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A molecular mechanics (MM3(96)) force field is reported for modeling metal complexes of amides in which the
amide is coordinated through oxygen. This model uses a “points-on-a-sphere” approach which involves the
parametrization of the MO stretch, the M-O=C bend, and the MO=C—X (X = C, H, N) torsion interactions.
Relationships between force field parameters and metal ion properties (charge, ionic radius, and electronegativity)
are presented that allow the application of this model to a wide range of metal ions. The model satisfactorily
reproduces the structures of over fifty amide complexes with the alkaline earths, transition metals, lanthanides,
and actinides.

I. Introduction standing is due, in part, to difficulties in identifying to what

- . extent changes in metal extraction are caused by changes in
The need to separate actinide metal ions from nuclear wastesy | pilities. electronic factors. and steric factors

has motivated research to discover organic ligands that can be
used for this purposk.Diamide ligands, first examined by
Siddell in the 19608,have been extensively investigated for
their application as f-block metal ion sequestering agefitese

Our research focuses on interpreting the role of ligand steric
factors in these systems and the development of criteria to allow
the design of multidentate amides with enhanced metal ion
. . o9 >~ affinity and selectivity. An initial step toward this goal is to
studies have demonstrated that simple modifications to d'am'deidentify the geometric preferences of the coordinated amide
structure can have a large influence on the performance of theoxygen donor group. Prior work has demonstrated the impor-
ligand. Yet, despite the_ amount of re_sea_rch that has beer_n dongance of ligand donor orientation in defining the complemen-
on these systems, the influence of diamide structure on Ilgandtarity of an array of ligand donor atoms. Knowledge of the

performance remains poorly understood. This lack of under- e cific geometric preferences of the nitrogen donor in metal
amine complexédsand the oxygen donor in metagther
ben.hay@ complexe®® was key to understanding the role of ligand
architecture on metal complex stabilftyl® To gain a similar
knowledge for the amide oxygen donor, we have reviewed the
structural features of monodentate amide ligands in a variety
of metal complexe&! This survey established the existence of
preferred M-O=C angles and MO=C—X dihedral angles.
The aim of the current study is to incorporate the qualitative
observations from the structural review into the quantitative
framework of a molecular mechanics model. Molecular me-
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chanics models provide a valuable tool for studying the nature
and magnitude of steric interactions in metal comple®e®.

A method for the application and interpretation of molecular
mechanics calculations has been developed to assess the
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Me, O O Me _40 Et. _«O criteria of 107 A was used for structures with greater than 120
Me'NJ<H Me Me Me' Me et et atoms and for uranyl complexes. The molecular graphics
DME NMA DMA DEPA program, Chem 3D Plé%was used to visualize all downloaded

crystal structures, to generate initial sets of molecular coordinates
Me O L o L o Me o for MM3, and to plot the molecular structures obtained from
N N~ N—< N R
Me J% - Me — Et Me” J§< energy minimization by the MM3 program.
DM'PA DPA DPPA  DM'BA 2.2. Selection of Crystal StructuresThe Cambridge Struc-
tural Databas¥ was searched to locate metaimide complex
Bu, O =~ W QN Q structures for use in the force field parametrization. Several
BU \—*— <~ Me O—\-Nb structures were obtained from other sour€eamide ligands
DBNPA DCHA BOPA were restricted to those (i) bearing either hydrogen or aliphatic
substituents, (ii) that were coordinated to the metal ion through
0 oo ; ;
TL, j& oxygen, and (iii) that did not contain other types of donor groups.
G‘“H R’h’}/‘l h’}/" There are few examples of metal complexes that contain only
A-VAM ° © amide ligands. Therefore, other types of inner sphere ligands
DCMMA . .
were permitted to enlarge the data set. These ligand types were
2 9 o R restricted to HO, NG; Cl, NCS, and BHCN. Structures
FH'TR‘ E‘R R\N)*\/\th\ exceeding an upper limit for tHe factor of 0.07 were discarded
R o R with few exceptions. Structures were also excluded for other
"T"h':bA gfr\Hne TMSA R = Me reasons such as structural disorder or anomalous organic bond
TEMA R=Et TBSA R=Bu lengths. A total of 52 metalamide complexes were selected

Figure 1. Amide ligands in complexe$—52.

influence of donor group connectivity on metal ion binding

for this study?®
2.3. Potential Functions.The MM3 program was originally
designed to model organic compounds and transition metal

affinity.92! This method uses molecular mechanics strain cOmplexes with common idealized metal geometries encoun-

energies to measure the cost of ligand conformational reorga-téred at low coordination numbers, i.e., tetrahedral, square
nization and to quantify the degree of complementarity, i.e., planar, trigonal bipyramidal, square pyramidal, and octahedral.

how well the donor groups “fit" the stereochemical and

geometric requirements of the metal. The application of this
approach to multidentate amide ligands requires force field
parameters for metalamide complexes.

Herein we report a parametrization of the MM3(96) force
field for metal complexes with aliphatic amide ligands in which
the amide is coordinated to the metal ion through the oxygen
donor atom. The ligands examined in this study are shown in
Figure 1. The parametrization was accomplished by fitting to
crystal structure data of fifty-two metal complexes. To obtain
a model with broad applicability, we have considered all metal

Recently the program has been modified to allow its application
to a wider range of metal ion geometr®&sMM3(96) now
supports a new type of metal atom type, which we will call a
points-on-a-sphere (POS) metal.

