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Critical Evaluation of Metal Complex Molecular Mechanics. Part 1. Cobalt(lIl)
Hexaamines
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The ability of available molecular mechanics programs to calculate structures and relative energies of metal
complexes is examined via a comparative study of five different force fields: Molmec, Momec91(H), Momec91-
(C), Xnviron, and Spartan. The method used for assessing the validity of the force fields showed that four of the
force fields were able to reproduce successfully the structures of various Co(lll) hexaamine cations determined
by X-ray analysis, even when these structures were considerably distorted. In certain cases, the calculated relative
steric energies were not reliable. Small variations in force fields parameters sometimes led to large changes in
the calculated steric energies, and in some instances, in the order of steric strain for different isomers. The most
notable changes occurred when metal-dependent parameters were altered.

Introduction molecules, especially hydrocarbons, the choice of force field
for the chemist wishing to study molecules containing a metal
is not clear-cut. The general lack of experimental data,

especially thermodynamic, to which force field parameters can

The basic premise of force field calculations is that the
conformational potential energy of a moleculggta, can be
expressed as a simple function of the orientation of the atoms
relative to a hypothetical strain-free molecule having the same

(14) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,;

constitution. The force field represents the bond stretchifgy (
bond angle bendingv), torsion angle deformation¥§), and
nonbonded interactiond/{,) along with other relevant terms.

(See ref 1 and the Supporting Information for more information.)

The geometry of the molecule is optimized by minimization of
Viota, the general form of which is given by egd.1

Vi = D Vot D Vp+ YV, + 5 Vo +

other relevant terms (1)

Molecular mechanics is now a very popular tool for describ-

Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187.
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(19) Buckingham, D. A.; Sargeson, A. M. [fopics in Stereochemistry
Allinger, N. L., Ed.; John Wiley & Sons Ltd: Chichester, 1971; p
219.
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1973 95, 8005.

(22) Rudnicki, W. R.; Lesyng, BComputers. Chenl995 19, 253.

ing the structures and relative energies of many classes 0f(23) Niketic, S. R.; Rasmussen, KHecture Notes in Chemistry. The

moleculesi™*2 While Allinger's MM27:8is the most commonly
chosen force field for the description of purely organic
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Table 1. Brief Comparison of the Five Force Fields

basis selected references

Extension of MM2

force field key authors minimization technique

quasi-Newton minimization algorithif, 27, 30, 31, 43, 46
with the BFGS update method
using analytical first derivatives

Newtorn—Raphson

Molmec Adam, Lindoy

Momec91(H) andHambley for Momec91(H); extension of Snow’s work 1,5, 26, 28, 29, 337,

Momec91(C) Comba and Bernhardt for  incorporating modifications 44
Momec91(C) suggested by Allinger
Xnviron Snow, Maxwell, Dwyer, Geue extension of Snow’s work Newt&aphson 19, 24, 3841, 45
Spartan 3.9 Hehre extension of TRIPOS 5.2; 13, 47,48

present authors did not have
access to parametéts

a Spartan 3.0 is a suite of prograthiscluding a graphical user interfaca initio and semi-empirical modules, and a properties module. As part
of the module responsible for the preparation of input for various calculations, several molecular mechanics force fields such as MM2 and MM3
are included. To simplify the discussion, the module responsible for the MM calculations on metal complexes will be called Spartan. This extension
of the TRIPOS 5.2 force field has not been parametrized with a view to providing reliable energies, and the present authors did not have access to
the parameters, but the force field is commercially available and likely to be used by coordination chemists. For these reasons Spartan was only
included in the structure-predicting study.

be fitted, the variability in coordination mode of the metal center, tion 3100. Spartan calculations were carried out on a Silicon
the problem in defining reference angles around the metal center,Graphics Iris Workstation. Output was analyzed with the
as well as the effect of the molecule having an overall charge, graphics program Chem3D 3.1°4.Data analysis was carried
are all factors which make developing a set of transferable force out using Excel 4.0, Kaleidograph 3.0, and the Compar program
field parameters more difficult for metal containing molecules contained in the Molmec suite of progrants.
than for organic molecules. Consequently, numerous molecular Force field files were supplied by the authors of Molmec,
mechanics (MM) force fields for metal complexes have appeared Momec91(H) and Momec91(C). The parameter set for Xnviron
in the literature as research groups have parametrized their ownwas taken from ref 39. Calculations from recent publications
force field for the problems at hand. Several comparisons of were duplicated as a check of the parameters supfigef©.3°
force fields for organic molecules have appeared in the Version 3.0 of Spartan was employ&d.
literature}3-21-22and it is now time that more attention be spent  Trial input coordinates were obtained from the Cambridge
on evaluating the ability of currently available force fields to  Structural Database (CSB)unpublished local work and from
model transition metal complexes. manipulation of computer graphics (Chem3D and Spartan). The
The aim of this work was to determine how well several coordinates were orthogonalized, and missing hydrogen atoms
existing force fields (Molmec, Momec91(H), Momec91(C), were added with Chem3D or AdAtom (a component of the
Xnviron, and Spartan) are able to generate reliable structuresMolmec suite of programs). Minimization was carried out with
and isomer distributions for a series of metal complexes. The the relevant force field and the output was examined using
aim was also to examine the effect of variations in selected force Chem3D graphics. To confirm that the conformation so
field parameters on these structures and energies. The forceachieved was not an artifact, minimization was repeated with
fields described below were chosen to provide a sample of thereadjusted sets of trial coordinates.
different approaches being taken to model metal complexes. Structural Study. The calculated structures were compared
For evaluation purposes, it was decided that part 1 of the to that observed in the crystal by examining the differences in
comparative study would be limited to one of the most well bond lengths, valence angles, torsion angles, and atom positions
studied and historically important classes of complexes, the Co-for non-hydrogen atoms.
(1) hexaamines. Compared to other systems, much more Study of the Energetics. To assess the ability of Molmec,
experimental data is available, the complexes are unequivocallyMomec91(H), Momec91(C), and Xnviron to predict the relative
six coordinate, approximately octahedral, and all have the low- stabilities of isomers, five molecules were chosen in which the

spin ¢ electronic configuration and there are already a number experimental isomer distributions were measured using equili-
of force fields which contain parameters for Co(lll) hexaamines. pration methods: [Co(traglf*,36 [Co(dien)]3t,3252 [Co-

These complexes should be a good probe for examining how
the MM force fields duplicate the balance that exists between (43) adam, K.Molmeg James Cook University: Townsville, Queensland,

the demands of the metal ion and those of the ligands.

Later work will consider molecular mechanics applications
to metal complexes of Co(ll), Zn(ll), Cd(Il), Hg(ll), Mn(ll),
and Fe(ll).

Description of the Force Fields Used in This Study

A brief description of the five force fields used can be found

Australia, 1992.

(44) Hambley, T. WMomec, A Program for Strain Energy Minimisation
University of Sydney: Sydney, New South Wales, Australia, 1991.

(45) Snow, M. R. et al.Xmwiron, A Molecular Mechanics Program
University of Adelaide: Adelaide, Australia, 1991 and subsequent
modifications.

