 2+, - + Table 11. Enthalpy ChangeshHsq, (kcal/mol), and
Mn[HOJ" — Mn[H;0J5"-[OH ] +H (1) Free Energy ChangeAGse, (kcal/mol), for Deprotonation
Mn[H O [NH,3 "~ Mn[H O™ [OH JINHg, + H' (2)  ~20 VTR
or  Mn[H,O]z"-[HCO,] — metal 6-31EH+G*//HF?
reaction ion  AHSg AG5gg

Mn[H20]421+'[OH7]'[HCO£] + H+'[3] (3) ionization of water:

. H,O — OH™ + H* +389.4 +382.8
In the second, a proton is transferred from one of the manganese-gnization of one water molecule in
bound water molecules to a free water molecule, giving the hexahydrated Kt
hydronium ion; i.e., one of the following proton-transfer Wzg{i [T)H L+ H mg iig?-g Iigg?

. . 20]5%t- - n . .

reactions takes place: T 41846 41464
P ot _ n ionization of one water molecule when
Mn[H,OJs" + H,O — Mn[H,0]5 :[OH ] + H;O" (4) two waters in the hexahydrate are

replaced by ammonia

Mn[H,OJ3"*[NH,], + H,0 — M[H 20]2*-[NH3], — Mg +166.3 +160.8
- _ N M[H»0]s2*+[OH]-[NH3], + H* Mn +167.3 +161.6
Mn[H;Ol5"-[OH ]+[NHg], + H;O" (5) Zn  +151.4 +147.6
ionization of one water molecule when
or Mn[HzO]§+-[HCOZ_] +H,0— one water of the hexahydrate is
o _ _ n replaced by a carboxylate
Mn[H,0[;":[OH ]-[HCO,] + H;0" (6) M[H0]s>*-[HCO, ] — Mg +246.1 +239.2
 M[H0]2[OH]-[HCO, ]+ H*  Mn  +247.0 +239.9
(Unimolecular reactions of the form Mp®],2* — M[OH] * + ionization offorr]le r‘:"aterr] ”&0'9‘?9'9 when
HsO" and M[H,0],2*— M[H;0]>* + H,0 have recently been ?g&;@f%g cthI?)rigt)e(a ydrate is
studieq by Beyer et al. for M- Be, Mg, Ca, Sr, and Ba using M[H ,0]s2*-[CI"] — Mg +243.1 +237.4
DFT with the large 6-311G(3df,2pd) basis 89tin Table 11, M[H20]42*-[OH"]-[CI"] + H* (+245.59 (+239.8)
we list the values oAH3,5 and AG54 for the deprotonation Mn +239.7 +4235.0

reagtions $3. Since there are no experimer!tal energy data " a{E = HF/6-31G* for the magnesium complexes and HF/HUZ*
available for these processes, we also list in this table the for the manganese complexes. The thermal corrections and entropies
calculated enthalpy and free energy changes for the deproto-used for the calculation 0AH3.g and AG3,, are given in Table 5S
nation of an isolated water molecule at 298 K using the same (Supporting Information) or in refs 10 and ’IThe lowest energy form

; ° of Mg[H20]4[OH7]+[CI7] is similar in structure to that shown for
computational level. The calculated value AHzq, 389.4 manganese in Figure 4. A second-higher-energy form is shown in refs

kcal/mol, is in excellent agreement with the experimental gas- 10 and 11; such a form is apparently not a local minimum on the PES
phase measurements, which give a deprotonation enthalpy offor Mn[H,0]:2"-[OH"]+[CI~]. ¢ One of the water molecules migrated
391 kcal/moP® The results for the corresponding magnesium to the second shell of Znf#®]**-[OH"]-[NH4]. during the optimiza-
complexes are also given in this table. tion.