A POS metal atom is treated like any normal atom except
for the following features. The number of allowed attachments
is increased to 20. All EM—L bending interactions are
removed and 1,3 van der Waals interactions are added between
all donor atoms, L, connected to M. All ML—X bending
interactions are retained, but all stretdbend and bendbend
terms that involve M are removed. Finally alHM—L—X

ions for which there were data available. These include memberstorsional interactions, typically omitted from MM calculations

of the alkaline earths, transition metals, lanthanides, and
actinides. A novel aspect of this study is the development of

on metal complexes, are removed.

relationships between metal-dependent force field parameterS(ZZ) The calculations described herein were carried out with MM3(96).

and metal ion properties (charge, ionic radius, and electroneg-
ativity). These relationships yield a general model that can be
applied to a wide range of metal ions.

2. Methods

2.1. Hardware and Software Molecular mechanics calcula-
tions were carried out using the MM3(96) progréhT.he full-
matrix minimization method was used where possible. The block
diagonal minimization method with a reduced convergence
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This new feature greatly expands the potential for application Table 1. Modifications to the Default MM3(96) Parameter Set

of the MM3 program to coordination compounds. Advantages stretch k. (mdyn A% ro (A)
of the POS method are (i) with little to no modification, the 37

. . . —7 10.100 1.223
default MM3 model can be applied to the ligand portion of the 3-9 6.700 1331
metal complexes, (ii) the explicit definition of ML, M—L—
X, and M—L—X—X interactions allows the interpretation of bend ko (mdyn A rad?) 0o (deg)
steric effects in terms of optimal bond lengths, bond angles, 3-1-3 0.700 107.0

and torsion angles, and (iii) it accurately yields the geometries :
found about high-coordinate metal centers such as those torsion  Vi(kcalmof?) V;(kcal mol!) Vs (kcal mof™)

encountered in complexes of the alkali, alkaline earth, lan- 1-1-3-9 —0.457 0.097 —0.630
thanide, and actinide metal iofsWith only one exception, 5-1-3-9 0.000 0.000 —0.254
we have used the new POS metal atom type to model all of the 5-1-9-1 0.000 0.000 0.936
types of metal centers examined in this study (a representative i’:;:g:? (1)'138 726229760 00902030
structure input file and parameter file are provided as Supporting 5_3 g1 1.000 6.435 0.000
Information). 7-3-9-1 —0.600 6.930 0.000

The exception arises with uranyl complex-52 that all 1-3-9-28 0.000 6.270 0.000
contain two oxo groups, two bidentate nitrates, and two amide 7—3-9-28 1.000 6.765 0.000
ligands. The POS method fails to reproduce 180 O=U= a Parameters are presented in standard MM3 format. MM3 atom type
O and~90° O=U—Onirate angles present in these complexes. numbers are as follows: 1, Cs8, Csp; 5, hydrogen attached to
Therefore, an alternate treatment was adopted. A(NO3), carbon; 7, carbonyl oxygen; 9, amide nitrogen; 28, hydrogen attached

to amide nitrogen® The program adds a 0.010 A bond length correction

complex was constructed using normal MM3 atom types such such that the applieth value is actually 1.233 A.

that we could impose preferences for &#0=0 angle of 180
and G=U—Oqirare angles of 90. The two amide oxygens were . .
attached to gtrﬁi)sgmetal atom and the POS rr?(?tal atom wasStUdy’ we have used the default MM3 gas-phase dielectric

superimposed on the metal center of the (NiDs), complex constant of 1.5 and adjusted the strain-free@and Csp—
penmp e r Of thez\7%s)2 complex. Nsp? bond lengths to account for these changes (see Table 1).
This gave a model in which the amide ligands were free to adopt

any Qumige—U—Onrae and Qumiae—U=0 angles with respect to Torsional interaction terms for rotation about the Esisp?

the constrained USNO,), geometry (a structure input file and bond were set to the default high dielectric limit (see Table 1).

parameter file for a uranyl complex are provided as Supporting This parameter change raises the rotation ba_lrrier with respect
Information) to the gas-phase value. For example, MM3 yields a gas-phase

. . value of 14.3 kcal/mol and a condensed phase value of 18.6
2.4. Metal-lndependent Amide ParametersAs in _other kcal/mol for Csp—Nsp? bond rotation in formamid&. Although
applications of molecular mechanics to coordination com-

. - the complexation of a metal ion may result in further increases
poundsl,5 we adopt the assumption that the majority of the force , iq 1o rsjonal barriefé29we have no structural basis for the
field parameters used for modeling the various interactions in assignment of modified C3pNs torsional parameters. In all
metal-free amides are transferable to the amide portion of A ases examined, the experimental data shows that the amide
mgtal co dmpltexf. tl;:lorgov&r, ertsssun:el t%%gtzese patram.eters ar‘aroup is essentially planar and the torsional parameters are of
mf fﬁen ten to Iel en Ityo f € 2;‘3 Id : reclen rev]le;/lv a sufficient magnitude to ensure that planarity is maintained
0 enstrrl]Jc ura aspefd%; m ‘ m(; tﬁ f?hmp exeds_ Lf[.y during the calculations. Thus, we note that although the model
supports these assumptionst was found that the coordination correctly reproduces structure, it may yield a lower limit for
of any metal ion to the amide oxygen resulted in only minor

changes to the €0 and Csp—Nsp? bond lengths and caused the barrier for rotation about the CspNsp? bond when a metal
b ble ch " ide bond | d torsi | ion is coordinated to oxygen.
no observable change 1o amide bond angles and orsion angles. o, o o gifications to the default MM3 force field involve

