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The theoretical study of Mn(salen) catalysts has been traditionally performed under the assumption that the Mn(acacen’) (acacen’
=3,3’-(ethane-1,2-diylbis(azanylylidene))bis(prop- 1-en-olate)) is an appropriate surrogate for the larger Mn(salen) complexes. In
this work, the geometry and the electronic structure of several Mn(salen) and Mn(acacen’) model complexes were studied using
Density Functional Theory (DFT) at diverse levels of approximation, with the aim of understanding the effects of truncation,
metal oxidation, axial coordination, substitution on the aromatic rings of the salen ligand and chirality of the diimine bridge,
as well as the choice of the density functional and basis set. To achieve this goal, geometric and structural data, obtained from
these calculations, were subjected to Principal Component Analysis (PCA) and PCA with orthogonal rotation of the components
(rPCA). The results show that the choice of basis set to be of paramount importance, accounting for up to 30% of the variance
in the data, while the differences between salen and acacen’ complexes account for about 9% of the variance in the data, and are
mostly related to the conformation of the salen/acacen’ ligand around the metal centre. Variations in the spin state and oxidation
state of the metal centre also account for large fractions of the total variance (up to 10% and 9%, respectively). Other effects,
such as the nature of the diimine bridge or the presence of alkyl substituent in the 3,3 and 5,5 positions of the aldehyde moiety,
were found to be less important in terms of explaining the variance within the data set. A matrix of discriminants was compiled
using the loadings of the principal and rotated components that best performed in the classification of the entries in the data. The
scores obtained from its application to the data set were used as independent variables for devising linear models of different
properties, with satisfactory prediction capabilities.

1 Introduction plexes onto different supporting materials>'>28-37 and the ra-
tionalisation of the catalytic cycle of this family of compounds
Manganese-salen complexes, hereafter Mn(salen), are well  using both theoretical and experimental methods 14323543
known catalysts in the epoxidation of alkenes and other
olefinic materials. Their use in industrial applications has been
prompted by their low cost, easy preparation and high activ-
ity®. The enantioselectivity of Mn(salen) complexes relies
not only in the potentially stereogenic sp* hybridised carbon
atoms of the diimine bridge, but also on both steric and elec-
tronic properties of the salen complex®°. The Jacobsen’s cat-
alyst serves as an example of the high levels of catalytic effi-
ciency and stereoselectivity achieved by this class of transition
metal complexes. This has triggered further developments in
asymmetric catalysis, including the development of novel chi-
ral Mn(salen) complexes>®, the immobilisation of such com-

In the presence of a terminal oxidant, Mn(salen) com-
plexes are typically oxidised to their oxo-Mn(salen) ana-
logues. These oxo-complexes are the active species respon-
sible for the epoxidation of the substrate?>*. In both types of
complexes, the salen ligand adopts a nearly planar conforma-
tion. In oxo-Mn(salen) complexes, one of the axial positions is
occupied by the oxo- ligand, leaving at all times one vacant ax-
ial position in the coordination sphere of the manganese atom.
The vacant axial position may be occupied by a counter ion
such as chloride, or a donor ligand. This possibility provides a
valuable route for the anchoring of Mn(salen) complexes onto
a supporting material, using a linker molecule. In recent years,
this strategy allowed the development of novel materials with
interesting catalytic properties?!-?2.

t Electronic Supplementary Information (ESI) available: optimised geome-
tries and results from multivariate data analisys. See DOI: 10.1039/b000000x/
¢ REQUIMTE, Departamento de Quimica e Bioquimica, Faculdade de Cié The importance of this catalytic system and the con-
ncias, Universidade do Porto, Rua do Campo Alegre, 4169-007 Porto, Portu- troversies surrounding its catalytic cycle have triggered

gal; E-mail: filipe.teixeira@fc.up.pt; ncordeir@fc.up.pt . .
b Departamento de Quimica Fisica, Facultade de Quimica, Universidade de several theoretical studies. ~These models rely on Den-
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X = Nothing (re), or O (ox)
L = Nothing, CI', CH3CH,NH, (amine), or CH;CH,NH (amide)