(46) Adam, K. R.; Lindoy, L. F.Crown Compounds: Toward Future
Applications Cooper, S. R., Ed.; VCH: Weinheim, 1992; Chapter 5.

(47) Hehre, W. JSpartan 3.0 Wavefunction Inc.: 18401 Von Karmon
Avenue, Suite 370, Irvine, CA, 92715; 1993.

in Tables 1 and 2. Further details can be found in the Supporting (48) Tripos5.2 Force Field of the Sybyl Molecular Modeling Package

Information.

Computational Details

General. Molmed® calculations were performed on an Apple
Macintosh IIfx. Momec91(Hf* Momec91(C)%44and Xnvi-
ror calculations were performed on a Digital VAX Worksta-

Tripos Associates: 1699 S. Hanley Road, Suite 303, St. Louis MO,
63144, 1988.
(49) Hehre, W. J., President of Wavefunction Inc., personal communication.
(50) Chem3D Version 3.1.1; Cambridge Scientific Computing Inc. (now
Cambridge Soft): 875 Massachusetts Ave., Cambridge, MA, 1993.
(51) Cambridge Structural DatabaseCSD User's Manual Cambridge
Crystallographic Data Centre: 12 Union Rd., Cambridge, England:
1992,
(52) Keene, F. R.; Searle, G. thorg. Chem.1974 13, 2173.
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Table 2. Overview of the Functional Form of the Potential Energy Functions

bond valence angle other terms which
force field stretching deformations torsion angle tefm nonbonded interactions are included
Molmec guadratic and quadratic three cosine terms Buckingham potential dipdipole
a cubic term interactions which
are given by Jean’s
reference angles differ  constants differ nonbonded terms involving formula
according to terminal according to the metal included
atoms terminal atoms
L—M~—L' valence angle bend-stretch
bending terms included cross term
Momec91(H) quadratic quadratic one cosine term Buckingham potential
and
Momec91(C)
no L—M—L' valence only two torsional constantsL---L geminal nonbonded
angle bending terms used: X-C—N-Y and terms are included
are included X—C-C-Y
no nonbonded terms involving
the metal
91(H) and 91(C) differ only in
the constants associated with
nonbonded interactions
involving H atoms
Xnviron quadratic quadratic one cosine term Buckingham potential
cis L—M—-L only two torsional constantsno nonbonded terms involving
terms included used; Xx-C—N-Y and the metal
X-C-C-Y

softer nonbonded interactions
than the MM2 based force fields

nonbonded distances greater than
1.2 times the sum of the van
der Waals radii of the relevant
atoms are neglected

aNone of the force fields includes barriers to rotation aroundLMoonds.

(chxn)]®*,53 [Co(d=bn)]3",5455and [Co(pny]®*.56:57 A further Sensitivity of the Force Fields to Changes in the Param-
five molecules were chosen where it is not possible to isolate eters. To determine the influence of any one parameter on the
the isomers because of conformational flexibility but where the results, variations were made in selected force field parameters,
conformation is known in the solid state and can be evaluated and the results were compared with the original in terms of
in solution: [Co(ery]3*,58 [Co(tmen}]3* 59761 [Co(sar)f 3" both structures and energies.

[Co((NHg)z-sar)P+,52 and [Co((NMe),-sar)P+.62 Minimization

of each isomer was carried out using the method described
above. The isomer with the lowest steric energy was assigned 10 compare the calculated and observed structures, a set of
an energy value of 0 kJ mol and the other isomers were 17 crystal structures was chosen W}’.I.ICh satisfied thg fgllow!ng
assigned an energy value equal to their own steric energy minuscfiteria®® (i) R factor less than 5%; (ii) standard deviations in
the steric energy of the isomer with the lowest steric energy. In the Co-N bond lengths less than 0.01 A; (iii) no obvious

Results

this way, the results are presented as differendeg, A structural distortion of the cation due to strong nonbonding or
statistical correction due to symmetry was applied to the steric Nydrogen bonding interactions with the anions; and (iv) only
energies in order to obtain a calculated free energy t&@, Co(lll), N(sp’), C(sp), and H atoms. Other structures were

which was then compared to experimental free energy differ- €liminated because close inspection revealed that large aniso-
ences-32 For example, a factor dRTIn(2) must be added to  tropic temperature factors in the ligand backbone were due to

the steric energy of the-facisomer because thaerandu-fac the presence of more than one conformation. It has been
isomers of [Co(dien]®" are asymmetric and have a 2:1 demonstrated elsewhéfethat the variation between X-ray

preference over the-facisomer32 The percentage distribution ~ Structures of Co(lll) hexaamines with anions such as chloride,

of the isomers of a particular molecule at a specified temperature Promide, perchlorate, nitrate and tetrachlorozincate was small
was calculated from the calculated free energies of all conform- despite the different arrangements of counterions, implying that
erst the cation structure is not influenced significantly by these

anions. Hence comparing the isolated cation structure in an
(53) Harnung, S. E.; Sorenson, B.; Creaser, |. |.; Maegaard, H.; Pfenninger, eXperimental structure with that which has been calculated by

o L(J). lnotLg.PChEmiQ?GAl%2123.Ch 1987 26, 195 MM seems valid. The chosen set (Table 3, ligand structures
2553 Hisn‘éaar);v o J_a;lprrllg’n, T E?rgépsc?)rtrt]; R. Borg, Chem1980 19, for all Co(lll) complexes considered in this work are depicted
102. in Figure 1) included very simple ions such as [Co@)§#™,

(56) Harnung, S. E.; Kallesoe, S.; Sargeson, A. M.; Schaffer, GQ\cka more complicated structures with four-membered rings, distorted
57) CDCveyg SFC%nF‘?;‘éeAS%% ?5'\-/' . James, LJBAM. Chem. Sod964 geometries around the metal, and large macropolycycles such
86,590. P ’ : : as [Co(Ei-Meg-Ngtetracosanejf. Overall, this is a challenging
(58) Sudmeier, J. L.; Blackmer, G. L.; Bradley, C. H.; Anet, F. AJL. set of structures to reproduce because of the range of distortions

Am. Chem. Sod972 94, 757. arising from compromises between the demands of the ligand

(59) Hendry, P.; Ludi, AJ. Chem. Soc., Chem. Commu987, 891. and of the metal

(60) Hendry, P.; Ludi, AHelv. Chim. Actal988 71, 1966. . ’ . .

(61) Burgi, H. B. Unpublished results. The rms differences in atom positions (rms(total)) for the 17

(62) Bernhardt, P. V.; Bygott, A. M. T.; Geue, R. J.; Hendry, A. J.; Korybut- ~ structures ranged from 0.010 to 0.088 A for the Molmec force
Daskiewicz, B. R.; Lay, P. A.; Pladziewicz, J. R.; Sargeson, A. M.;
Willis, A. C. Inorg. Chem.1994 33, 4553. (63) Jones, P. GChem. Soc. Re 1984 13, 157.
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Figure 1. Ligand structures.