In this application of MM3, the term metal-independent refers reassignment of parameters for the E<psp—Csf? bend
to the parameters used for interactions that involve the amide o, g in malonamide derivatives and of torsional interactions

carbon (atom type 3), the amide nitrogen (atom type 9), the ¢, yotation about Csp-Csi? and Nsp—Csp# bonds as shown
amide oxygen (atom type 7), the*sparbon (atom type 1).and iy Taple 1. These modifications are based on geometries and
hydrogens gttached to carboq (atom WPe 5) or nitrogen (atom potential energy surfaces calculated at the MP2 level of theory
type 28). With the few exceptions, detailed below, the default i nojarized doublé-basis sets for acetamide, propanamide,
MM3 parameters (1996 version) were applied to all interactions 2-methylpropanamide, and 2,2-dimethylpropanarffided ma-
involving the aforementioned atom types. The modified MM3 lonamide N,N' -dimethylmalonamide, ani,N,N',N'-tetrameth-
amide parameter set (see Table 1) reproduced the Str“Cturaillmalonamideil

features of metal-coordinated amide ligands examined in this

study to W|th|n¢0.02 A for bond lengths, 3for bond angles, complexes selected for parameter optimization contain other
and 10 for torsion angles. ) ) ligand types in addition to the amide ligands. We observed in
The default MM3 model uses several dielectric dependent prior work on macrocyclic ether complexes of the alkali and
parameters to account for changes in amide structure that occulykaline earth cations that the influence of such ancillary ligands
on going from gas phase to condensed pRa3éiese changes  ¢qid be modeled by simply including the donor atom of each

include an increased €0 length, a decreased CsiNs non-ether ligand with fixed ML lengths corresponding to the
length, and an increase in the barrier to rotation about thé-Csp

Nsp? bon(_j' Complexation of a metal ion causes thebond (28) Rode, B. M. IlMetal—Ligand Interactions in Organic Chemistry and
length to increase from 1.22 to 1.24 A and the €9@9sp? bond Biochemistry, Part 1D. Reidel Publishing Co.: Dordrecht-Holland,

length to decrease from 1.34 to 1.32 A, on averdde. this 1977. _

(29) Sigel, H.; Martin, R. BChem. Re. 1982 82, 385-426.

(30) Sandrone, G.; Dixon, D. A.; Hay, B. B. Phys. Chem.submitted.
(27) Lii, J.-H.; Allinger, N. L.J. Comput. Cheml991, 12, 186-189. (31) Sandrone, G.; Dixon, D. A.; Hay, B. P., manuscript in preparation.

2.5. Treatment of Non-Amide Ligands.Many of the metal
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observed M-L lengths in crystal structurés® In the current oped and used to calculate the final set of metal-dependent amide
study, however, we found it necessary to include the complete parameters shown in Table 2.
structure of the ancillary ligand in the calculations. The approach . )
used was to assign a single set of metal-independent parameterd!- Results and Discussion
to reproduce the intra-ligand structure and to assign differing 1. Relationships between MM3 Parameters and Metal lon
metal-dependent parameters for each complex to constrain theproperties. It is expected that the metal-dependent parameters
distance and orientation with respect to the metal ion. This ysed in molecular mechanics models should vary as a function
approach yields an inner coordination sphere containing non- of metal ion properties. Examples of this behavior were observed
amide ligands with average intraligand geometries at the during the parametrization of an extended MM3 force field for
experimental M-L distances and ML—X angles. Because they  ether complexes with the alkali and alkaline earth catffs.
are connected to a POS metal center;M—L angles are In this model thek, values for the M-O stretches, thky values
unconstrained and, with the exception of the uranyl complexes, for the M—O—C bends, and th¥; values for the M-O—C—X
all ancillary ligands are free to move on the surface of a sphere torsions correlated with the size and charge of the metal ion.
defined by their M-L length. The parameters vary so that distortions from the preferred
Metal-independent parameters were either taken from the geometries become easier as the-®ldistance increases and
literature (aquo and nitrat®) or else high force constants (15 as the metal ion charge decreases.
mdyn A~! or 15 mdyn A rad?) were used to constrain bond Relationships with metal ion properties have been used in
lengths and angles to their experimental average values (thio-other force field parametrizations for a given ligand with a
cyanate, cyanoborohydride, and oxo). Default MM3 van der variety of metal ions. Empirical rules and relationships have
Waals radii were used for all atom types except for the chloride been used to obtainy andk; values for M-L stretches in the
anion where literature values € 2.61 A ande = 0.062 kcal MMX, 3* DREIDING,* and UFF3¢ force fields. The UFF and
mol~1)33 were applied. Metal-dependent parameters forlM DREIDING force fields assign a metal invariaf value for
stretches and ML—X bends were constrained to their experi- M—L—X angles. The UFF force field generatesHU—X
mental average values by assigning high force constants. Thebending force constants using an angular generalization of
M—L—X—X torsion parameters were either taken from the Badger’s rules whereas the DREIDING force field uses a metal
literature (nitrato¥? or set to zero (thiocyanate and cyanoboro- invariant bending force constant. Both the UFF and DREIDING
hydride). force fields employ metal invariant parameters forM—X—X
2.6. Metal-Dependent Amide Parameters.Only three torsions. Details on the assignment of the parameters associated

