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Changes in bond lengths across the series of complexes [Co"N,Os—r] and [Ni"N,Os—y], (N = 0—6) have been
examined by a statistical analysis of the bond lengths in 256 Co" and 205 Ni" complexes. In both cases a systematic
reduction in both metal-N and metal-O bond lengths is observed as oxygen donors replace nitrogen in the coordination
sphere. In the case of Co", the reduction in bond lengths is linear across the series, whereas, in the case of Ni'!
it is more asymptotic in nature. It was found that this systematic change to the inner coordination sphere produced
a much larger range of bond lengths than had previously been observed by changes to the outer sphere. The
trends across the two series were reproduced using molecular mechanics; however, the magnitude of the change
was not initially predicted correctly in either case. Alterations to molecular mechanics parameters that reproduced
the trends in the [Co""N,Os—] Series also resulted in a significant overall improvement in the predictions of Co"—N
bond lengths in a series of Co' hexaamines, with all being reproduced within 0.006 A. This improvement was
taken as an indication that the bond-length reduction across the series is largely steric in origin.

Introduction such as the elongation of the €blH3 bond trans to the CH
Ligands within a complex can have a profound effect on N [ngNH3)5CH3]2+ cannot be reproduced using traditional

the behavior of other ligands in the same complex. The most MM Such effects would be characterized by a shift in the

well-known of these are the trans-effects in complexes such [deal bond length of a metaligand interaction, which cannot

as square-planar platinum(fi)Interligand effects can be be accounted for by a single set of metagand stretch

. i .. . ,4,5,8
electronic or steric in origin. Steric effects are a consequenceParameters=¢. _
of the size and positioning of the donor atoms, whereas COMPlexes with oxygen and nitrogen donors are probably

electronic effects are characterized by an electronic inter- € most widely studied in coordination chemistry. This has
dependence of different donor tygesTo some extent, meant that over the years a wealth of data has been
molecular mechanics (MM) can be used to separate theacc:umulated on their properties from kinetic substitution
electronic effects from the steric effects, as it can be used to&fféCtS to the large number of crystal structures reported
predict the size and position of atoms. This has been utilized €oNtaining only oxygen and nitrogen donor groups. For
in many useful ways and has a proven predictive power example, of the 8391 cobalt-containing structures reported
! 0-12 i
particularly in the case of the ohexaamines where the to the CSD 4400 have at least one cobattitrogen
reduction potentials and electron-transfer properties of the (CO~N) bond and 2546 have at least one-d bond.

series have been reproducedn contrast, electronic effects 5y comba, P.; Sickmuller, A. Anorg. Chem.1997, 36, 4500-4507.
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Effects of Changing Donor Type on Bond Length

There have been some recent successes in the extractiomable 1. Published Molecular Mechanics Parameters of Relevance to
of information from the large set of data held in the C8D,  This Study

including analysis by valence bond sutfhand some novel € Iks (mdyn/A) ro/rvaw (A) ref no.
types of conformational analysi%.'® Here we use structural O (nonbonded) 0.055 1.7 22,23
data reported to the CSD to perform a statistical analysis of H_I(Inomg”dzdt ch) 8-28 %-36 ggg
. P "= ona stretc . . y
bond lengths across the two series of complexes containing qi_y (bond stretch) 175 1905 2223
only oxygen and nitrogen donors: [NN,Os-n] and [Cd"- Cd"-O (bond stretch) 1.75 1.845 24

N:Os—n] (n = 0—6). The observed trends in bond lengths  \jjecular Mechanics. Molecular mechanics (MM) calculations
have been investigated using MM to establish their orgin. were performed using the commercially available software,
In the process, we have found a new way of determining MOMEC9722tusing a published force field, unless otherwise stated

MM parameters describing metdigand interactions. (Table 1)?223
) ) From each of the larger data sets a subset of approximately five
Experimental Section structures was chosen for MM analysis of each point (valug).of