Table 3. Chosen Set of Co(lll) Hexaamine Crystal Structures

max Co-N
structure R(%) errors (A) reference

[Co(NHg)s(anion} - - -

[Co(en)](tartrate)Ci5H,O 2.2 0.001 64
[Co(trap}]Cls 2.6 0.002 65
(—)sa6[Co(R,Rptn)]Cls 3.9 0.009 66
[Co(dpt)](ClO4)s 4.2 0.006 67
[Co(tame)](tartrate) HO 25 0.003 68
(+)ssrmer[Co(dien)y]Brs (C)° 3.8 0.009 69
mese[Co(hexaen)]G 2.0 0.001 70
[Co(tamen)(en)](CIQ)3 4.6 0.003 71
(—)as[Co(taetacn)](ClQ)s 4.0 0.004 72
[Co(trans-diammac)]C}(ClOy) 2.9 0.002 73
(_)539-[CO(R-pn}3]Br3 3.7 0.006 74
rac-[Co((NHg)-sar)]Ck-1.5H,0 (B)> 3.1 0.005 75
mer-[Co(ama}]Cl3-3H,0 4.3 0.005 76
obs-[Co(R,Rchxn)]Clz-3H,0 2.5 0.003 77
A-lels-[Co((CHgs)2-char)]CL(ClO4) 3.9 0.004 78
[Co(Et-Mes-Netetracosane)|Gi4H,O 3.5 0.002 79

2 An average of nine structures was used (see ref4dpre than
one independent cation was found in the observed structure, and on
was chosen for comparison.

field, from 0.030 to 0.118 A for Momec91(H), from 0.020 to
0.098 A for Momec91(C), from 0.027 to 0.100 A for Xnviron,
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and from 0.014 to 0.104 A for Spartan. The overall rms
differences (between the calculated and observed structures) in
bond lengths, valence angles, and torsion angles, when all
seventeen structures are considered together, are shown in Table
4.

On a global level, these indicators imply that Spartan provides
a poorer fit than the other force fields. The magnitude of some
of these values are of the same order as the experimental
uncertainty in some of the crystal structures. At this level, the
accuracy of the experimental data must be taken into consid-
eration when assessing the reliability of the force fields. The
statistics given in Table 2 compare favorably with molecular
mechanics calculations on alkane systems using both MM2 and
the force field of Engler, Andose, and Schleyer, in which
agreements of 0.001 A for bond lengths; 2P in valence and
torsional angles were achievéd. Nevertheless, the overall
statistics only provide a rough global view and do not pinpoint
systematic problems in the force fields. To locate such errors,
€each type of bond and angle was examined. The results of the
comparison of MM-calculated CeN bond lengths with the
corresponding bond lengths observed in the 17 crystal structures
are shown graphically for all five MM models in Figure 2.



Critical Evaluation of MM Force Fields

Calculated

Calculated

Inorganic Chemistry, Vol. 37, No. 19, 1998799

| 2,08 e 1 L Lt 208 t——blw v 4w b, ) P B
J A o] ]
206 Molmec . i ,05] Momec91(H) i
2,04 o/ - ] .
] 2.03 s L
o '8 1 i
2.01 o L @ ]
0 o o ® 200 I:'l:uﬂ/D o i
1.99 °og °® ° - 3 ] o Gl
] o @ G198 L
1.97 . 5 ] a
1.95 9 -
1.94 L ]
1.92] L 1.93 -
1.90 T A L B T 1.90 T T T T T T
190 193 1.95 198 2.00 2.03 2.05 2.08 1.90 1.93 195 108 2.00 203 2.05 2.08
Observed Observed
2.08.' ) SN T N SR RS | Lo 208 | ) N DT RPN S B
,0s] Momec91(C) i ,0s] Spartan -
2034 - 2,03 -
] I o ] .
N ': Q ) o o .
2.00 - = 2.00 o L
] ,o/ =) o O
_ S £ e
1.98 . S 1.98- o J -
] [ L ] O ; (I
0 ® .
1.95 . - 1.954 -
: 44 -
1.93 - 1.93 -
4 - [ J -
1.90 — T T T T 1.90 T .“r T T T
1.90 193 195 198 200 203 205 208 190 193 195 198 200 203 205 208
Observed Observed
208 n | TR | ] | A
1 Xnviron a
2.057 B
] A
] "
2.037 s . -
® . ] K
E 2.00"_ I
=32 ]
[&)
o 1.987 £ ‘: a -
O k A
] ad L
1.957 A -
i F
1.937 7 a -
1 A
1.90 T T T Y T
190 193 195 1.98 2.00 2.03 205 2.08

Observed

Figure 2. Comparison of 102 crystallographically observed'€iN bond lengths (A) with those calculated using the five different MM force
fields.

Table 4. Overall Statistics

statistic no. of bonds or angles Molmec Momec 91(H) Momec 91(C) Xnviron Spartan
rms¢) (A) 405 0.024 0.015 0.017 0.015 0.036
rms(@) (deg) 763 15 2.2 1.8 1.7 24
rms(p) (deg) 554 2.7 3.9 2.9 3.6 4.1

Momec91(H) and Xnviron acceptably reproduced the ob- after allowing for a+0.01 A uncertainty. The bond lengths
served Ce-N bond lengths. Molmec gave a poorer fit for some calculated by Spartan were highly noncorrelated (correlation
of the longer bonds, and this is reflected in the lower correlation coefficient= 0.31).
coefficient (0.82 versus 0.91 for Momec91(H) and Xnviron). A very surprising result was that no force field reproduced
However, Momec91(C) systematically underestimated theNCo  the observed NC bond lengths (Figure 3). Molmec appeared
bond lengths (slope of the line through the dat®.62) even to be reproducing thérendsin N—C distances (slope, 0.41;
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Figure 3. Comparison of observed and calculateg T bond lengths (A).

correlation coefficient, 0.66) but underestimated all of the values. observed values, which spanned 0.105 A, from 1.47 to 1.575
All C—N bond lengths calculated with Momec91(H) were A. Again, the bond lengths calculated using Spartan were highly
between 1.496 and 1.522 A, and between 1.492 and 1.511 Anoncorrelated with some distances being up to 0.15 A in error.
for Momec91(C). The Xnviron data appears clustered at 1.50 Clearly, this force field does not reproduce bond lengths
A with a circular spread (correlation coefficient, 0.44). The satisfactorily.

spread in the €N distances was almost random for Spartan  the Molmec force field most accurately reproduced the
with the lowest correlation coefficient, 0.14, and a range of N—Co—N valence angles. The two Momec91 force fields

distances from 1.396 to 1.552 A. underestimated the transXCo—N valence angles by as much
Similar trends were observed for the-C bond lengths in as 10, while overestimating large cis™NCo—N valence angles
which four of the force fields were invariant relative to the by as much as 0 The Xnviron force field was intermediate
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between the Momec91 and Molmec force fields in this respect. Table 5. MM Energy Differencesy (kJ mol?), AV (kJ mol?),

Spartan consistently overestimated the trarsd—N valence relative AG. (kJ mof™), and Isomer Distributions (%) of
angles. [Co(trap)]®* (Note thatV Has Been Rounded to the Nearest kJ