As can be seen from 'I_'able 11, the values/AdfiZ,g gnd Table 12. Enthalpy ChangesAH3, (kcal/mol), and
AGj4g for the deprotonation of a water molecule in the Free Energy ChangeAGs,, (kcal/mol), for Proton-Transfer

complexes M[HO]Je¢2" and M[H,0]42"+[NH3]> (M = Mn, Mg) Reactions

are very similar. It requires about 60% less energy to deprotonate MP2(FULL)/

one of the water molecules in the inner hydration sphere of a metal 6-31H+G*//[HF?
divalent manganese or magnesium ion than it requires to reaction ion  AH3  AGSgs
deprotonate an |solateql water molecule; the deprotonation H.0 + H,0 — OH + H:O" 12046 42755
enthalpy of Zn[HOJ¢*" is about 10 and 13 kcal/mol less  \H,012+ + H,0 — Mg 101 _18
endothermic than that for Mgp®]s?" and Mn[HO]e2", M[H:0]s2*[OH"] + Hs0O* Mn +2.9 +1.7
respectively. The calculated values A5y, for these direct Zn  -10Z2 -116
deprotonation processes, however, are very high. In Table 12, M[Hz01"+[NHg], + H,0 — Mg +1.5  +2.8

M[H20]z?*[OH"]*[NH3g]. + H:O"  Mn +2.6 +3.6

we list the calculated values ohH3, and AG344 for the 7n 134  —104

corresponding proton-transfer processes, reactions 4 and 5. The,01.2+-[HCO, ] + H,0 — Mg ) .
analogous reaction involving two isolated water molecules, M[H 0] [OH]-[HCO.] + H:O* Mn  +82.2 +81.8
2H,0 — OH~ + H30", is well known to be highly endothermic, a .

o . : HF/6-31G* for the magnesium complexes and HF/HUZ* for the
the calculated value oAHzq, belng**apprOX|matin 225 keal/ manganese complexes. The thermal corrections and entropies for the
mol at the MP2(FULL)/6-31%+G**//HF/6-31G* computa- calculation of AHS,, and AGS. are given in Table 5S (Supporting
tional levell When H0 is coordinated to divalent manganese Information) or in refs 10 and 12.0ne of the water molecules migrated
or magnesium ions, however, the calculated valuealdfqg to the second shell of Znﬂﬂ)]sz*'OH"[NHs]zdzliﬂng the optimization;
and AG3.g for reactions 3 and 4 are close to zero, showing that - the inner coordination number of ZnfBs*"-OH"-2NHs is 5 At

L . . . the HF/HUZ* computational level, the coordination number of
such a proton-transfer reaction is energetically feasible in the 7,012+ [0H] is 6.
gas phase. The corresponding proton-transfer reaction involving

Zn[HOJe*" is some 10 kcal/mol exothermic. magnesium effectively blocks the proton-transfer reaction in the
The presence _of a carb(_)xyl_ate group in _the place of a Watergas phase. Calculated values AHZ; and AGS, for the
molecule in the first coordination shell of either manganese or deprotonation and proton-transfer processes involving

(55) Beyer, M.; Williams, E. R.; Bondybey, V. B. Am. Chem. Soc. ~ Mn[H,0]s?"™[HCO, "] and Mg[H,O]s2"*[HCO, ] are also given
1999 121, 1565-1573. _ in Tables 11 and 12, respectively, and the results for manganese
(56) Bartmess, J. E.; Mclver, R. T., Jr. [Bas-Phase lon Chemistry d . in f dtob v identical. Th .
Bowes, M. T., Ed.; Academic Press: New York, 1979; Vol. 2, pp-87 and magnesium are again found to be nearly identical. There Is

121. approximately an 80 kcal/mahcreasein the endothermicity
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Table 13. Enthalpy Changes\H3qs (kcal/mol), and Free Energy Changesss,, (kcal/mol), for Water Dissociation Reactions
MP2(FULL)/6-31H+G**//[HF?

reaction metal AHSgq AGSgq

M[H,0J2" — M[H 0" + H,0" Mg +31.9 +10.3

CN=6 CN=-5 Mn +28.7 +17.1

( ) ) Zn +27.1 +15.4

M[H ,0]2"-[HCO,] — M[H,0]?"[HCO;] + H,0 Mg +16.7 157

(monodentate) (bidentate) Mn +16.3 +5.4
(CN=6) (CN=6)

aHF/6-31G* for the magnesium complexes and HF/HUZ* for the manganese complds@scomparison, the dissociation enthalpies for
M[H20]?" (M = Mg, Mn) are+76.8 and+75.7 kcal/mol, respectively, at the CCSD(T)(FULL)/MP2(FULL)/6-31G** computational levef®