Statistical Analysis. Structures that fulfilled the criteria defining | €€ data were used to determine whether optimizing ted

donor types outlined below, were extracted from the Cambridge Tvaw values for the O and N atoms improved fits between

Structural Database (CSB!#Version 5.18) and the average lengths experimental and _MM calcul_ated trends. Similarly, the parameters
of M—N and M-O (M = Cd" and Ni') bonds were recorded for ro and k, were adjusted until the curves produced by the force-

each set of complexes, [¢#!,06_] and [Ni'N,Os_] (n = 0—6). field overlayed the curves that were derived statistically. All

Structures reported before 1979 and structures Ritalues> 7.5 minimizations were carried out in MOMEC97 until the convergence
were excluded with a few exceptions. criteria of a shift< 0.01 A for Ni' and < 0.001 A for Cd' were

All nitrogen donors considered were simple am(m)ines. Donors achieved. )
were permitted to be primary, secondary or tertiary amines or Those strl_Jctures_ used in the “fu_II set” and _“subset” analyses_are
ammonia, but donors were not allowed to be a component of an "écorded using their CSD names in Appendix 1 of the supporting
aromatic ring or be attached directly or within one donor to a group information. The subset analyses included the following struc-
other than carbon or hydrogen. Oxygen donors were allowed to tures: [Co(eny*", [Co(NHy)el*", [Co(acac)™, [Co(oxkl*",

i 2+ i 2+ i
originate from carbonate, water, hydroxide, oxalate, carboxylate, LN'(H 20)d*", and [Nl(err]&] for WE'Ch three or mcf>re strur(l:tures |
or similar derivatives. Donors connected directly to groups other ad been reported to the CSD. Those structures for each complex

than carbon or hydrogen were excluded: bridged oxygen donorsWith anR-value < 7.5% were averaged, e}nd the confider]ce interval
were permitted provided they bridged two identical metal centers calculated on _the mean. Th'S_WaS done in place of quoting the bond
and comprised less than half the bonding in any particular complex. lengths pf a smgle structure in each case. The st_ructures used _and
Each series was analyzed to give a mean, median, standarcfhe confl_dence intervals calculated are recorded in the Supporting
deviation, and confidence interval for each valuao€onfidence Information.
intervals (Cl) were calculated using the formula €la(oN-12),
whereo is the standard deviation amdlis the number of structures
in the sample. Thex value reflects the size of the confidence Statistical Analysis. The objective of this study was to
interval; in this paper 95% confidence intervals are quoted on the determine whether a systematic variation in donor types
mean, which corresponds to anvalue of 1.96:%20 Histograms could cause an observable structural change. It was antici-
showing the spread of the data are available with the Supporting pated that if such effects existed, they would be quite small.
Information (Figures S5 and S6). _ If this was the case, then any lengthening or shortening of
In the cases of [CON4O], [Ni"N4O], and [NI'N2O,] a further bonds due to a change in donor type could not be readily
subset of each group was analyzed. In the cases dfif00z] and 40 iied in individual structures because of other effects

[Ni"N4O;], the subsets with cis and trans oxygen donors were e - . .
analyzed, and in the case of [W,04], the two subsets with cis such as differing lsterlc bulk of the ligand hydrogen bonding
and crystal packing.

and trans nitrogen donors were analyzed. In the subseisef o . .,
[CO"N,O;], a further division was made into “Co-N bonds cis Use of a sufficiently large data set can “average out
to oxygen” and “C#-N bonds trans to oxygen”, and these were random effects that are common to all data points across a

analyzed in the manner used for the other data sets. Within theseries. This type of multivariate analysis is common to
resolution of analysis no structural trans influences were found. disciplines of social science and psychol@®sf and it is
These data are included with the Supporting Information (Figures only in recent years that chemists have had sufficient
S14-817). crystallographic data for analogous analy$é$§in the data
— ) ) : ~ sets studied here the randomness arises from both crystal-
(13) Qg%?é; CHFDmﬁﬁeﬁ E'M(ia,\','l(i)tihgilYJé_J,f_t'gsnﬁ’irt‘ﬁ%_’,\,}f_fr\}\r}:{gén(?" lographic effects and different coordination environments.
D. G.J. Chem. Inf. Comput. Sc1991, 31, 187—204.