additional interactions were used to model the interaction of With M—L—X bends and M-L —X—X torsions in the MMX

the amide with a given metal type. These are the@stretch  force field were not presentéd. ,
interaction that controls the distance between the metal center N this study, we have examined metal-dependent amide
and the amide oxygen and theND=C bend and M-O=C—X parameter sets for 22 metal ions and find _that all flve_ metal-
(X = C, H, N) torsion interactions that control the orientation dependent amide parameters vary as physical properties of the
of the amide with respect to the metal center. Nonbonded Metal ion change. In what follows, we report the first example
interactions involving the metal, e.g., van der Waals and of a force field for an entire class of metal complexes in which

electrostatic, were intentionally disabled by setting the appropri- &ll of the metal-dependent parameters are derived from empirical
ate parameters to zetd. relationships with metal ion properties.

. o ) M —O Stretch. Thero parameter is given in units of A by eq
Parameters were obtained by empirical fits to crystal struc- . o . - )

ey ; . 1 where IR is the Shannon ionic radius associated with the
tures of1l—52. The fitting process was accomplished by applying effective coordination number of the metal ion
the following procedure. First the MO lengths and M-O=C '
angles were constrained to their average crystal values using —
high force constants and, parameters for the MO=C—X fo = 1.049(IR)+ 1.143 (1)
torsion were manually adjusted to obtain agreement with
experiment. During this process the saWevalue was used
for the M—O=C—N and the M-O=C—X (X = C, H)
interactions, i.e., the barrier to rotation about the@ bond
was equally divided between the two interactions. After
parameters were assigned, the-l=C bending parameters,
0o and kg, were manually adjusted to obtain agreement with
experiment. Finally, aftefo andky were assigned, the MO
stretching parameters,y and k., were adjusted to obtain
agreement with experiment.

This procedure does not yield a unique set of parameters for
any one complex. Instead we obtained rangesooénd k; k = 0.19%/IR (2)
combinationsf, andky combinations, an, values that yielded

similar levels of agreement with experiment. It was possible t0 \ynere 7 is the formal charge of the metal ion and IR is the

identify a narrower range of transferable parameters when moregnannon ionic radius as defined above. This functional form
than one complex was available for a given metal ion type.
Relationships between these parameters and metal ion propertieg4) Gajewski, J. J.; Gilbert, K. E.; McKelvey, J. Atvances in Molecular
such as ionic radius, charge, and electronegativity were devel- Modelling JAI Press: Greenwich, CT, 1990; Vol. 2.
(35) Mayo, S. L.; Olafson, B. D.; Goddard, W. A., Ill. Phys. Chem.
199Q 94, 8897-8909.
(32) Hay, B. P.Inorg. Chem.1991, 30, 2876-2884. (36) Rappe, A. K.; Colwell, K. S.; Casewit, C. lhorg. Chem.1993 32,
(33) Peng, Z.; Ewig, C. S.; Hwang, M.-J.; Waldman, M.; Hagler, AJT. 3438-3450.
Phys. Chem. A997 101, 7243-7252. (37) Shannon, R. DActa Crystallogr. A1976 32, 751-767.

These radii are available for the common coordination numbers
of most metal ion$? The effective coordination number is
obtained by assigning a contribution of 1.5 from the two oxygen
donors of the bidentate nitrate ligand. This treatment leads to
fractional coordination numbers. In such cases, the ionic radii
were estimated from plots of ionic radius versus coordination
number. Effective coordination numbers, Shannon ionic radii,
andrg values for the metal complexes examined in this study
are given in Table 2.
The k, parameter is given in units of mdyn-Aby eq 2
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Table 2. Metal Properties and MM3 Metal-Dependent Amide Parame&ters