-1
In the observed structures, the-&d—C angles were clumped mol™)
in two regions, with one near the ideal tetrahedral angle and v(av) AG, %
the other around 127 All of the force fields were able to model model racemic meso racemic meso racemic meso
this parameter rather well. Molmec 67 (1) 66 (0) 0 0.7 55 45

All force fields reproduced the observed-C—C angles, Momec91(H) 113 (1) 112 (0) 0 0.7 55 45
even though these spanned the range-BBF (unstrained Momec91(C) 73(0.5) 73(0) O 1.2 62 38

angles are tetrahedral). Similarly, the-l8—C and G-N—C ﬁn(\éi/rglrl . 90 8@ o 03 5;9 451
. 2
angles were well reproduced. Interestingly, all of the models
were able to reproduce the observed ©-C angles of 85 # Reference 36.
N—C—C angles of 89, and C-N—C angles of 86 for the .
: ' | Table 6. MM E Diff V (k I AG; (k
complex with three four-membered rings, [Co(agit) m%t;f)%f [Co(dig‘ﬁ{]%X frerencesAV (k) mol), andAGe (k)

Twist angle& are another measure of the environment around

the metal ion. A twist angle of 80ndicates perfect octahedral AV AG:(298K)
symmetry for the Coblcore while one of Orepresents a trigonal model mer ufac sfac mer ufac s-fac
prismatic environment. In general, the structures calculated with Molmec 0 31 30 0 31 32
the two Momec91 force fields were twisted further away from  Momec91(H) 0 9 1 0 9 13
octahedral symmetry than the observed structures, while Xnviron ;"r?\mgﬁgl(c) 00 14 06 00 14 28

and Spartan predicted twist angles closer t@ 6tan those
observed. As an example, the observed twist angle in the ®To simplify the comparison, for each geometric isomer the energy
observed structure of [Co(efi" was 54(1j while the calcu- result shown is for the lowest energy conforméfNH—me_rM,/w for
lated values were S4for Molmec, 50 for Momec91(H), 52 tAhe meridional forms-facAd,40 for_the symmetrlcal facial form,_ and
. -u-fac-01,04 for the unsymmetrical facial form. All force fields
for Momec91(C), 56 for Xnviron, and 53 for Spartan. predicted these conformers to be the lowest energy form of each isomer.
Comparison of Observed and Calculated Isomer Distribu-
tions. In the following examples, the experimental results have diasterecisomers exist (meridionair), unsymmetrical-facial
been determined by aerial oxidation of mixtures of the relevant (,-fag) and symmetrical-facialstfag) and for each of these
ligand and Co(ll) salts over charcoal. It has been shown that seyeral conformations are possible. One conformer ofrtae
this method generally leads to equilibrium distributions of form (1-NH-mer46,16), four s-fac conformers, and sixi-fac
Co(lll) hexaamine$§3°¢ conformers were calculated, this being the same conformer set
The MM results for the [Co(trag)** moleculé® are reported  as that used in the published Molmec std@lyThis is also the
in Table 5. In this simple example, all force fields predicted same set of conformers as that used in an earlier Momec91(H)
small energy differences between the isomers and the correctstudy?? for the u-facisomer but four fewer for thenerisomer
order of the isomer stability, although Xnviron overestimated and three fewer for the-facisomer. However, the conformers

the stability of the racemic form. neglected here were found to be significantly less stable and
The [Co(dien)]®" system is one of the most extensively did not contribute significantly to the stability of these two
studied systems, both experimentally and by N2 Three isomers. In general, a full conformational analysis should be
performed and subsequent calculations with the Momec91(C)
(64) Templeton, D. H.; Zalkin, A.; Ruben, H. W.; Templeton, L. Acta force field using a full conformational analysis reported slightly
Crystallogr. 1979 B35 1608. . . ~ different results although the trends were identicdlhe MM
. T o o S aneony " eneray differencesAV and AG., are shown in Table 6. Al
225, conformations considered were included in the calculation of
(66) Kobayashi, A.; Marumo, F.; Saito, YActa Crystallogr.1973 B29, the percentage distribution. A comparison of the calculated
67) %—gn?l’bley T W Searle, G. H.: Snow. M. Rust. J. Chem1992 isomer distributions with experimental results obtained in the
35 1285. T T o presence of a variety of counterions and solV&rigsshown in
(68) Geue, R. J.; Snow, M. Rnorg. Chem.1977, 16, 231. Table 7.
(gg) ?Akiya”lzav *'\</| %‘rt]% SS .53+it0v_ \AqtaKgrystacllogr.lllS)79 139351 2529- All of the molecular mechanics results predicted that the order
( )45%r_°° a, M.; Ohba, S.; Toriumi, KActa Crystallogr.1992 B48 of isomer stability ismer > u-fac > s-fag but to different
(71) Tomioka, K.; Sakaguchi, U.; Yoneda, Horg. Chem1984 23, 2863. degrees. Molmec, Momec91(H), and Momec91(C) predicted
(72) Taylor, S. G.; Snow, M. R.; Hambley, T. WAust. J. Chem1983 that themerisomer is significantly more stable than the other
(73) %6ur%35’5?\1 F.; Gainsford, G. J.; Hambley, T. W.; Lawrance, G. A,; two forms, while XnViron_prediCted aImOSt. ?q”a' amount_s of
Morgan, K. R.; Siriwardena, Al. Chem. Soc., Chem. Commagg7,  themerandu-facforms. Itis clear that ion pairing and solvation
295. can influence the thermodynamic isomer distribution, especially
(74) ggulroda, R.; Shimanouchi, N.; Saito, Kcta Crystallogr.1975 B31, in cases where the anion can associate in a specific manner (e.g.
(75) Tiekink, E. R. T., unpublished results. phosphate and sulfate). However, it has been shown for this
(76) Geue, R. J.; McCarthy, M. G.; Sargeson, A. M.; Jorgensen, P.; Hazell, System that ion association with certain anions (chloride, nitrate,
R. G.; Larsen, F. KInorg. Chem.1985 24, 2559. perchlorate, hexafluorophosphate) in water is seemingly unim-
7 g((;);).ayashl, A.; Marumo, F.; Saito, icta Crystallogr.1983 C39 portant and that the association in dimethylacetamide or
(78) Haller, K. J.; Rae, A. D. Unpublished results. dimethylsulfoxide with perchlorate is expected to be minifial.
(79) Brown, K. N.; Hockless, D.; Willis, A. C. Unpublished results. Thus the isomer distributions obtained in the presence of these

(80) Comba, P.; Sargeson, A. M.; Engelhardt, L. M.; Harrowfield, J. M. ghecies have been argued to approximate isolated state $lues.
White, A. M.; Horn, E.; Snow, M. RInorg. Chem 1985 24, 2325. A .
(81) Searle, G. H.; Dwyer, MJ. Chem. Soc., Chem. Comma872, 726. In this context, Momec91(C) gave the best agreement with the