Results and Discussion
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Figure 1. Average C#'—N bond lengths as a function of in the Figure 2. Average C#—O bond lengths as a function of in the
[CO""N,Os-r] series of complexes. Error bars indicate a 95% confidence _[Co”'NnoefrJ series of complexes. Error bars indicate a 95% confidence
interval on the average bond length. interval on the average bond length.
A series of seven different sets of cobalt and nickel 2.15
complexes with different numbers of oxygen and nitrogen 234 1
donors in the coordination sphere were analyzed, i.e., the = 21819 ¥ = 0.002x - 0.005x + 2.0845
. f 2
series of complexes [@N,Os-r], and [Ni'NOs-r], (N = z 2% R’ = 0.8857
0—6). The respective Cband Ni' series were chosen for % 2 2]
two reasons: first, the large number of structures reported = :t:,‘ 2101
to the CSD for each metal and, second, botH Qlow spin) 8 2%
and Ni' (high spin) haveD, symmetry. The high symmetry 2081
of these species means that the analyses are not complicated %
2.06

by Jahnr-Telle?”?8 distortions, or any other deviation from
octahedral symmetry that is electronic in origin.
In addition to selecting the metal centers carefully, it was
. . . i | i i
ensured that the rittogen donor groups used in each seriefe % e N W b enathe s s fcton ot i e
. . . . . — . 0
were electronically similar. For this reason only “electroni- jneryval gn”the average bond length.

cally nave” amine groups where the nitrogen was® sp

1 2 3 4 5 6
Number of Nitrogen Donors (n)

hybridized were chosen to represent “N”, wheread sp 2.23 1
hybridized groups, such as pyridine, were excluded to 2214
minimize the complications ofr-bonding and electron - 2197
delocalization effects. Amine groups that were coordinated 'f 2171 ¥ = 0.0061x? - 0.0068x + 2.0602
to donors other than carbon or hydrogen, (e.g..QH) were 2 g’ ::2 R? = 0.0856
also excluded because they were considered to be tooZ Z 211
different electronically from a simple amine. § 2.09 |
sp* and sp hybridized oxygen donors were included in 207 |
the one data set since MM analysis shows that the differences 2.05 -
between the two types of donor groups are primarily steric 2.03 . : : :
in origin (Figure S10 of the Supporting Information). By 0 1 2 3 4 5
combining the two groups we have a more statistically
significant data set, which we can then deal with in a Number of Nitrogen Donors (n)
straightforward way. Figure 4. Average Ni—O bond lengths as a function of in the

Figures 14 and Tables 25 show the systematic variation i[’\'t:'x;?g?]tﬁg';; r‘;f Z°£ﬂ'§7§§' tﬁ”or bars indicate a 95% confidence
in bond lengths observed as the set of donor types is changed1 9 o

from Ns to Gs. It emerges that a statistically significant o ean and not the distribution of the data set; as a data

decrease (up to 0.12 A) in both the-W and M-O bond ¢4 gets larger, the uncertainty in its mean decreases (Tables
lengths occurs as the number of oxygen donors is increasedy_ g

In tEe case off(;'\? t:le o(ljecrease is linear in natl)ture, whereas  rpo rejative degree of uncertainty in the '6e0 and
In the case of Nithe decrease appears to be asymptotiC. nii_N series is larger than for the corresponding'Go

Eagm pomtl in the pIc()jts ;egre;epts a Ilar_ge sethof struct.urzsand NI'—O series, because of the smaller change across each
and has a large standard deviation relative to the magnitudegg jos The Cb—N and the Ni—O bond lengths vary the
of change across the series. In this situation, confidence