ke 6o ko \Z
complex CN IR(A) EN IC  ro(A) (mdynAl)  (deg) (mdynArad?  (kcal mol?)
1 [Mg(NMA) 5(OHy).2* 6 072 131 0673 1.898 0.553 135.1 0.061 0.289
2 [Mg(NMA) &> 6
3 [Mg(DMF)4(OHy).2* 6
4 [Mg(DMA)¢* 6
5 [Ca(DMF),(OH,)LCl] 6 1.00 1.00 0.780 2.192 0.398 140.5 0.038 0.139
6 [Ca(DMF)J?* 6
7 [Ca(DMA)Cly~ 6
8  [Mn(MAL) ,O—NO,)] 6 083 155 0583 2014 0.480 130.9 0.091 0.519
9 [Fe(DMF)]?" 6 0.78 1.83 0.470 1.961 0.510 126.6 0.151 0.921
10  [Fe(DMF))2* 6
11 [Fe(DMF)J?+ 6
12 [Fe(DMF)* 6 0.645 196 0414 1.820 0.926 129.1 0.194 0.655
13 [Fe(DMFXCI?* 6
14  [COo(DMF)(NCBHs),] 6 0745 188 0449 1.925 0.534 126.0 0.166 1.013
15  [Ni(DMF)q2+ 6 069 191 0436 1.867 0.577 125.6 0.176 1.055
16 [Zn(MAL) O—NOy)] 6 074 165 0544 1.919 0.538 129.2 0.109 0.646
17 [Zn(MAL) »(NCS)] 6
18  [Cd(MAL).Cl;] 6 0.95 1.69 0.528 2.140 0.419 128.6 0.117 0.701
19 [Cd(BOPAX(NO3)(OHy)] 6
20 [Zr(DMF).Cly4] 6 0.72 1.52 0.599 1.898 1.106 143.9 0.085 0.088
21 [La(TMMA) g3 9 1.216 110 0.747 2.419 0.491 144.8 0.044 0.077
22 [La(TMMA) (NO3)4] 85 1.186 2.387 0.503
23 [La(TEMA),(NOs)q] 85 1.186
24 [La(TEMA)(NO3)q] 85 1.186
25 [La(TMSA)3(NO3)3J*+ 85  1.186
26  [Cel(TMSA)3(NO3)g 7.5 1.108 1.12 0.740 2.305 0.539 144.5 0.046 0.080
27 [Pr(TMSA)3(NO3)d 75 1.088 113 0736 2.284 0.549 144.3 0.046 0.083
28  [Nd(TMMA) 2(NOs)s] 8.5 1.135 1.14 0.733 2.334 0.526 144.2 0.047 0.084
29  [Nd(DCMMA),(NOs)3] 85 1.135
30 [NdATMSA)(NOs)d 75  1.075 2.270 0.555
31 [Nd(TMSA)** 8  1.09 2.286 0.548
32 [Nd(DMF)g* 8 1.09
33 [Nd(A-VAM) g3+ 8  1.09
34 [SM(DMA)s(NO3)3] 75  1.05 117 0723 2244 0.569 143.8 0.049 0.090
35 [Eu(TMSA),%* 8 1.066 1.19 0.716 2.261 0.560 143.5 0.051 0.093
36 [GA(TMMA),(NO3)3 85 1.08 120 0712 2276 0.553 143.3 0.051 0.095
37 [GAATMSA)(NOs)g] 75  1.028 2.221 0.581
38 [Er(DMA)4(NOs)] 75 0977 124 0698 2.168 0.611 142.6 0.055 0.104
39 [Er(DMA)5(NOs)3] 75 0977
40  [Er(TMMA) 43+ 8 1.004 2.196 0.595
41 [Yba(TMSA)3(NOs)g] 7.5 0.955 1.26 0.691 2.145 0.625 142.3 0.057 0.108
42 [Th(DCHA)s(NCS)] 7 0.99 148 0622 2.182 0.804 144.8 0.077 0.077
43 [Th(D'PPAXNCS)] 7
44 [U(D'PA)«NCS)] 8 1.00 2.192 0.796 146.0 0.067 0.066
45  [U(DMPA)(NCS)] 7 0.95 137 0651 2.140 0.838
46 [U(DEPA)Cly]~ 6 089 2.077 0.894
47  [U(DM'BA),Cly] 6 089
48 [UOADMF)(NOs),] 7 1.05% na na 2.250 0.377 143.0 0.0 0.099
49  [UOL(DBNPA)(NOs);] 7
50  [UOA(DBNPA)(NO)] 7
51  [UOLA-VAM)5(NO),] 7
52  [UO(TBSA)(NOs),| 7

aCN = effective coordination number as defined in text. #R Shannon ionic radiu¥. EN = electronegativity (from a table of Pauling
electronegativies in Huheey, J. lBorganic Chemistry: Principles of Structure and Reaityi, 1978). IC= ionic character as defined by Pauliffy.
Parameters are presented in standard MM3 format for theOMstretch (from egs 1 and 2), the-MD=C bend (from egs 3 and 4), and the
M—0O=C—X torsion (from eq 5)? Assumed valuet In the absence of an EN value for the ¥Oion, bending parameters for the uranyl ion were
assigned by comparison to other f-block metals.

exhibits the expected behavior of increasing force constant with with experimentally observed MO bond lengths generally gave
increasing charge and decreasing distance. In addition, it yieldshigher k; values than eq 2 and we were unable to derive a
the correct asymptotic limit of a zero force constant at infinite corresponding set af values such that the values could be
separation. Thé& values for the metal complexes examined in linearly correlated with Shannon’s ionic radii (eq 1).
this study are given in Table 2. M —O—C Bend. Significant differences in MO—C angular

We also explored the possibility of using other empirical preference exist between the predominantly ionic (alkaline earth,
relationships to obtain the stretching force constants. Badger'slanthanides, and actinides) and the more covalent metals (first-
relationship®3°has successfully correlated bond stretching force row transition metals)! Therefore, it was not possible to assign
constants as a function of bond length in a variety of diatomic a singlety value for all metal ions. An alternate approach is to
molecules. In the current model, application of Badger’s relation

(39) Herschbach, D. R.; Laurie, V. W. Chem. Phys1961, 35, 458—
(38) Badger, R. MJ. Chem. Phys1935 3, 710-714. 463.
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@ barriers for the more covalent metals (smalgy and lower

) rotational barriers for the more ionic metals (large). TheV,
values for the metal complexes examined in this study are given
in Table 2.