(82) Yoshikawa, Y. JBull. Chem. Soc. Jprl97§ 49, 159. experimental results. Molmec and Momec91(H) were skewed
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Table 7. Calculatedand Experimentally Determinétisomer
Distributions (%) at 298 K for [Co(dies]*"

mer s-fac u-fac
Molmec 100 0 0
Momec91(HYy 93 6 1
Momec91(CH 72 25 4
Xnvirond 45 40 15
acetone/PE 74 17 9
DMA/Me,SO/CIQ~ 79 14 7
H,O/CI~ 65 28 7
H,O/CIO;~ 62 30 8
H20/0.1M PQ3- 20 25 55
H,0/2M SQ23~ 37 38 25
H,O/CH,COO 66 27 7
t-C4HgOH/CH;CO,™ 35 45 20

a All conformers considered in the analysis were taken into consid-
eration in the calculation of the percentage distributioAn earlier
version of Momec91(H) considering 18 conformers calculated the
distribution to be 87%rtier), 11% (-fag), and 2% ¢-fag (see ref 32).
¢The same version of Momec91(C) employing a full conformational
analysis found 66%, 32%, and 2% (see ref¥lAn earlier version of
Xnviron, considering only three conformers, found 20%, 40%, and 40%
(see ref 81). Note that, except for the Molmec and recent Momec91(H)
calculations, all of the MM results can be found to be in satisfactory

agreement with at least one of the reported experimental distributions.

too far toward themerisomer while the Xnviron results were
closest to the distribution obtained in the presence of sulfate in
water or acetate in t-BuOH. However, it is worthwhile to bear
in mind that the experimental results for the anions, with the
least association with the cation, vary 5%, and that a kJ
mol~1 here or there in the MM results can significantly alter
the percentage distributions.

The [Co(chxnj]®* complex has also been studied previously
experimentall§y®778385 and by MM8 The experimentally
observed distribution (Cl| H,O, 373 K) consisted of 47%ls,
35% lel,0b, 14%lelob,, and 3%o0bs.5% All of the force fields
predicted small energy differences between the conformegs (
kJ mol1), and all predicted that thebs conformer was the least
abundant (59%) followed by thdelob, conformer (19-27%).
The two Momec91 force fields predicted a larger presence of
the lel,ob conformer compared with thiel; conformer, while
the Molmec and Xnviron force fields predicted almost equal
amounts of both~35% for each isomer).

The racemic form of [Catbn)]®™ is very similar to
[Co(chxny]®* (four isomers:lels, lel,ob, lelok,, andobs). The
MM results obtained for this molecule were very similar to those
obtained for the [Co(chxg]*" complex, with all force fields
predicting small energy differences % kJ mol?) between the
conformers and all predicting tHel,ob conformer to be most
abundant and theb; to be least abundant. These results are
quite similar to those reported-10%) in a study using a force
field developed by DeHayes and Bus¢i®®> Two conflicting

Bygott and Sargeson

is, the isomer distribution obtained by taking a racemic pair of
any one isomer and equilibrating it over charcoal should be the
same as the distribution obtained by taking a racemic pair of
any one of the other isome?%.

For the [Co(png]3" molecule all force fields made the same
predictions and the results agreed to withii0% with those
determined experimental§. (See also the Supporting Informa-
tion.)

Predictions of Conformer Distributions. NMR experi-
ment$8 on the [Co(erny]®", molecule indicated that the ligands
undergo rapid inversion betweés andob conformations and
that there is extensive conformational averaging of the signals.
A relatively crude analysis of the NMR spectrum using the
Karplus relations implies that the proportion of thies species
is negligible and that, if théelob, form is neglected in the
calculations, the proportion of tHel,ob to lels would be~2:
158 All force fields predicted small energy differences between
conformers €5 kJ mofl 1) with the order of conformer stability
beinglel,ob > lel; ~ lelob, > obs. The calculated conformer
distributions for each force field were the same to within 7%
and largely in conformity with the expectations derived from
the [Co(pn}]3t system.

Larger relative energy differences (up to 21 kJ mplvere
calculated between the conformers of [Co(trgEr)>*61 Three
of the force fields predicted the ordering of isomer stability to
belel; > lel,ob > lelob, > obs, while the Molmec force field
predicted the ordelel,ob > lel; > lelob, > obs.

For the three cage complexes studied, [Co(%&r)[Co-
((NHg)2-sar)P* and [Co((NMe).-sar)P*, there are significant
differences in the predictions of each force field (Tables 8 and
9). A description of each of the conformers can be found
elsewhere?

The energy differences between conformers vary considerably
between force fields. The calculated Momec91(C) energy
differences AG.) for the cages are of the order o8 kJ mol?
with a maximum of 15 kJ mot, whereas for the Xnviron force
field the differences are of the order 6f30 kJ mol? with a
maximum of 44 kJ mol®. For all three cages, Xnviron predicts
that theDsobs conformer is the most stable, and that at 298 K
there is<2% of theCjlelob, conformer and none of the other
conformers. The Molmec force field predicts that Bgelob,
and Dsobs; conformers are the most stable forms of all three
cages and that the other three conformers are of negligible
importance. Both Momec91 force fields predict that significant
amounts of theCjlel,ob and Cjlelob, conformers are present
for all three cages, but very little of tHesobs conformer.

Sensitivity of the Force Fields to Changes in the Param-
eters. Itis important to know how sensitive the structures and
energies of the molecular mechanics models are to changes in

sets of experimental results have been obtained for this systemthe parameters. In addition, some systematic errors in the

One stud$® (Cl—, H,0, 333 K) found that the distribution was
lel; (60%), lel,0b (28%), leloh, (12%), andob; (0%) while a
more recent stud (Cl—, H,O, 343 K) found that the distribution
waslel; (46%),lel,0b (35%),lelob, (15%), andob; (4%). Itis

models were detected and these need to be addressed. The main

systematic errors with the Molmec force field were that theNC
bond length was underestimated~at.46 A when the average
observed value was 1.49 A, and that the average€€®ond

interesting to note that the more recent results are identical tolength was slightly overestimated at 1.537(7) A compared to

within 1% of those obtained for the distribution of [Co(ch]@)
obtained at 373 K. However, tests for equilibration were not
carried out in either study on the [CbBbn)]3" system. That

(83) Sato, S.; Saito, YActa Crystallogr 1977, B33 860.

(84) Maruno, F.; Utsomi, Y.; Saito, YActa Crystallogr 197Q B26, 1492.

(85) Kobayashi, A.; Marumo, F.; Saito, YActa Crystallogr 1972 B28
2709.