) . N o most across their respective series, and therefore, the error
intervals are a more appropriate indicator of statistical relative to the magnitude of change is less (Table§R
significance because they are based on the uncertainty in any type of statistical analysis there is the possibility
(27) Jahn, H. A; Teller, EProc. R. Soc. London, Ser. 937, 161 that the data set is biased. For both thé ahd Cd' series, '
(28) Jahn, H. AProc. R. Soc. London, Ser. ¥938 164 the majority of structures reported to the CSD contain
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Table 2. Statistical Data on Cb-N Bond Lengths (A) in the Series of
[Co"N,Os-n] complexes

no. of confidence
nitrogen mean median std no. of interval
donors Co"-N(A) Cd"—-N(A) dev structures (95%)

1 1.919 1.920 0.002 4 0.0018

2 1.934 1.928 0.020 25 0.0087

3 1.944 1.944 0.011 16 0.0056

4 1.956 1.954 0.013 78 0.0043

5 1.960 1.957 0.014 55 0.0026

6 1.978 1.970 0.017 60 0.0025

range/sum 0.057 0.050 238

Table 3. Statistical Data on Gb—0 Bond Lengths (A) in the Series of
[Co"N,Os-n] Complexes

no. of confidence

oxygen mean median std no. of interval

donors Co"-O(A) Cd"-O(A) dev structures  (95%)
6 1.885 1.880 0.012 13 0.0064
5 1.896 1.896 0.003 4 0.0032
4 1.899 1.901 0.040 25 0.0062
3 1.907 1.903 0.018 16 0.0087
2 1.905 1.906 0.016 78 0.0034
1 1.908 1.907 0.039 55 0.010

range/sum 0.023 0.027 191

Table 4. Statistical Data on Ni-N Bond Lengths (A) in the Series of
[Ni"N,Os-n] Complexes

no. of confidence

nitrogen mean median std no. of interval

donors  Ni'"-N(A) Ni"-N(A) dev structures  (95%)
1 2.078 2.074 0.019 8 0.013
2 2.092 2.082 0.032 44 0.009
3 2.081 2.082 0.030 23 0.012
4 2.102 2.093 0.032 57 0.008
5 2.104 2.106 0.015 5 0.013
6 2.130 2.129 0.015 39 0.005

range/sum 0.052 0.045 176

aDue to the size of this data set, only structures with CSD names
beginning with A-M were included.

Table 5. Statistical Data on Ni-O Bond Lengths (A) in the Series of
[Ni"NnOs—n] Complexes

no. of confidence
oxygen mean median std no. of interval
donors  Ni"-O(A) Ni"-O(A) dev structures  (95%)
6 2.058 2.059 0.014 29 0.0048
5 2.063 2.063 0.015 8 0.0105
4 2.067 2.067 0.016 44 0.0047
3 2.101 2.107 0.031 22 0.0127
2 2122 2.127 0.048 58 0.0122
1 2.181 2.167 0.038 5 0.0333
range/sum 0.123 0.108 163

aDue to the size of this data set, only structures with CSD names
beginning with A-H were included.

chelating groups, and many common ligands (eg., EDTA,

en, acac, kD) reappear throughout each series. For example

of the 55 structures reported for the [(MdsO] data point,
50 contain glycine. Therefore, the MM analysis described

[C0"NnOs-n] and [Ni"NyOs-n] series, subsets of the larger
data sets were examined using MM. MM methods were
primarily applied to establish whether the bond shortening
effect was “steric” or “electronic” in origin. A steric effect
would be reproduced by MM, whereas an electronic effect
would be characterized by the need for distinct sets of metal
ligand parameters, depending on the other ligands present
in the coordination spher&:=°

It was found using published MM paramet&r&-32that a
bond shortening was observed across the two series. This
indicates that the experimentally observed decrease in bond
lengths is, at least in part, due to steric effects. However,
the magnitude of the effect was not predicted correctly using
MM. This is illustrated for the [CBN,Os_] series in Figure
5; the gradient of the line representing the bond lengths
calculated with the previously reported MM parameters is
lower than that representing the bond lengths derived by
statistical analysis.