Fig. 1 Manganese-acacen’ (1 and 2) and manganese-salen (3 to 16)
complexes used in this study. The diagram for compounds 4-16
further illustrated the numbering scheme used in this work. For each
compound, X may either be nothing (re) or O (0x); also, L,, may
either be nothing, CI” (cl), CH;CH,NH, (amine), or CH;CH,NH™
(amide).

description of electron correlation at a reasonable cost.
The quest for further savings in computational cost has
lead to using Mn(acacen’) complexes (where acacen’
stands for 3,3’-(ethane-1,2-diylbis(azanylylidene))bis(prop-1-
en-olate), "O(CH);N—C,H,—N(CH);0") such as 1 (Fig-
ure 1) as surrogates for the the larger Mn(salen) com-
pounds 14?639 More rigorous methods, such as Coupled
Cluster (CC) or Complete Active Space Self-Consistent Field
(CASSCEF), have been sparsely applied to this problem for be-
ing too computer-demanding. These techniques usually re-
quired also further truncation of the molecular models *3%-33.
Moreover, the choice of basis sets in first principles cal-
culations may be considered as an additional truncation on
the system. Historically, most theoretical studies had re-
sorted to Pople’s split valence 6-31G(d) as the standard for
these calculations, usually using a triple-{ quality basis set
only at the metal centre |=#10-1425-27.34 "with the exception of
the latter work by Morokuma and co-workers 32 in which a
triple-§ quality basis set is used in conjunction with a proper
Mn(salen) complex.

With the development of computational technologies and
the increased interest in Mn(salen) catalysed epoxidations,
an assessment on how the properties of Mn(acacen’) may
be translated to those of Mn(salen) complexes is mandatory.
The question of whether the conclusions withdrawn from such

studies are applicable to the larger Mn(salen) complexes, such
as the Jacobsen’s catalyst (Figure 1, 16), has been partially
addressed by Jacobsen and Cavallo in 2001%. However, this
study only accounted for the steric effects due to the limita-
tions of the approach assumed. Further insights about this
question can only be provided by high-level calculations car-
ried out on the larger Mn(salen) complexes. Despite the ini-
tial claims of Jacobsen and Cavallo, some latter studies us-
ing different models for Mn(salen) arrived at different conclu-
sions 13233 and the use of truncated models has been pointed
as one of the possible causes for these disagreements>8. De-
spite this, Mn(acacen’) models still enjoy large popularity as
surrogates for Mn(salen), making the question of equivalence
between the two systems evermore important>.

An in depth survey of the properties of different Mn(salen)
complexes requires the use of a data reduction technique, such
as Principal Component Analysis (PCA). This technique al-
lows the determination of linear combinations of numerical
variables, the principal components (PCs), that explain the
maximum amount of variance in the data not already ex-
plained by a previous PC, thus simplifying the data analy-
sis39. At the end of the PCA procedure, one obtains a matrix
with the coefficients that define each component (the loadings,
M;) and the percentage of variance associated with each PC.
The application of the My, to the original data matrix corre-
sponds to a change in coordinates, yielding the scores matrix,
Mj;. Each column of Mg contains the values that would be
observed if the corresponding PC were measured directly. An
analysis of the distribution of the scores for each PC allows
the association of each PC to categorical variables that are as-
sociated with the observations in the original data, this proce-
dure being usually called the supervision step>’>’. Through-
out this work, the term data set will be used to describe the
collection of data available on the systems under study, while
the term data matrix will be reserved for the subset of the data
set that contains only the numerical variables to be subjected
to multivariate analysis. Within the realm of chemistry, PCA
has enjoyed large success as a tool for processing spectral in-
formation >*8. Over the years, some efforts have been made
towards the use of PCA as a tool in Quantitative Structure-
Activity Relationship (QSAR) research for deriving molecu-
lar descriptors from ab initio calculations>>*3142 its applica-
tion has also meet some criticism from the mainstream QSAR
community, mainly because of the difficulties that may rize
from the interpretation of the principal components ¢