of these processes compared to those for the correspondinghat of Glendening et af’, 29.2 kcal/mol, but slightly higher
hexahydrates. This is consistent with the results of Bertini et than that found from the B3LYP/LANL2DZ calculations of
al.>! who reported an 82 kcal/mol increase in the energy Pavlov et al3! 24.5 kcal/mol. An experimental value of 24.6
required to deprotonate Zn[NH2"-[HCO,~]-[H,0] compared kcal/mol was recently obtained by Peschke éfditom high-
to Zn[NHz]3?*+[H20]. In considering the deprotonation of pressure mass spectrometry equilibrium experiments. Blackbody
Zn[H20]42*+[NH3],, the HF/HUZ* optimization of the hydrox- infrared radiative dissociation experiments indicate that, at low
ide Zn[H0]5%"[OH"]*[NH3],, which had an initial geometry  temperatures, the structure of the hexahydrated divalent mag-
with CN = 6, led to a structure with C: 5, where one of the  nesium is Mg[HO]e¢?", although at higher temperatures the
water molecules moved to the second hydration shell; a secondstructure is proposed to be Mgj&],2"+[H20],.3334 Further-
water molecule involved a long ZnO bond distance, 2.415 more, the preferred structure for pentahydratedMg appar-
A. To evaluate whether this was a result of the computational ently Mg[H,0].2t+[H»0]3334at higher temperatures rather than
level that we employed, the Znp@]3?"[OH~]-[NH3], complex Mg[H.0]s?". Experimental data for the corresponding manga-
was reoptimized using DFT at the B3LYP/6-32+G** level. nese complexes are not yet available.
This optimization also resulted in a structure with one of the  When one inner-sphere water molecule is replaced by a
water molecules in the second shell (bridging the twosNH  carboxylate group, the values &GS, for the dehydration of
groups); the other water molecule was found to be 2.891 A from M[H »0]s?"™+[HCO,] are smaller than those for the hexahy-
the zinc ion, suggesting an inner-shell coordination number of drates. This is partly due to the fact that the optimized structure
4. Interestingly, reoptimizing Zn[p0]s**-[OH"] at the BSLYP/  of M[H ,0],2*-[HCO, ] is bidentate for both Mg and Mre*,
6-311++G** level resulted in a structure with Ch- 5, where  thus conserving a coordination number of 6 in the reaction and
one water molecule migrated to the second shell during the jllustrating the preference of these ions for hexacoordination.
optimization. It should be noted that reoptimizing the corre-
sponding magnesium(ll) complexes at this level did not result piscussion and Conclusions
in a coordination number change.

To a large extent, the increase in the enthalpy required for a. General Geometries of MA"™ Complexes Compared
the deprotonation of (or proton transfer from) the carboxylate- with Those of Some Other Divalent CationsOur analysis of
containing complexes is a direct result of the reduced net chargeligand composition for divalent manganese has shown thdt Mn
on the complex. This was demonstrated by calculating the has coordination preferences similar to those of?M¢see
deprotonation enthalpy for the MnfB]s2™[CI~] (see structure  Figure 1); this is in keeping with its somewhat “softer”
16 in Figure 4), which has a chloride ion in place of the characteristics but is quite distinct fromZnwhich is consider-
carboxylate group; the corresponding hydroxide is shown as ably softer (more polarizable) than either ¥Mgor Mn?*. Our
structurel?7. The values ofAH3,g and AG54 for the deproto- calculations give results in agreement with these observed
nation are listed in Table 11, along with the corresponding binding preferences. M is slightly larger in size (by about
results for Mg[HO]s2*[CI-]. Although more charge (nearly 0.1 A) than Md@*, but its binding is similar. Calcium, on the
0.1le at the MP2(FULL)/6-3Ht+G**/[HF/HUZ* level, see other hand, is considerably larger than MgMn?*, or Zret,
Table 3S, Supporting Information) is transferred to the man- and it binds almost exclusively to oxygen in ligands. Results
ganese ion from the ligands in MnfB]s>™[CI~] than in from crystal structure analyses indicate that the predominant
Mn[H20]s?"-[HCO, ], the values ofAH3s, (and AG5.) for first-sphere coordination number is 6 for both Mrand Mg,
the deprotonations are very similar. Thus, the net charge onwhile for Zr?* coordination numbers 4, 5, and 6 are all common,
the complex plays a dominant role in the energetics of these as are 6, 7, and 8 for €& These results are diagrammed in
protonation and proton-transfer reactions, while small differences Figure 2. Mi#t does not show the strong tendency of go
in the charge or electron configuration on the divalent manga- bind six water molecules to give Mj®]¢*" (found in crystal

nese or magnesium ion play a relatively minor role. structures). In the MAT complexes, water in the inner sphere
¢. Dehydration of Mn[H ;0]¢*" and Mn[H ,0]s**+[HCO,]. is more readily replaced by other groups than it is in the
The structures of Mn[kD]s?" (18) and Mn[H0]4"[HCO,™] corresponding Mg complexes. Our computational results show