To establish whether the underestimate of the trend was
indicative of an electronic interrelationship between-M
and M—O bonds or an inadequacy in the current MM
parameters, the force field was examined in order to establish
whether it could be adjusted to reproduce the trend. Metal
ligand bond lengths are the result of a counterplay between
the steric repulsions between adjacent donors (1,3-inter-
actions) and the bond stretch function, which describes the
metal-ligand interaction (Figure S7 of the Supporting
Information). No alterations to the 1,3 interactions were able
to produce the magnitude of the trend correctly (Figure S8
of the Supporting Information). Consequently, the bond
stretch parameters describing'CeN and Cd'—O inter-
actions k, andro, were optimized against the series, keeping
nonbonded parameters at the previously reported values
(Table 1). We found that this optimization process (to a good
approximation) resulted in linearly independent solutions in
k, and ro with values derived for the Clb—N interaction

(29) Deeth, R. J.; Munslow, I. J.; Paget, V.NATO ASI Serl1997 3,
77—-103.

(30) Burton, V. J.; Deeth, R. J.; Kemp, C. M.; Gilbert, PJJAm. Chem.
S0c.1995 117, 8407-8415.

(31) Snow, M. RJ. Am. Chem. Sod.97Q 92, 3610-3617.

(32) Brubaker, G. R.; Johnson, D. \Morg. Chem1983 22, 1422-1426.

(33) Brunner, H.; Ludi, A.; Raselli, A.; Burgi, H.-Bdelv. Chim. Actal996
79, 1607~1610.

(34) Yoneda, H. Unpublished data.

(35) Henrick, K.; McPartlin, M.; Munjoma, S.; Owston, P. G.; Peters, R;
Sangokoya, S. A.; Tasker, P. A. Chem. Soc., Dalton Tran$982
225-227.

(36) Bernhardt, P. V.; Lawrence, G. A.; Hambley, T. W.Chem. Soc.,
Dalton Trans.1989 1059-1065

(37) Bernhardt, P. V.; Jones, L. A. Chem. Soc., Dalton Trank998
1757-1761.

(38) Hambley, T. W.; Searle, G. H.; Snow, M. Rust. J. Chem1982
35, 1285-1295.

'(39) Ishi, M.; Umehara, M.; Harada, K.; Nakahara, Bull. Chem. Soc.

Jpn. 1987 60, 2683-2685.
(40) Hummel, H. U.; Beiler, FZ. Anorg. Allg. Chem1988 565, 147—

below was performed on a representative subset of the largefa1) vezzosi, 1. M.; Benedetti, A.; Saladini, M.; Battaglia, L. P.; Corradi,

data set.

Molecular Mechanics Analysis

[Co"N,Os-n] Series. To investigate the cause of the
decrease in bond lengths with increasingacross the

A. B. Inorg. Chim. Actal985 97, 195-199.

(42) Kristiansson, OActa Crystallogr., Sect. C: Cryst. Struct. Commun.
1999 55, IUC9900036.

(43) Hynes, R. C.; Willis, C. J.; Vittal, J. JActa Crystallogr., Sect C:
Cryst. Struct. Commurl996 52, 1872-1881.