(86) Laier, T.; Larsen, EActa Chem. Scand.979 A33 257.

the average observed value of 1.523(17) A. TheNTJeference
bond length (o(C—N)) was therefore increased from 1.45 to
1.48 A while the remainder of the force field was unchanged,
and this modified Molmec force field was used to recalculate
the 17 test structures. The overall rms difference in bond lengths
rms()otal fOr the structures was 0.016 A compared to 0.024 A
for the original force field, the rm&{ta improved from 1.5 to
1.3, while the rmsé)oa remained the same at 2.7The trends
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Table 8. MM AG. (kJ mol%) and % Distribution at 298 K of [Co(saf)]2

AGP %
D30b3 Czlelobg Czlelzob C3|e|3 D3IeI3 D3Ob3 Czlelobz Czlelzob C3|e|3 D3IeI3
Molmec 2 0 10 c 9 36 60 2 0 2
Momec91(H) 10 2 0 3 11 1 27 55 16 1
Momec91(C) 6 0 0 2 5 4 36 37 18 5
Xnviron 0 9 26 25 26 98 2 0 0 0

aThe results are almost identical to those calculated for [CogiNéar)PT. ° The statistical factors), used to convert the MM steric energies
(AV) into AG¢ usingRT In(n) are Dslel; = Dsob; = 1; Cslels = 2; Cilel,ob = Cleloh, = 3. ¢ Reverted taDslels.

Table 9. MM AG. (kJ mol?) and % Distribution at 298 K of [Co((NMg-sarp™

AG, %
D30b3 Czlelobg Czlelzob C3|e|3 D3IeI3 D3Ob3 Czlelobz Czlelzob C3|e|3 D3IeI3
Molmec 0 2 17 20 24 71 29 0 0 0
Momec91(H) 6 0 0 4 24 4 42 45 9 0
Momec91(C) 4 0 3 4 15 11 57 21 11 0
Xnviron 0 13 37 33 44 99 1 0 0 0
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Figure 4. Comparison of observed and calculated-Gband C-N bond lengths (A) for the Molmec force field upon alteration of theNCrg
value.

in the Co-N and N-C bond lengths are depicted in Figure 4. ;"’(‘)tl’f) 18; [Egaﬁhﬁ;;hg;‘r;‘gj?” Parameter Changes &G (kJ
The modified Molmec force field reproduced the trends in both z

the Co-N and G-N bond lengths, although the average C Conformer A B c D E F G

distance was still a little overestimated. However, many of the  Dsobs 0 0 0 0 0 0 0

calculated G-C distances were within the experimental uncer- gz:e:Obé g g 23 % %8 23 272
inti nd further improvements would n nsider th 2€120

tainties and furthe provements would need to consider the el 33 22 20 2 26 23 17

accuracy of the experimental data. The relative energy differ- Dalel, a4 6 14 17 33 29 o1
ences between the conformers of [Co((N)esar)+ were ) o
calculated with the modified Molmec force field and were found . @ FC;f tliglculatlorlls IIBrF_, only one c_hanlge was ma%de to the ongma(lj
to be almost identical to those calculated using the original force fOrce field. For calculation G, two simultaneous changes were made

. ) ... to the original force field. (A) No changes to original force field; (B)
field. In this example, the structures were found to be sensitive all nonbonded interactions included: (C}-€o—N valence angle force

to the parameter change, but the energies were not. constant halved; (D) EN—C valence angle force was increased from
For the cage molecules, large energy differences were 0.4 to 1.0 mdyn A® was used; (E) EC—N valence angle force
calculated using the Xnviron model. Consequently, it was of constant halved; (F) CeN—C valence angle force constant decreased
interest to examine the effect of variations in the parameters onfrom 0.7 to 0.3 mdyn A% (G) both changes in E and F incorporated
the calculations (Table 10). simultaneously.
There was very little difference between the results when a )
nonbonded cutoff was employed and when all of the interactions CONstant was increased from 0.2 to 0.4 mdyne* And the
were included, but changes in the valence angle deformationcalculations on the [Co(saf)] molecule were repeated. The
terms had a significant effect on the energies. Analogous calculatedAG. and % distribution at 298 K with the modified
analyses of the sensitivities of the parameters were carried outmodel wereDzobs (4 kJ mol™, 13%), Czlelob, (0 kJ mof™?,
on the [Co(sarf{t molecule and similar conclusions were 61%), Colelob (3 kJ mol, 16%), Clels (6 kJ mol?, 6%),
obtained. However, there was virtually no change in the results and D3lels (9 kJ mol?, 1%). Small energy differences were
for the [Co(enj]3 molecule. calculated with the original force field (Table 8) and the
To determine if the Momec91(C) force field was also differences with the modified force field were only a little larger,
sensitive to the value of certain valence angle deformation force but the effect was to alter significantly the populations of the
constants, the value of the €dl—C valence angle force  conformers.
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The sensitivity of the Xnviron and Momec91(C) calculated interaction potential in order to account for the increase+CC
structures to changes in the €N—C force constant was  bond lengths along the series cyclohexane, cyclopentane,
assessed by recalculating five of the seventeen structures.  cyclobutané! Of the five force fields examined here, only

The alterations made to the €Edl—C force constant had a  Molmec explicitly includes a stretetbend potential. It is
negligible effect £0.001 A) on the bond lengths. For €o interesting to note that this is the only force field which
N—C angles which were very distorted from tetrahedral reproduced therendsin the N—C bond lengths; and after a
(>11%), the agreement for both force fields was better with correction to the N-C reference bond length, Molmec repro-
the smaller force constant but angles which were less thah 115 duced both the trends and the values of theQNand C-C
were better reproduced with the larger constant. In any case,bond lengths. For the other force fields this factor is implicit
the changes were very small and either set of structures wouldin the parametrization of the bond stretch and the valence angle
be acceptable. In summary, it can be seen that for these twobending terms.

force fields alterations to the GoN—C force constant result in Three of the force fields use MM2 force constants to model
an insignificant effect on the calculated structures but a large the “organic” valence angles (€C—C, N—C—C, and G-N—
effect on the relative energies. C) whereas Xnviron uses the larger force constants obtained

The results here are in contradiction to the conclusions of a from normal coordinate analyses. This difference appeared to
previous study using a slight variation on the present Xnviron have no effect on the results as all four force fields reproduced
force field, where it was found that both the energy differences the observed angles even though these spanned the range 85
between isomers and the structures of a series of Co(lll) amino 12C°.

acid complexes wergot sensitive to the choice of GIN—C One area that is of particular interest to coordination chemists
force constant? is how well the force fields can model the geometry around the

) ) metal center. Both the Molmec and Xnviron force fields use a
Discussion harmonic potential to describe all angle bending interactions,