The primary aim of this work is to assess the implications
of using acacen’ as a simplified model for salen in manganese
complexes. As a secondary objective, the effects of axial co-
ordination are surveyed by comparing models without axial
coordination with models coordinated with chloride, which is
the traditional counter ion for these complexes. In addition to
this, the axial coordination to CH;CH,NH, and CH;CH,NH"~

2| Journal Name, 2010, [vol]1—16

This journal is © The Royal Society of Chemistry [year]

Page 2 of 16



Page 3 of 16

Physical Chemistry Chemical Physics

was also studied, with the purpose of surveying the effect of
anchoring these complexes onto a supporting material using
3-aminopropyltriethoxysilane (APTES) as a linker %3¢, For
this purpose the geometry and the electronic structure of such
type of complexes were analysed using DFT methods. This
study included 112 Mn(salen) and 16 Mn(acacen’) molecular
models. The variants were generated, by changing the axial
ligands and/or the substituents of the aldehyde moiety for the
Mn(salen) complexes, according to the notation presented in
Figure 1. The geometries, for the different molecular mod-
els under study, were then optimised using DFT calculations.
Two additional sources of variance introduced by the choice
of the level of theory at which the DFT calculations are done
(density functional and basis set) are also probed. The proper-
ties of the different models were surveyed using PCA in order
to better access the impact these variations on the Mn(salen)
scaffold. In particular, the results presented here aim at un-
derstanding the effect truncation of Mn(salen) complexes to
Mn(acacen’) may have on the properties extracted from first
principles calculations.

2 Methodology

2.0.0.1 DFT CalculationsAll DFT calculations were per-
formed using version 3.0.1 of the Orca program package*!.
Natural Population Analysis (NPA) was performed using ver-
sion 5.9 of the NBO program from the University of Wiscon-
sin?3. Two density functionals representing different approxi-
mations to the Kohn-Shan (KS) formalism were selected: the
hybrid-GGA functional X3LYP by Xu and Goddard II1°%:0,
and the meta-GGA functional TPSS by Perdew and co-
workers>*. Tn addition, three basis sets were used in conjunc-
tion with each functional: the split-valence def2-SV(P) and
the triple-§ def2-TZVP (both derived from Ahlrichs and co-
workers 18'19’49’56) as well as the DefBas-3 basis set, which is
defined in the software. This latter basis set corresponds to a
triple-{ valence basis set with contraction pattern {311} for
hydrogen, {62111/411/1} for other main group elements and
{842111/6311/411/1} for manganese.

Throughout this work, we have chosen to follow the nomen-
clature used by Cavallo and Jacobsen?® in which the relevant
electronic states are identified by a notation indicating the re-
spective total spin density S = |pq(r) — pg(r)|. The symbols
S0, S2 and $4 thus refer to total spin densities of zero (sin-
glet), two (triplet) and four (quintet) unpaired electrons, re-
spectively. Additionally, each compound will be named after
the categorical variables that describe it, in the form Model-
OxSt-AxLig-SpinSt-Functional-BasisSet, where Model is the
model number according to Figure 1; OxSt may take the val-
ues “re” or “ox” for the reduced (X=none) and oxidised (X=0)
form, respectively; AxLig may be “null”, “cl”, “amine” or
“amide” for L= nothing, CI", CH;CH,NH,, or CH;CH,NH",

respectively; SpinSt is either SO, S2 or S4, while Functional
and BasisSet correspond to the level of theory in question.
When dealing with groups of compounds, only the categor-
ical variables common to all elements of the group are given.