(44) Zompa, L. J.; Margulis, T. NInorg. Chim. Actal98Q 45, L263—
L264.
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1.99 - Table 6. Comparison of Molecular Mechanics Results with New
Parameters Derived from the [(dl,0s—] Series Compared with Those
Reported Previously for the Hexamine Complexes
1.08 old param new param
e k=1.75 k=1.00
New Paragmeters r&dyn At r&dyn AL
r=1.881A, . compound exptl ro=1.905A) ro=1.881A)
2-1 r
197 - ky=1.00 mdyne A™ " 4 [Co(NHg)e* = 1963 1955 1.964
I / [Co(en)]3+ 1.961 1.963 1.965
< [Co(tmeny]3+ 33 (1) 1.994 1.973 1.989
= ® [Co(NHCHa)g] 3+ 34 2.013 1.983 2.008
D 196 - [Co(trapy]3+ 3 (2) 1.9439  1.9389 1.937d
Q 1.963* 1.952x 1.960%
: [Co(trans-diammac)}* 3637(3)  1.9404 1.9364 1.9354
c 1.94” 1.943% 1.947
S 195 [Co(dpty]3*38:39(4) 1.977 1.957 1.976
2.032 1.999 2.030
=z- aSee Appendix 1 (Supporting Information) for a list of CSD names for
o 104 Old Parameters the calculation of the average. Numbers in parentheses indicate the structure
O 1.ea- rp=1.900 A, number in the figure shown in Appendix 1.
ky=1.75 mdyne A o o
observed across the [dl,0s_n] series is largely steric in
1.93 1 & origin. However, we cannot rule out an electronic contribu-
tion that is linearly dependent on the steric contribution.
. Similarly, the Cd'—0O parameters derived were able to
1.92 i reproduce the bond lengths in [8@¢] systems (Table S9
of the Supporting Information). However, because of the
smaller variation in the Cb—0O series, we do not consider
1.91 +——— ‘ ‘ ‘ ‘ ‘ ‘ the parameters to be as reliably determined as those'bf-Co

1 2 3 4 5 6 N. . s
The force constants derived in this way were lower than

Number of Nitrogen Donors those previously reported for (e-N and Cd'—O inter-
Figure 5. Comparison of molecular mechanics results with statistical actions, which were derived from IR spectroscopic data.

analysis for the C6—N bond lengths of the [CbN,Os-r] series. In each For instance, the Cb—N force constant is 1.0 mdyn A
case the lines represent a line of best fit through the series and the error

bars a 95% confidence interval on the mean. Full data analysis for the subsetcomparectWlth the_ previously reporteq values of-1182 .
and the molecular mechanics optimized subset is available with the mdyn A-1.2 The rationale for the lowering of spectroscopi-

Supporting Information for this paper—#—) Full statistical analysis as  cally derived force constants for application to MM has been
illustrated in Figure 1.t A—) Subset analysis: The average bond lengths

of the subset of structures given in Appendix 1 (Supporting Information). described preV|oust for angle'bend functléll‘i%..Specm-
(--#--) Molecular-mechanics optimized subset: The subset of structures cally, MM force constants relate to large deviations about a

Optline)iéedc\j/vithgle (m<)3liﬂcullar rlnechaniﬁs pafame}l&{ﬁj-BStl)Aanfi;b d strain-free minimum, whereas vibrational force constants
= 1. madyn . (@ olecular mechanics optimized subset with o P : e
parameterso = 1.75 mdyn A andro —=1.905 A, 22.23 relate to small deviations about a strained minimum. There

are also differences in the force fields used. As a result of
those differences, force constants for angle-bend functions
in MM models are about half those derived from spectro-
scopic data. It appears from the present study that a similar
reduction may be appropriate for the M-ligand force con-
stants.

[Ni"N,Oe-n] Series.The most obvious difference between

beingk, = 1.0 mdyn A andr, = 1.881 A and for CH—0O
k, = 1.005 mdyn A* andr, = 1.856 A (Cd'—N, Figure 5;
C0d"—-0O, Figure S11 of the Supporting Information).
Success in reproducing the trend using MM does not, of
itself, confirm that the variation observed across the series
is entirely steric in origin. However, if the effect was
electronic, then it is unlikely that parameters derived to fit the [Ni"N,Oq_] Series and the [CbN:Os_] Series is the
the trend would also reproduce bond length changes known

. : shape of the curves. Those through thé'Geries are linear,
to be caused by steric effects. To test this, the new parameters . o< those through the Néeries are asymptotic, this
were assessed using a set of''Cloexaamines (complexes ’