The first aim of this work was to examine how well several Whereas Momec91(H) and Momec91(C) have replaced the
L—M—L" angle bending term with a geminal nonbonding

existing force fields were able to generate reliable structures’ - i )
by comparing the calculated results with a test set of experi- Interaction, all other angles being modeled with the usual
mental structures. Root-mean-square differences in the bondharmonic potential. So it is interesting to note that the twist
lengths, valence angles, torsion angles, and atom positions werén9Ies were most accurately reproduced by Molmec as were
useful in providing an overall measure but the graphical plots the cis and trans NCo—N and Co-N—C valence angles, with
of the calculated versus observed bond lengths or angles werd?®th the trends and the actual values being correctly predicted
far more useful in detecting systematic errors. Ideally, these €VEN OVer a wide range of angles. Xnviron gave a good fit to
graphs should be of the form= x, and any deviation from the cis and trans NCo—N valence angles, but there was a slight
this relationship points to either systematic errors in the force Underestimation of the CeN—C angles. The two Momec91
field and/or some problem with the experimental data. force fields were able to reproduce all of the angles except the
The reasons for the very surprising result that none of the N—Co—N angles and work is in progress to replace these
force fields reproduced the trends in the-8 and G-C bond geminal nonbonded interactions with a Fourier potential which
= o .
lengths were examined. It may be the case that the force has minima at 90 and 186° The SHAPES force field also

constants associated with stretching and compressing thesé!S€S th's type of potentil. .
bonds and/or the “strain free” bond length are not set correctly !N this work only the non-hydrogen atoms were considered
and/or that there is a problem with the experimental data. Very in the structural comparisons. H atom positions are difficult to
short observed bond lengths can be the result of disorder if, for deétermine with any accuracy from electron density difference
example, the structure is the average of two or more conforma- Maps unless the X-ray structure is particularly good and in most
tions, and this can sometimes be detected in unusually largeX-ray crystallographic analyses, the H atoms positions are placed
thermal parametef. In this data set, problems of this nature  at cfa_lculated positions. In addition, the Momec91 force f|eld_s
were avoided as much as possible, but of course many of thePosition the hydrogen atoms at the center of ele_ctron density
structures that were being modeled are conformationally flexible (C—H = 0.97 A, N-H = 0.91 A), while the Xnviron force

and labile. The crystal structuremér[Co(dien}]3+ and [Co- field places the hydrogen atoms where the nucleus is expected
(R-pn)]3*, which gave rise to the outliers at the small end of 0 be (C-H = 1.06 A, N-H = 0.99 A). However, th?
the range, were reexamined. In tner{Co(dien}]3* structure, Momec91(H) force field uses a harder nonbonded potential to

all but one of the &N bond lengths were less than 1.48 A. In  describe interaction between H atoms and other atoms than

addition, there were some unusually short-@bbond lengths ~ Xnviron.

(~1.91 to 1.93 A) even though nothing unusual was noted in ~ The second aim of this work was to test the ability of the
the publication of this structur®. However, disorder does not ~ force fields to calculate energies by: (i) correctly predicting
account for unusually long observed values. In the report on the order of isomer stability for a series of Co(lll) hexaamines
the structure of Co[élz-R-pn)]3*, it is noted that the €C bond whose isomer distributions have been measured experimentally
lengths are longer in this structure than in th® structure?” and; (i) by examining the differences in the calculations in their
Most of the long G-N bonds ¢1.51 A) were from the predictions on systems for which rigorously experimentally
structuré® of [Co(amay]®* which contains three four-membered determined conformer distributions are not known. Many MM
rings. Difficulties in reproducing the structures of four- Studied?730323have based the validity of their force fields to
membered rings have been reported for some force fesis predict energies on a comparison of calculated results with
perhaps it is not surprising that all force fields studied here isomer distributions determined from equilibration studies and
underestimated these bond lengths. Allinger has attempted tothe assumption made is that the dominant contribution to the
deal with this problem by including an explicit benstretch isomer distribution is the steric strain, and that other contribu-

(87) Rae, A. D., Australian National University, personal communication. (88) Hambley, T. W., University of Sydney, personal communication.
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tions such as solvation and ion pairing are very similar for all further away than 1.2 times the sum of the van der Waals radius
isomers and can therefore be ignored. One of the problemsof the relevant atoms. This was originally incorporated into
here is that there are few rigorous studies of isomer distributionsthe program when the available computing power could not
of Co(lll) hexaamines, even though they have been the mostadequately cope with the large number of interactions which
thoroughly investigated types of complexes. This is in contrast needed to be calculatd. Two sets of calculations were
to the situation in organic chemistry where considerable considered, one where all force fields gave more or less the
thermodynamic data exists, especially for hydrocarbons, which same result ([Co(eg]’"), and one where the force fields
greatly assists researchers wishing to test the validity of MM contradicted each other ([Co(NN)g-sar)P). However, it was

force fields destined for organic molecules. found that there was no significant difference in the predictions
In this work it was found for the simple systems that the made with Xnviron when all of the nonbonded interactions were
force fields predicted small energy differences4(kJ mol?) included and when a cutoff was employed. A comparison of

and generally were able to predict the correct order of the known the nonbonded functions used showed that Xnviron was
distributions give or take a few kJ m8l As such, this analysis ~ €mploying a much softer set of potentials than the other force
did not readily discriminate between the force fields, and one fields, except for the H-H potential which is intermediate
could be led to believe that predictions of isomer distributions between those of the two Momec91 force fields. At the cutoff
(of molecules belonging to the same class as the test systemsylistance, the vast majority of interactions are very weakly
would be reliable. However, substantial differences in the attractive so that inclusion of every interaction results in the
calculated relative energies were found between the force fieldsaddition of a large number of valueg0.002 kJ mot?, and the
for the conformers of the cage molecules [Co(Sar)[Co- sum of all of the nonbonded interactions consequently becomes
((NHs),-sar)Pt, and [Co((NMe).-sar)P*. This was a surprise ~ Nnegative. However, if the same cutoff were employed in the
given that the structures of the cage complexes included in theMomec91(H) force field, many of the interactions being ignored
17 test structures, [Co((N§t-sar)F*+, [Co(CHs)-char)Pt, and ~ would still be positive.
[Co(Et-Mes—NgtetracosanejT, were satisfactorily modeled by From the above examples, it can be seen that seemingly slight
all four force fields. The Momec91(C) force field predicted variations in the parameters can sometimes have a significant
small energy differences between conformers in all cases, while effect on either the structures predicted by the force fields and/
Xnviron predicted large differences in energy between the or the relative energies between isomers. So it would seem
conformers. thatsometimesrrors in the models are canceling. In this work,

A detailed study of a variety of Co(lll) cage complexes by most of the parameters altered were those for which it is difficult

NMR, CD, and UV/is spectroscopy indicated that [Co- (O find experimental sources (nonbonding parameters, angle

((NMes)-sar)F* in solution adopts th®z0bs conformation in bending terms involving the metal atom) and in the original
conformity with the solid-state structure, while [Co((Nk force field parametrization, these parameters were estimated and
sar)p* and [Co(sarfi* exist mainly as lel conformefZ. then adjusted to give a good fit to the available data. Unfor-

However, it is not possible at the present time to say if the latter tUnately, this type of sensitivity in the models is a serious
are exclusivelyDslels, Cslels, or Cylel,ob, or combinations of ~ Problem for applications of MM to metal-containing species
these, as a result of conformational flexibility. There are @nd may be one of the major limiting factors in developing
therefore conflicting results between the force field calculations "eliable force fields for these types of molecules.

and the solution conformational results at least for these cage ' Ne balance between different components of the total steric
complexes. energy found for the 17 test structures as well as the isomer

It has been said that the choice of nonbonded potentials is ofd'Str'bUt'on calculatl_ons was examlned and it was noted that
there were trends in the ordering of the energy terms that

utmost importance to the force fie}d%-8° In this work, this ;
was assessed by evaluating two versions of the Momec91 fc)rceoccurred for almost every molecule for all four force fields.
field. The only difference between Momec91(H) and Momec- For the majority of molecules calculated with Molmec, the order