(19; bidentate formate) are shown in Figure 4. In Table 13, we that, in the hexahydrates, the metakygen bonding is mainly
compare the energy requirements for removing one water electrostatic in nature. Although a small amount of charge
molecule from Mn[HO]e?*, where the corresponding results (0.31e) is transferred to Mih from inner-sphere water, this is
for magnesium and zinc are also given. The valueAGfyg less than that for Mg (0.20e).

for these dehydration reactions are all positive and decrease from :
Mgz+ to Mn2* to Zr2t. Our calculated value QﬁHSgg for the 47é577) Glendening, E. D.; Feller, Ol. Phys. Chem1996 100, 4790~

removal of a water m0|e§U|? from Mgp@]*" to give . (58) Peschke, M.; Blades, A. T.; Kebarle, P.Phys. Chem. A998
Mg[H20]s%", 31.9 kcal/mol, is in reasonable agreement with 102 9978-9985.
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One distinction between Mf and Mg is that M+ often The binding of a water molecule to a metal ion facilitates its
binds carboxylate groups in a bidentate manner, in contrast toionization to hydrogen ions and hydroxyl ions. Three reactions
Mg?2", which does not show this tendency. This may be a result of metal ion-bound water have been identified for MO¥"
of the sizes of the two cations, since the space occupied by a(M = Mg, Ca, Sr, Baf® They are proton transfer to give MOH
carboxylate group (with ©-O approximately 2.2 A) is lessthan  and HO™, water loss to give M[HO]?" + H,0, and charge
that required by water molecules (with-@D approximately transfer to give HO™ and M[H,O]*. The last of these three is
2.7 A). The surface area of a sphere at the?MgO distance generally not favorable. We found the enthalpy change for the
of 2.07 A is 53.8 &, corresponding to about 92%per water deprotonation (or proton transfer) of M{B]e?* or M[HO]5%"
molecule in the hexahydrate. The corresponding area féfMn  to be slightly greater for M= Mn than for M = Mg or Zn.
is 59.2 &, an increase of 5.4 Asomewhat more than half the  Energies for deprotonation of a water molecule in M[He2*
space occupied by a water molecule. This extra area can beand M[H,O]42"+[NH3]> (M = Mg, Mn) are very similar, so that
filled with a smaller ligand or by bidentate coordination of a replacing oxygen by nitrogen in the inner coordination sphere
carboxylate group. Similar arguments that were applied 0 Ca does not cause significant changes in reactivity. Our deproto-
(Cet+--0=2.42 A, giving an area for a sphere at that distance nation results suggest that Rindoes not polarize water as well
from Ca&* of 73.6 A2) are consistent with coordination of 8.2 as M@ or Zr?+. Calculations on the monohydrates MBJ2*
water molecules. (where M= Mg and M = Ca to Zn in the Periodic Table)

b. Effects of Changing the Number and Types of Ligands indicate that replacing Mg by Mn generally alters the binding
in the Inner Coordination Sphere. The energy penalties for  enthalpies and charge distribution of these monohydrates to a
changing a hexaaquated metal cation, MDf#2", with six water lesser extent than does using the other metal ions in the sequence
molecules in the innermost coordination sphere to one with five Ca to Zn3° We have shown that replacement of an inner-shell
water molecules in the inner sphere and one in the second spherenetal ion-bound water molecule by an anionic ligand, such as
or four in the inner sphere and two in the second sphere of a carboxylate group, effectively blocks the ability of eitherain
these divalent cations were investigated. The penalty fot"Mn  or Mg?" to facilitate ionization of water by an electrostatic effect.
is intermediate between that for Kfg(which is high) and Z#" Based on the ionic radii of Mg, Mn?*, and Zr#" and the metal
(which is low). The very low barrier that some Zncomplexes ion—oxygen distances in hexahydrated complexes, one might
have with respect to coordination number alteration can have have expected 2 to be a better replacement than Mrfor
important structural consequences, even in the case of the simpldg?™, but experimentally this is not the case. This may reflect

gas-phase complexes we have described’ Gehich is larger, the greater coordination flexibility in complexes containingZn
shows a low penalty for changes between inner-shell coordina-compared to those containing B and it suggests that size
tion numbers of 6, 7, and 8. and charge are not the sole determinants of metal ion specificity