- . asymptotic behavior being most evident in thd-NO series.
14, Tqble 6) with ligands that encompass a range of SerC the curves representing the'Nieries have similar shapes,
copstra;Lnts. Clztblvl\(las(,)found that thet neV\I/ paramzters ddiﬂvedleveling out at the [NiN,O,] point, indicating that the forces
using the [ " 6] Series not only reprocuce € in each series are affecting oxygen and nitrogen donors
hexamine series but did so significantly better than any

. J . equally. This is probably indicative of a steric effect because
previously reported parameters, as is illustrated in Table 7. quaty P y

. . the systematic removal of steric strain from a system must
The parameters were also at least as effective as previously

reported at reproducing the isomer distribution in the (s Burkert, U.; Allinger, N. L Molecular MechanicsAmerican Chemical
[Co(dien}]?" system (Table S12 of the Supporting Informa- Society: Washington, D.C., 1982; Vol. 177.

: 5 L T 4 (46) Hendry, P.; Ludi, AAdv. Inorg. Chem.199Q 35, 117-198.
tion).# This indication that the new parameters are valid (47) visser, H. G.; Purcell, W.: Basson, S.Boyhedror2001, 20, 185—

provides good evidence that the reduction in bond lengths 190.
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Table 7. Comparison of Molecular Mechanics Results with New Parameters Derived from the[Dé-n] Series Compared with Those Reported
Previously

published parafh new param
compound and refs exptl (ko=0.6 mdyn A%, 1o =2.090 A) (ko= 0.3 mdyn AL, ro=2.042 A)
[Ni(NH 3)g] 2+ 43 2.131 2.136 2.128
[Ni(en)s]2*+2 2.131 2.125 2.119
[Ni(tn),] 2+ 4445(11) 2.14 2.149 2.155
[Ni(dien)y]2+ 46 2.135, 2.164, 2.086 2.129, 2.149, 2.088 2.125, 2.159, 2.060
[Ni(tacn)]2* 47 (12) 2.123 2.151 2.156

aSee Appendix 1 (Supporting Information) for calculation of the average. Numbers in parentheses indicate the structure number in the figure shown in
Appendix 1.

= 1.90 A. The force constants derived in this manner are,

2:: gf;;gr;r,neters as was the case for o smaller than those reported
. 2121 k=06 mayne A” previously (for Ni—N, 0.6 mdyn A1)2, a possible reasoning
E’ 211 4 for which was outlined above.
z D 2107 As for the analogous Clbseries, the parameters derived
T8 209 by optimization against the [NN,Os_] series were tested
208y el Mo Parametare for their ability to reproduce the bond lengths of each of the
@ 22; e 1=2.042 A, [Ni"Ng] and [Ni'"Og] sets (Tables 7 and S10 (Supporting
205 | ky=0.3 mdyne A" Information)). The Ni—N parameters successfully repro-
2.04 , , : , : : duced the bond lengths of the'Niexaamine series, but in
1 2 3 4 5 6 the case of Ni—O it was found that parameters that
Number of Nitrogen Donors (n) reproduced the “average” of the series did not necessarily

. . . . - reproduce structures on a case-by-case basis. As no param-
Figure 6. Comparison of molecular mechanics results with statistical . |
analysis for the Ni—N bond lengths of the [NIN;Os-] series. In each eters had been previously been reported for 'a4@ bond
case the lines represent the best fit through the series and the error bars &tretch, attempts were made to optimize the parameters using

95% confidence interval on the mean. Full data analysis for the subset and 1 . .
the molecular mechanics optimized subset is available with the Supporting the [Ni 06] set mdependent of those derived from the