For the S2 and S$4 states, all calculations were performed
under an unrestricted Kohn-Shan formalism, with indepen-
dent treatment of the electron densities pg(r) and pg(r). For
SO systems, the restricted Kohn-Shan formalism was applied
in order to lessen the computational effort of such calcula-
tions. Preliminary unrestricted and broken symmetry calcu-
lations using model 3 have shown that this would be a valid
approach.

Geometry optimisation on all models was carried out using
redundant coordinates. These models were constructed by ap-
plying truncations and/or substitutions of the (S, S)-Jacobsen’s
catalyst in its oxidised form and with the CH;CH,NH" axial
ligand (16-ox-amide). For each geometry, ligand folding was
evaluated following the method established by Cavallo and Ja-
cobsen!? by means of the ligand bent angles, ¢. and ¢y, as
well as the pyramidalisation distance (dp). A bent angle, @, is
defined as ¢ = 180° — Z(XnN — Mn — Xno) where Xnn and
Xno refer to the midpoint between the two nitrogen atoms
and the midpoint between adjacent N,O atoms, respectively.
Following the numbering scheme shown in Figure 1, the ad-
jacent N,O atoms considered in ¢, are N, and O, whereas ¢,
refers to atoms N3 and Os. Using the same notation, dp is de-
fined as the separation between the manganese atom and the
O4) — XN~ —Ogs) plane 12 Information on the chirality con-
tent of each structure was provided using Avnir’s Continuum
Chirality Measurement (CCM)®#+6162 " This measurement
was obtained using software developed in-house, based on the
methods published by Avnir and Alvarez®32. For the purpose
of this work, the CCM measurements were taken either on
atoms 1 to 21 (CCM .salen, which is only defined for models
3 to 16) or with exclusion of atoms 12 to 19 (CCM .acacen,
defined for all models).

At the end of the DFT and NBO calculations, a dataset
(DBO) was produced. This set consisted of 10 categorical
variables and 124 numerical variables. The categorical vari-
ables describe the model identification, Model; axial ligand,
AxLig; spin state, SpinSt; metal oxidation state, OxSt; struc-
ture of the diimine bridge (etildiimine, EDA, or cycloexildi-
imine, DEDA), Bridge; the substituent at R;, Ry; the sub-
stituent at R,, Ry; the structure of the equatorial ligand (salen
or acacen’), EqLig and the level of theory at which the com-
putations were performed (Functional and BasisSet). The nu-
merical variables include: a) bond lengths between the atoms
labelled in structure 4 (see Figure 1), each length being gener-
ically referred to as D.A1.A,, were A and A, are the symbols
and numbers of the two atoms involved; b) bond angles be-
tween triads of the mentioned atoms, each angle being refer-
enced by A.A|.A;.A3; c) natural charges (Q.A) and spin den-
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sities (S.A1) for atoms 1 to 22, the axial oxo- ligand (Q.0,x and
S.0,x, when present), the total natural charge and spin den-
sity of the equatorial ligand (Q.EqLig and S.EqLig, respec-
tively) and of the axial ligand (Q.Lax and S.L.x, when present);
d) global geometric parameters (dp, @, ¢y, CCM.acacen and
CCM .salen); and e) the relative energies of S2 and S4 with re-
spect to SO and also that of $4 relative to S2 (AEp 2, AEp 4 and
AE, 4, respectively), as well as the energetic balance of the
oxidation of the reduced species with H,O, and of the epox-
idation of propene, assuming spin conservation (AE.x and
AEep0x). All distances were expressed in angstroms, charges
and spin densities were expressed in atomic units, angles in
degrees and energy differences in kJ - mol~!.