Y

120° 2. Model Performance.Starting from their crystal structure
coordinates, structurds-52 were calculated with the extended
MM3 model described above. A detailed comparison of
experimental and calculated structural features was performed.
- The results of this comparison are summarized in Table 3.
covalent lonic

) ) ) ) Structures are grouped by metal ion type. For each complex

P covlon macio 1o s s o it . A 1 10901 () calclated average values, expermertal average

on the right shows the orientation of the acetamide dipole moment values, and the mean absolute dEVIaFIOI'IS mmﬂmid‘?d'Stames’
(MM3). M—0O=C angles, and MO=C—X torsion angles, (ii) the mean
absolute deviation in all EM—L angles, and (iii) the root-

compute a value df for each metal. Thé, parameter is given ~ mean-squared deviation (rmsd) between the calculated and

in units of degrees by eq 3 experimental atom positions for all non-hydrogen atoms. When

more than one complex is present per metal ion, we also report

6o = 137.4+ 17.6 tanh(2.886ICG- 0.364 — 2.800) (3)  the average performance in each column as well as the

. . ) experimental range of values for the NDamige distances,
whereZ is the formal charge of the metal ion and IC is the \—0=C angles, and MO=C—X torsion angles.

ionic character of the MO bond derived from differences in
electronegativity of oxygen and the metaElectronegativities,
IC values, and)y values are given in Table 2 for the metal ions
examined in this study.

The hyperbolic tangent function in eq 3 asymptotically
approaches a limit of 120°%Z = 1) as the ionic character of

the M0 bond goes to zero and limit of 153.¢ = 4) as the distance ranges of up to 0.17 A and in these cases the model

ionic character of the MO bond goes to 100%. These limiting . . A .
behaviors can be rationalized in terms of expected ideal gives amean absolute deviation of 0.042 A. For any given metal

geometries for a pure covalent or a pure ionic interaction as '?]n thﬁ mean gbsolutle dewanfon l'”“‘\“?argsie d'.Stanﬁe '?] less del
illustrated in Figure 2. In the idealized covalent case, optimal t an the e>.<per|menta range otvajues in |cqt|ngt atthe mode
overlap between a metal centered orbital with ah ®p/gen is accounting for the variability in M(_)amidedlstance. )
orbital occurs at an MO=C angle near 120 In the idealized The average mean absolute deviation for @=C angles in
ionic case, the optimal interaction occurs when the metal aligns 1—521is 4.1°. This value is quite good given the wide range of
with the dipole moment of the ligand. Alignment of the metal M—O0=C angles observed within each metal type. For individual
ion with the dipole moment of acetamide predicts a®=C metal ions the mean absolute deviations are typically five times
angle 154 at an M—O distance of 2.5 A. less than the experimental ranges. The average mean absolute
Theky parameter is given in units of mdyn A ratiby eq 4 deviation for L-M~—L angles (L= O, N, Cl) in1-52is 3.3
This level of agreement demonstrates the POS method of
k, = 1.219 exp{-4.443C) (4) treating metal-centered angles to be accurate and of sufficient
flexibility to accommodate the wide range of coordination
wherelC is the ionic character of the MO bond as described  geometries encountered in the 6- to 9-coordinate metalide
above. This exponential relationship yielkis limits ranging complexes examined in this study.
from 1.22 mdyn A rad? for a pure covalent MO bond to The average mean absolute deviation for-@=C—X
0.014 mdyn A rad? for a pure ionic M-O bond. The former  gihedral angles il—52 is 10.2. Although somewhat larger
value is of the same magnitude as bending force constants foungnan obtained in previous applications of this type of model
in the MM3 force field for bends that occur in organic (+£5—6°),62641this value is acceptable given the wide range of
molecules, e.g., the C@p-C(sp)—C(sp) bend interaction has  \j_o—C—x dihedral angles observed within each metal type
a ky of 0.67 mdyn A rad® The ky values for the metal g the possible influence of crystal packing effects. The
complexes examined in this study are given in Table 2. majority of the amide ligands examined in this study are
M—O=C—X Torsions. Rotation about the €0 bond of & 5nnected to the metal ion by a single4® bond whereas the
coordinated amide is defined by two dihedral angles. These arep, o\ ioys studies have focused on multidentate ligands in which
the M—O=C—N apgle and thg MO=C—X angle (X= C, there are additional intra-ligand constraints on thelM-X—X
H). A 2-fold torsional potential is used to reproduce the ineqra| angles. When coupled with the low barriers to rotation,
preference for the metal ion to lie in the plane of th_e artfide a single point of attachment to the metal ion renders theOw
and the samé(z pgram_eter IS used for both interactions. The C—X dihedral angles in the amide complexes more susceptible
V2 parameter is given in units of kcal mdiby eq 5 to distortions caused by intermolecular interactions that may
be present in the crystal lattice.

The average root-mean-squared deviation (rmsd) between the
calculated and experimental atom positions for all non-hydrogen
atoms in1—52 is 0.326 A. After examination of overlays of

The average mean absolute deviation for ®hmigedistances
in 1-52is 0.038 A. The extent of the deviation correlates with
the experimental range of MO distance. Individual first-row
transition metals exhibit M Oymige distance ranges of 0.65
0.08 A and in these cases the model gives a mean absolute
deviation of 0.022 A. The more ionic metals exhibitMamide

V, = 2.835x 10’ exp(—0.1362),) (5)

where 6y is the ideal M-O—C angle as obtained from eq 3.
This exponential function yields higherMO=C—X rotational

(40) Pauling, L.The Nature of the Chemical Bon@ornell University (41) Cundari, T. R.; Moody, E. W.; Sommerer, @org. Chem1995 34,
Press: New York, 1960. 5989-5999.
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Table 3. Comparison of Calculated versus Experimental Structural Features