Information for this paper.<B—) Full statistical analysis as illustrated in  [Ni"NnOs-n] Series. This optimization proved to be signifi-
F][gure 3. -a—) Subset aRalysiZ:_ qu ?gerage _boncli I;?ngths Of)tflz—' )Subset cantly more problematic than the optimization of the"'Co
of structures given In ppenaix upportlng nformation). #{- H H
Molecular mechanics optimized subset with paramégers 0.3 mdyn AL funCt,IonS' Reproduction of compressed ND bond "?”gths
andrg= 2.042 A. (--@-—) Molecular mechanics optimized subset with ~ required stronger force constants than elongatéet®ibond
old parameters, = 0.6 mdyn A andro =2.090 A2223 lengths, but a quadratic function must be symmetrical about
) o ro. No combination ofk, and ro reproduced this effect
affect both sets of donors simultaneously, but this is not correctly; however, the, about which a bond could be
necessarily the case for an electronic effect. compressed or elongated appeared constant for®iat
Bond lengths in Ni complexes are significantly longer  apoyt 2,00 A. The decreasekinas the bond length increased
than those in C& complexes {-2.00-2.17 A as opposed  oypled with the fact that the bonds contracted significantly
to ~1.89-1.97 A), and Icpnsequentl)ll the repulsion between |ess readily than they could be elongated was indicative of
the ligands is less in Nithan in Cd'. At some point the 4 fajlure of the quadratic function to adequately describe the
ligand—-ligand repulsion must become small relative to the Njji—o interaction. The changes in curvature are more
energy required to distort the bond. The point at which this ¢onsjstent with a Morse function. The potential that produced
occurs represents a minimum in the potential energy surfacey,q magnitude of bond length variation across thé\iNDs_]
defining the metatligand interaction, and this is what the  garies was “left shifted”rp = 1.90) and had a very weak
asymptote of the curves represents. We are able to reproduce,,ce constant = 0.095). These parameters, while un-
these trends including their asymptotic nature using our force e gjistic in terms of a quadratic function, are consistent with
field. In this force field the asymptotes of the 'N¢urves a Morse function over the regions of NtO bond lengths

represent the Ni-O and NI'-N bond lengths in the g jjustrated by Figure S13 of the Supporting Information.
unsubstituted NiOs, Ni"NOs, and NI'N,O, complexes

(Figure S7 of the Supporting Information).

The parameters describing the'NiN and Ni'—O inter-
actions were refined in a manner analogous to those for the We have shown statistically that the-N\ and M—O bond
Cd" series and reproduced the trends in th&-Ni and lengths in two series of complexes [@N,0s-5 and
Ni"—O bond lengths across the [W,Os-n] series as  [Ni"NyOs-n] decrease as oxygen donors replace nitrogen
illustrated in NI'—N, Figure 6, and Ni—O, Figure S12 of  donors.
the Supporting Information. The parameters were able to It was demonstrated by the use of MM that the effect can
reproduce both the asymptotic shape and the magnitude ofbe predicted with a single set of metdigand stretch
the change observed across the two series. The parametengsarameters, consistent with it being steric in origin and a
obtained are as follows: for Ni-N, k, = 0.3 mdyn A result of the larger steric bulk of amine donor groups
andro = 2.042 A; for NI'=0, k, = 0.095 mdyn A* andr, compared with oxygen donor groups.

Conclusions
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The bond-length reduction across the two series providesproofreading this manuscript, Dr. P. Turner, Dr. D. E. Hibbs,
a means for mapping the energy surface of meighnd and Dr. A. R. Battle for assistance in using and referencing
interactions and hence deriving force constants for the the CSD, and the Australian government for R.K.H.'s
metal-ligand interactions. Previously, bond-stretch functions scholarship.
in MM could only be optimized by using a series of ligands
that encompassed a range of outer-sphere geometries. Here Supporting Information Available: Text describing those
we demonstrate that a systematic change to the innerstructures used in the “full set” and “subset” analyses recorded using
coordination sphere can have the same, if not a larger, effecttheir CSD names and the confidence intervals calculated, tables
on bond lengths. The systematic change reveals a distinctisting data only recorded in graph form, bond lengths recorded
asymptote effect in high-spin Ni(ll) complexes that gives for the subset analysis, and the subsequent MM parametrizations,
us further information about the energy surface defining and figures showing many further plots of both energy surfaces of
metal-ligand interactions. the MM program and of different aspects of the statistical analysis,
a plot comparing the Ni-O and NI'—N subset [NiN(H20)s-n]
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