2.0.0.2 Multivariate AnalysisOn a first approach, DBO
was pruned out of the following variables: AEpj, AEga4,
AE> 4,AEo and AEepox as well as all variables referring to ei-
ther axial ligands (O,, and L, ). This subset of DBO will be
referred to as DB1. The analysis of DB1 allowed the compar-
ison between Mn(salen) and Mn(acacen’) complexes, as well
as many other important factors. However, variables involv-
ing atoms 12 to 19 are undefinable for the acacen” models (see
Figure 1) and were defined ad hoc as zero. Another subset of
DBO (labelled DB2) was defined using the same criteria used
in DB1 and the additional exclusion of any variable referenc-
ing atoms 12 to 19 (including CCM .salen).

Multivariate data analysis was carried out using the R lan-
guage® with the Psych package*’ implementation of Princi-
pal Component Analysis (PCA) and associated techniques. In
order to minimise subsequent problems of chance correlation,
the protocol for analysing DB1 and DB2 started by pruning all
descriptors for which the coefficient of variance was smaller
than 1%. Also, because the numerical values of the remaining
descriptors vary significantly, all descriptors were mean cen-
tred and scaled to unit variance. Horn’s parallel analysis, as
implement in the Psych package, was used to determine the
number of principal components (PC) or rotated components
(RC) considered relevant in PCA, which was performed both
without rotation and using the varimax rotation (this latter
analysis will henceforth be denoted as rPCA). Because of the
large cardinality of DB1 and DB2, the analysis of the scores
from PCA and rPCA was performed using density plots (fil-
tered by category), in a manner similar to that presented by
H. Attias”. This allowed the association of each categorical
variable to one or more PCs or RCs in both data sets.

For the development of the linear models, the best perform-
ing PCs or RCs for each of the categorical variables were col-
lected into a matrix of discriminants, or a composite loadings
matrix, M¢cy. Numerical descriptors associated to each cate-
gorical variable were obtained by application of My, to the
data matrix in DBO (once standardised). These descriptors
were then used as independent variables in the development of

Selected dependent variables (see text) -~ Linear
bBO 7| Regression
Selected A .
Variables Predictors
Y
Numerical Vars. o
Subsets| w| Factor »| Multiplication
DB1/2 [Numerical | Analysis X
Vars.
Scores and
Loadings | -
| Supervision Combmed
Categorical Vars. + Discriminants

Fig. 2 Flowchart of the most relevant steps in the multivariate
analysis and creation of the linear models.

the linear models forAEq 2, AEy 4, AEox, AEepox, Q-Mn, S.Mn,
Q.EqLig, S.EqLig, 0.0, and S.O4. A diagram containing
the most relevant steps of this procedure is given in Figure 2.

3 Results and Discussion

3.1 DFT Calculations

Results from the DFT calculations show that the relative en-
ergies of SO, S2 and S4 depend strongly on the choice of ba-
sis set, with def2-SV(P) showing discrepancies relative to the
triple-{ sets. On average, def2-SV(P) shows a tendency to
over-stabilize the higher multiplicity states, with S2 and 54 ly-
ing —54.0 and —70.0 kJ - mol ™' relative to SO, respectively. On
the other hand, an S2 ground state is preferred by DefBas-3
and def3-TZVP, with a low lying SO state (about 6 kJ - mol™"),
followed by S4 (at about 140 kJ - mol’l). Moreover, the rela-
tive energies of these three states appear to vary with respect
to the oxidation state of the metal centre. In this regard, the
S4 state of the oxo-manganese(V) complexes is pushed higher
in the energy scale. The distribution of the energy gaps be-
tween states and their relation with other characteristics of the
computational models will be further discussed latter.

At their equilibrium geometry, tetracoordinate complexes
are arranged around Mn in a square planar geometry, while
hexacoordinated present the expected octahedral geometry
around the metal centre. Pentacoordinated species tend to
form square pyramidal arrangements around Mn, although
with some significant distortion in the case of X=none. In
all cases, both salen and acacen’ ligands assume a nearly pla-
nar conformation around Mn. Absolute energies for all sys-
tems, as well as relevant equilibrium geometries are given in
the Supporting Information.