Inorganic Chemistry, Vol. 37, No. 22, 1998893

M —Oamide M—-0=C M—0O=C—N L-M-L

complex calc (exp) dev range calc (exp) dev  range calc (exp) dev  range dev rmsd
Mg?* 1 2.101(2.046) 0.055 143.6 (141.8) 1.8 153.2 (161.4) 8.2 1.8 0.098
2 2.099(2.064) 0.035 138.9 (142.3) 41 148.1 (152.4) 8.1 12 0.299
3 2.105(2.058) 0.047 126.9 (129.9) 5.3 176.6 (177.1) 1.2 3.9 0.548
4 2.099 (2.059) 0.040 146.8 (147.3) 1.6 177.0 (171.0) 5.8 2.3 0.242

av 2.101(2.058) 0.044 0.073 139.0(140.3) 32 342 163 (165) 5.8 76 2.3 0.296
cat 5 2.286(2.342) 0.056 127.5 (128.0) 0.5 173.8 (176.6) 2.8 3.1 0.371
6 2.306 (2.292) 0.049 136.7 (143.1) 6.9 108.4 (135.7) 23.4 3.6 0.403
7 2.318(2.297) 0.021 152.9 (161.2) 9.8 123.3(148.1) 249 4.6 0.300

av 2.303(2.310) 0.042 0.087 139.0(143.7) 5.7 385 135 (154) 17.0 97 3.8 0.358
Mn?*t 8 2.128(2.124) 0.013 122.0 (125.5) 35 146.4 (153.9) 7.6 3.2 0.272
Fet 9 2.134(2.122) 0.019 122.7 (124.3) 2.8 173.3 (165.5) 7.8 2.2 0.549
10 2.133(2.095) 0.039 122.8 (126.0) 6.1 178.4 (176.4) 6.9 14 0.544
11 2.134(2.110) 0.024 122.8 (122.2) 4.4 179.7 (176.0) 3.9 1.2 0.434

av 2.134(2.109) 0.027 0.077 122.8(124.1) 44 17.6 177 (173) 6.2 27 1.6 0.509
Fet 12 1.983(1.990) 0.007 129.0 (127.1) 2.6 176.5(166.9) 13.7 1.3 0.507
13 2.004 (2.019) 0.021 133.2(128.1) 6.5 173.9 (178.0) 4.1 1.7 0.291

av 1.993(2.004) 0.014 0.049 131.1(127.6) 4.6 8.1 175 (172) 8.9 21 15 0.396
Co?t 14 2.062(2.105) 0.043 126.1 (125.9) 15 178.6 (176.5) 21 16 0.363
Ni2* 15 2.073(2.050) 0.023 123.7 (124.0) 4.4 179.8 (172.2) 7.6 12 0.489
Zn2+ 16 2.074(2.047) 0.028 123.0 (124.1) 1.3 151.9 (157.5) 5.6 3.1 0.283
17 2.100(2.091) 0.010 122.4 (125.1) 2.7 1545 (167.8) 134 16 0.266

av 2.087(2.069) 0.019 0.068 122.7 (124.6) 2.0 2.7 153 (163) 9.5 17 2.4 0.275
CdP* 18 2.300(2.329) 0.029 123.5(128.3) 4.8 152.7 (168.3) 15.7 4.9 0.307
19 2.218(2.291) 0.073 135.2 (136.6) 1.6 174.9 (174.6) 3.8 3.7 0.367

av 2.259(2.310) 0.051 0.056 129.3(132.4) 32 111 164 (172) 9.7 11 2.0 0.337
Zrt 20 2.012 (2.052) 0.039 151.9 (149.8) 2.2 179.9 (163.7) 16.3 0.8 0.133
Las* 21 2599 (2.537) 0.064 134.1 (135.1) 4.4 138.2 (143.3) 7.4 5.3 0.328
22 2.480(2.502) 0.021 132.5 (132.9) 5.0 119.8 (123.7) 6.2 35 0.486
23 2.457(2.508) 0.051 132.0 (134.5) 5.7 130.6 (136.9) 7.1 4.4 0.374
24  2.486(2.553) 0.067 130.4 (128.2) 5.7 129.4 (128.0) 144 6.0 0.451
25 2.491(2.475) 0.051 1496 (154.2) 4.9 125.3(118.5) 13.3 35 0.306

av 2502 (2.515) 0.051 0.163 135.7(136.9) 5.1 4238 129 (130) 9.7 71 45 0.389
cet 26 2.355(2.405) 0.051 144.2 (146.7) 25 111.3(110.2) 5.1 3.6 0.257
Pt 27 2.340(2.390) 0.051 144.8 (146.7) 1.9 112.0 (110.0) 5.1 3.4 0.230
Nd3+ 28 2.417 (2.446)  0.029 134.6 (133.3) 41 122.8 (125.8) 5.5 5.6 0.488
29 2.416(2.486) 0.069 132.0 (129.1) 3.9 117.9 (122.2) 6.7 4.1 0.267
30 2.332(2.373) 0.045 145.0 (146.6) 2.0 112.7 (110.4) 3.9 3.4 0.255
31 2.464(2.426) 0.045 140.7 (144.4) 8.0 128.9 (134.6) 19.0 4.7 0.307
32 2.440(2.433) 0.035 133.8 (139.0) 9.6 141.1 (148.1) 17.2 4.5 0.581
33 2.526(2.452) 0.075 136.6 (145.3) 8.7 14.5(12.5) 21.0 8.5 0.320