91(C) is that the Momec91(C) force field employs softer of the energy terms waé, > Vi > Vo > Vp > Vaa (dipole—
C-+-H, H-H, and N-+H interaction potentials than Momec- dipole interactions)> Vys (bend-stretch cross-term). For
91(H), and it can be seen that these differendesnfluence mOmecgi(g),t;he (()jrdgr wad/np >>>> VVbNNVVQNVN. V¢'d f]?r
the results of the calculations. Energetically, the Momec91(C) Xomec V( ) Ve o>r $r|n>g \\;Vaﬁl“b th ¢ :’j ﬂf’]’ al\r/]| | or
force field predicted much smaller energy differences between nviron, Ve nb ¢ b- [N Other words, the Moimec

isomers compared to the Momec91(H) force field, which in gorfce f|eth IS u:ﬂbalan%eldl_;[owarg K/?ry Iargf ct:orsmnal kanglt(ej
some cases led to quite different populations of conformers. In eformations, Momec91(H) an omec91(C) are skewe

terms of structure, the Momec91(H) force field reproduced the toward large nonbonded mt_eractlons_, whereas ‘h? nonbonded
Co—N bond lengths much better than Momec91(C) which and valence angle deformations dominate the Xnviron calcula-

consistently underestimated them. But, the Mome91(C) force E'r?ns' Ev(;d?n'.tlyl[r?nz reasop for tfhtehdlffetrenc? betw;etehn t?e Ia(sjt
field reproduced angles involving the metal atom slightly better q ree m(: els Is'theth escn{) :o_n N | etlr? e,:j‘c |0n39$ H € Igéinl
than Momec91(H). This is just one example of the fact that onor atoms wi e metal ion. In the Momec91(H) mode

many parameters are correlated and a change in one parametépese interactions are described by geminal nonbonding terms

can alter other parameters, thus making it quite difficult to fit Wh'Ch are mostly repulsive. In the Xnviron model these
all aspects of a structure. interactions are modeled by-IM—L valence angle bending

. . o terms. This would confirm the view that due to the different
Molecular mechanics force fields employ a pairwise non-

bondi tential thouah fthe | it ways that the MM models partitioW;,; and the correlation

tig::s Iggeaﬁrizéi sz)/ﬁgs o?ua?ton?(s)rgﬁ doemglo?/?r?grgn(?licl)?f ?Sraacn' between parameters, it is unwise to examine each individual
2 . U energy componeni, Vi, Vy etc) in the hope of understandin

attempt to avoid this problem. The Xnviron force field is the 9y b ¥, Vo, Vo €1) P 9

nlv force field that ianores nonbonded interactions which ar how the molecule distorts in order to minimize stréinThe
only force atignores no € Ch are actual values of the individual energy components are quite

(89) Gollogly, J. R.; Hawkins, C. Jnorg. Chem.197Q 9, 576. (90) Bhusan, N.; Rosenfeld, $. Chem. Educl1995 72, 578.



4806 Inorganic Chemistry, Vol. 37, No. 19, 1998 Bygott and Sargeson

dependent on the way in which the force field has been A report on extensions of MM2 to give Molmec notes that
parametrized. However, this type of analysis was quite useful “as a consequence of the usual lack of thermodynamic data
in shedding light on the contradictory conformer distribution available for calibrating the parts of the force field involving
results found for the cage complexes. the metal, strain energies calculated using the corresponding
Each set of isomer calculations was examined in order to (extended) force field cannot be expected to have high quantita-
assess how the balance of terms influenced the overall energytive precision. This appears not to have been appreciated in
differences between the isomers. Although there was no onethe past.*® The conclusions of the work described here are in
term in any force field which varied significantly among the agreement with this statement. This work has demonstrated
isomers for the calculations of [Co(trap)", [Co(chxn}]3*, that four different force fields made generally correct predictions
[Co(Ebn)]®", [Co(R-pn)]®*, and [Co(eny]®" the situation was  about five molecules whose isomer distributions have been
quite different for the cage complex calculations. Calculations determined experimentally. For these calculations the quantita-
using the Molmec force field found tha, Vag, andVps were tive precision was found to be of the order of a few kJ mol
more or less the same for the five conformations of Alarmingly, these same four force fields made quite different
[Co((NMeg)z-sar)P*, but there were quite large variations in  predictions for the three cages molecules, and it was not a clear-

Vo, Vip, andV,,. Most noticeable were a 32 kJ méldifference cut matter to determine which was making the most correct
in Vy between thé®zob; andC;lel,ob conformers, a 24 kJ mot predictions.

difference between thBsob; andDslels in favor of theDsobs
conformer in both cases, and a 22 kJ niddiifference inV,
between theDzob; and Cslel,ob conformer in favor of the
Coel,ob form. Calculations using the Momec91(H) and
Momec91(C) force field found that, and V,, were more or
less the same but there were difference¥jrandV, of ~10

to 20 kJ mot®. Xnviron calculations found that, was constant
but a variation of~10 kJ mol* was found inVyp, andV,. The
most striking difference was that thé, component of the
calculation on théslel; conformer was 48 kJ mol lower than
the Vy component of theDzob; conformer. Similarly, the
analogous differences for [Co((N)4-sar)P™ and [Co(sarf}"
were 38 and 35 kJ mol, respectively. The effect of lowering
the Co-N—C valence angle force constant on the Xnviron

Users of molecular mechanics who wish to study metal
complexes should be aware (i) that it is important to be sure
that the molecule under study belongs to the class of molecules
for which the force field was parametrized; (ii) that there may
be limitations in the particular model they are using because
the results may be quite sensitive to small changes in certain
parameters and that the defects in the models do not always
cancel; (iii) that it is unwise to read too much into the individual
energy terms i/ in the hope of understanding exactly how
the molecule balances strain because these depend on the way
that the force field has been parametrized; and (iv) that when
the relative energy differences are smafl4(kJ mof?), the
unknown solvation and ion-pairing effects are probably impor-
calculations offCo(sarf and [Co((NMe),-sar)F* was reex- tant. _The effects of solvation a}nd i_on-pairing on the overall
amined. It was found tha¥, was unchanged for thB;oh; energies hgve not been treated in this work. At thl_s stage, very
conformer, whereas for thlel; conformersV, was lowered ~ little experimental (or computatiorfd®~*°) data exists as to
by ~15 kJ mot® compared to the original set of calculations. _sqlvanc_m contributions to the energies of met_al complexes, and
A similar but reduced effect was found for the Momec91(C) tiS unlikely that much more will become available soon. MM
force field. is an empirical technique and thus, without precise experimental

However, in other cases, the defects in the models did cancel.dat@ it is not possible to accurately account for ion-pairing and
When ro(C—N) was increased in the Molmec model for all Solvation effects.
conformers of [Co((NMg)2-sar)P™, V, lowered by 8 kJ mol?,
Vnp lowered by 30 kJ malt, V, by 7—10 kJ mot?, V, by 0—2
kJ mol ™, Vps by 1 kJ mof?, and Vyq was unchanged, thus
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