Although a proper timing benchmark is outside the scope
of this work, some insight can be gained from the time taken
from the SCF procedure. Overall, TPSS calculations took
about half the time of similar X3LYP computations. Calcula-
tions using the DefBas-3 basis set were noticeably faster than
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those using def2-TZVP by a factor of three, all other condi-
tions being equal. Also, def2-SV(P) calculations ran in about
80% of the time taken by similar computations using DefBas-
3. As expected, the time for each SCF iteration increased with
the size of the system. More interestingly, computations using
def2-TZVP show difficulties in achieving SCF convergence
for the larger systems (specially when using X3LYP), proba-
bly due to linear dependencies caused by the larger basis set.

3.2 Principal Component Analysis

The association between each categorical variable (in both
DBI1 and DB2) and the factors devised from PCA and rPCA
was done by examining the distribution of the scores for each
component. Table 1 shows the links between each categorical
variable and a set of principal and rotated components taken
from the two subsets of DBO. Both techniques extracted prin-
cipal components of DB1 that could be satisfactory associ-
ated with a categorical classification of the chemical system or
level of theory applied. These principal components account
for about 79% of the variance in DB1.

Some numerical variables are only definable for models
mO03 to m16, and the missing values for m01 and m02 were
taken as zero. This may have introduced an artificial amount
of variance separating salen models from acacen’ ones. As
a control experiment, the DB2 subset includes only variables
which are available for both salen and acacen’ models, thus
showing the impact of choosing acacen’ as a surrogate model
for salen. The impact of R1 and R2 is largely local, as it will
be further discussed later in this work. Because of this, none
of the extracted components of DB2 could be unequivocally
associated to the substitution patterns in either R; or R,, as
reported in Table 1. The principal components of DB2 that
could be associated with categories in this data set account for
about 70% of the total variance.

Taking into account the relative variance explained by each
of the relevant principal components in DB2, the variance in-
troduced by the choice of computational model for the equa-
torial ligand accounts for about 9% of the variance in the
data. This impact is about the same as the distinction between
the reduced manganese (IIT) and oxidized oxo-manganese (V)
species, and is only surpassed by the choice of basis set in the
quantum mechanical calculations and also by the characteris-
tics dependent on the spin state.

In order to further pursue our objectives, we shall now dis-
cuss the associations described in Table 1. In finding the best
discriminant for each categorical variable, Table 1 gives ei-
ther two or four candidates. The following discussion com-
pares such candidates on the basis of the distribution of their
scores. A rationalisation of the physical implications of each
source of variance is performed based on the loadings of the
best discriminant for each categorical variable. The values for

the most prominent loadings obtained from the factor analysis
are given in the Electronic Supplementary Information’.

3.2.0.3 Level of Theory (BasisSet and Functional)Al-
though the data presents a very diverse behaviour when con-
sidering the principal components associated with the choice
of functional from those associated with the choice of basis
set, both questions condense into the fundamental choice con-
cerning the level of theory for the DFT calculations. This
question is even more important as one choosing a smaller ba-
sis set accounts as another kind of truncation of the chemical
model that may go unnoticed. As shown in Table 1, the choice
of basis set is the largest source of variation in DB2. Figure 3
shows that these components distinguish calculations using
def2-SV(P) from those using the triple-{ basis sets. Moreover,
none of the relevant principal components allowed a distinc-
tion between def2-TZVP and DefBas-3. Therefore, the two
latter basis sets may be considered as virtually equivalent for
the purpose at hand, despite concerns that the absence of po-
larization functions on hydrogen atoms, as well as the unbal-
anced amount of p and d functions in DefBas-3 would render
it inappropriate for this type of calculations. Because DB1 is
more complete than DB2 (in terms of the variables included in
it), PC2 of DB1 was selected as the best discriminant for this
category.