av 2.433(2.436) 0.050 0.123 137.1(139.6) 6.0 302 107 (109) 12.2 91 5.1 0.370
St 34 2.326(2.315) 0.011 150.1 (148.8) 8.6 132.1 (136.6) 8.6 1.8 0.250
Eut 35 2.443(2.388) 0.055 142.2 (145.9) 7.6 130.1 (140.0) 16.6 4.3 0.261
G+ 36 2.400(2.389) 0.024 132.2 (132.5) 5.6 141.5(139.0) 21.0 3.8 0.494
37 2.286(2.323) 0.045 142.6 (146.5) 2.3 111.8 (110.1) 6.7 3.9 0.283

av 2.343(2.356) 0.034 0.096 137.4(139.5) 39 269 127 (125) 13.8 72 3.8 0.389
Erst 38 2.252(2.257) 0.015 152.4 (152.7) 6.5 136.2 (143.3) 10.6 15 0.389
39 2.263(2.255) 0.035 155.2 (152.0) 3.2 150.6 (138.2) 13.8 15 0.273
40 2.367(2.312) 0.051 128.2 (133.2) 5.0 118.8(138.8) 20.1 2.6 0.471

av 2.294(2.275) 0.034 0.097 145.3(146.0) 49 36.0 135 (140) 14.8 52 1.9 0.378
Yb3+ 41 2.251(2.250) 0.039 146.2 (146.4) 1.7 111.5 (111.2) 5.7 2.9 0.258
Thit 42 2.362(2.357) 0.022 150.1 (151.9) 19 163.1 (151.1) 12.0 3.9 0.235
43 2.301(2.335) 0.034 165.6 (164.2) 1.1 120.2 (116.5) 9.7 3.3 0.154

av 2.332(2.346) 0.028 0.030 157.8(158.0) 15 124 142 (134) 10.8 64 3.6 0.195
U+t 44 2.390(2.362)  0.027 146.2 (144.1) 21 115.5 (112.6) 2.9 1.0 0.136
45 2.257(2.304) 0.047 155.6 (158.6) 7.9 100.8 (100.2) 7.0 14 0.456
46 2.185(2.291) 0.106 164.4 (163.9) 0.5 168.8 (155.2) 13.6 2.7 0.255
47  2.231(2.247) 0.016 161.2 (165.2) 4.0 81.4 (90.6) 9.2 1.4 0.190

av 2.266(2.301) 0.049 0.148 156.8(157.9) 36 251 117 (115) 8.2 80 16 0.259
UOo2?* 48  2.348 (2.397) 0.049 141.6 (125.4) 16.2 168.1 (160.0) 8.1 1.4 0.236
49 2.368(2.358) 0.010 149.2 (154.2) 5.0 97.3(111.0) 13.7 1.8 0.270
50 2.417(2.351) 0.066 138.7 (141.0) 2.3 97.5(117.3) 19.8 1.6 0.282
51 2.364(2.359) 0.005 139.4 (142.6) 3.2 38.7 (27.9) 10.8 0.7 0.138
52 2.400(2.358) 0.042 135.1 (135.6) 0.8 109.2 (108.9) 37 2.4 0.214

av 2.386(2.363) 0.034 0.074 140.8(139.8) 55 28.8 102 (105) 11.2 132 16 0.228

aExp and calc are average values; dev is the mean absolute deviation computed by summing the deviations for all occurrences of the structural
feature and dividing by the number of occurrences. Bond lengths and rmsd values in A; bond angles and dihedral angles in deg.

calculated and experimental structures, we find that a rmsd of overlays from this group that highlight the accuracy to which
<0.3 Aindicates a very good fit. Twenty-eight of the structures this model reproduces a wide range of structurally diverse
examined meet this criterion. Figure 3 shows representative metal-amide complexes.
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Figure 3. Overlays of experimental and calculated structures4for
(rmsd= 0.242 A),29 (rmsd 0.267 A), andi7 (rmsd= 0.190 A).

Rmsd values in the range of 8:8.5 indicate a good to fair
agreement with experiment. Nineteen structures meet this

criterion. Figure 4 shows representative overlays from this group. Figure 4. Overlays of experimental and calculated structuresifor
In the case ofL9, where the model well reproduces both the (msd= 0.367 A),36 (rmsd= 0.494 A), and32 (rmsd= 0.581 A).

|nnec; sp:]ere_ ggometry and thel aml_de_ onentanr:)n, the Incr3"’136fdangle. This level of performance is comparable to that obtained
rmsd value is due to structural variations at the outer ends of i, force fields for other ligand types with alkali and alkaline
the amide ligands. In the case 86, one of the malonamide earth metal§26 lanthanides241 and technetium(V#2

I(;gf?nds IS V\(ellhreprzducedl, but %D_l.c_)((j torsul)r!al ﬁngg}l'e h If the data is restricted to the 10 first-row transition metal
ifterences in the other malonamide ligand result in the higher complexes, in which there is less variation in the structural

rmsd value. Rmsd values0.5 indicate fair-to-poor agreement features, we obtain mean absolute deviations of 0.022 A for

with experiment. Only five structures are in this category. An M—0, 3.5 for M—O=C angle, 1.9 for L—M—L angle, and

ovgrlay for the structure with the highest rm&, with 0.581 T for,M—O=C—X dihedral an’gle. This level of perfor,mance

A’. IS s_hown at the bottom _Of Figure 4. Here the large rmsd is is comparable to that obtained with force fields for other ligand

primarily caused by the failure of the model to reproduce the types with the first row transition metal ioA&4345

experimental M-O—C—X torsion angles. '
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