The binding propensities of metal ions with respect to the in proteins.
three possible ligand atoms (O, N, S) found naturally in proteins We have found that divalent manganese will bind more
are highlighted by triangular plots of binding as a function of readily to a site containing nitrogen in addition to oxygen than
inner coordination number in Figure 2. A remarkable similarity will Mg 2", which prefers oxygen only. Therefore, we examined
of Mn2+ to Mg?* at coordination numbers 6 and 7 is shown crystal structures of Mif-containing enzymes in the PDB.
here. The main difference is the larger probability for nitrogen While some are naturally occurring Miitbinding enzymes,
as a ligand for MA*and the higher tendency of Mhto bind others were made with Mn as a replacement for Mgin order
sulfur at lower coordination numbers, similar to that for zinc. to aid in crystal structure determination. With this reservation
Calcium, on the other hand, mainly binds oxygen ligands at in mind, we found that, in a sample of 18 crystal structures
each coordination number. containing 24 MA" sites in all, 11% of the ligands to Mh

A variety of Mr®" complexes were studied by ab initio were nitrogen (mainly histidine, one lysine). This is in contrast
molecular orbital and DFT calculations. We find that more to the ligands to Mg" in proteins, which are nearly always
negative charge is transferred to the 3s or 4s orbitals of the oxygen. In addition, Mf" binding was found to involve 31%
metal ion from ligand as it is changed from O to N to S, the Asp or Glu, 17% phosphate, and 31% water in the 18 structures
transfer being greater for the more polarizable?Mthan for we selected at random. There appeared to be a motif consisting
Mg?*. The relative affinities of MA" and Mg" ions for of His, Glu, two Asp, and two water molecules bound to?¥n
nitrogen- and oxygen-containing ligands to give hexacoordinated Thus, an enzyme acquires control over the binding of Mg
cations were assessed from calculated enthalpy and free energyersus MiA" (or other nitrogen-binding ligands) by inserting a
changes on transfer. These confirm that?¥has a somewhat  nitrogen-containing ligand in the site that should excludeMg
higher affinity for nitrogen than does Mg (which prefers but bind Mr#*t. While this is not a precise discrimination,
oxygen). This is also reflected in the presence of nitrogen ligands enzyme crystal structures, such as thatEsicherichia coli
to the metal ion in natural manganese proteins. phosphoenolpyruvate carboxykind3eprovide experimental

c. Effects on the Reactivity of Metal lon-Bound Water. evidence for this suggestion.
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Supporting Information Available: Table 1S, listing 542 total molecular energies (au), entropies (cal/mol-K), and thermal
divalent manganese-containing crystal structure and refcodescorrections (kcal/mol) for the divalent manganese complexes;
(from the CSD) as a function of coordination number; Table and Figure 1S, showing detailed structudesl9 from calcula-

28, giving ligand identities with corresponding refcodes; Table tions showing bond lengths (in A), interbond angles (in degrees),
3S, listing NPA charges and natural electron configurations for and net atomic charges (NPA analysis) [no parentheses, HF/
selected manganese and magnesium complexes; Table 4S,yz+/HF/HUZ*: < >, HF/6-31H+G*//HF/6-31++G**:
lemf/’a”rl‘g thedM—hO diSta][‘CetSh(AQ, bi?d"t"g eTtTa'pi&S’;E?js o @0 (). MP2(FULLYHUZ*/IMP2(FULLYHUZ*] (PDF). This
,(v';i['"_";’(%] Zﬂd IS/F?[ESCS)] g\rﬂ =eCa:?/?:ﬁnMrTng, g?,nﬁi,ycf es hmt?tilrlalbs available free of charge via the Internet at
and Zn)% Table 58S, listing calculated atomic coordinatXs, p-/ipubs.acs.org.
Y, andz, of the various manganese complexes: Table 6S, giving JA9906960