The loadings responsible for the scores displayed in Fig-
ure 3 reveal that the use of def2-SV(P) leads to larger bond
lengths around the manganese atom. This may be related with
the tendency shown by most density functionals to over esti-
mate the length of bonds involving transition metal atoms*°,
in which case this tendency may be over expressed upon the
use of a split valence basis set, but is (at least partially) cor-
rected when using triple-{ quality basis sets.

On the other hand, the choice of the density functional ap-
pears to bear little impact on the variance of the data set, as
shown in Table 1. Indeed, the components best associated
with the categorical variable Functional not only account for
a marginal percentage of the total variance in DB1 and DB2,
they also barely distinguish between the two functionals used
in this study (TPSS and X3LYP). Therefore, RC13 of DBI
was chosen as the best discriminant associated with the cat-
egory Functional. This result is in line with the relative in-
variance of natural charges and spin densities in m03-nothing
and m03-cl with respect to the level of theory 3. Despite this,
a closer inspection of the loadings responsible for the scores
depicted in Figure 4 points towards higher natural charges and
spin densities in O, and O5 upon the usage of X3LYP.

3.2.0.4 Spin state (SpinSt) Such as the the choice of basis
set and functional, the spin state considered in the DFT calcu-
lations is supplied as a parameter. But contrary to the former
two variables, the spin state is an intrinsic property of the sys-
tem. Much discussion has been held on whether Mn(salen)

This journal is © The Royal Society of Chemistry [year]
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Table 1 Summary of the results from the PCA and rPCA analysis performed on DB1 and DB2, showing the PCs and RCs best associated to
each of the categorical variables in the data set. The percentage of variance explained by each PC or RC is given in parenthesis.

Descrintor DB1 DB2
esetipto PCA rPCA PCA rPCA
EqlLig PCl1 (30%) RCl1 (30%) PC3 9%) RC4 (8%)
BasisSet PC2 (23%) RC2 (19%) PC1 (35%) RC1 (24%)
SpinSt PC3 (8%) RC3 (12%) PC2 (11%) RC2 (15%)
OxSt PC4 (5%) RC5 4%) PC4 (7%) RC3 (9%)
AxLig PC5 (5%) RC4 5%) PCo6 (5%) RC5 (8%)
Bridge PC8 (3%) RC9 2%) PC7 4%) RC7 (5%)
Ry PC12 (2%) RCI11 (2%) NA“ NA“
R PC10 (2%) RCI10 (2%) NA“ NA“
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complexes hold a singlet (S0) or a triplet (S2) ground state
and/or if the reactions in which they are involved occur with
or without crossing of spin states>*!1:1326 This historical
record justifies the interest regarding how the spin state de-
fined in DFT calculations may affect the properties of the sys-
tem in terms of the resulting geometries and population anal-
ysis data.

As shown in Table 1, the choice of spin state is among the
largest sources of variance in both DB1 and DB2, being the
second largest source of variance in DB2. The scores of the
principal and rotated components of DB1 and DB2 associated
with SpinSt are distributed as depicted in Figure 5 and typi-
cally show an ordering of the spin states, from SO to S4, with
SO0 species scoring negative values in the principal component
axis, while S4 ones occupy the positive domain. The third
principal component of DB1 was chosen as the best descrip-
tor associated with SpinSt.

The loadings of the components shown in Figure 5 are sim-
ilar for both DB1 and DB2, with the atomic spin densities and
the distances between the nitrogen atoms an their closest car-
bon atoms bearing the largest coefficients, as well as the nat-
ural charge of N,, N5, O, and Os. This latter dependence on
the natural charges of some atoms in the equatorial ligand is
the main responsible for the partial sensitivity of these com-
ponents to the oxidation state of the metal centre, giving rise
to the bi-modal distributions shown for each spin state in Fig-
ure 5. On the other hand, the dominance of spin densities in
the loadings associated to SpinSt is an expected result when
taking into consideration the design of the data sets. By def-
inition the spin density in all atoms of the SO species is zero.
Also, in the S2 state, most of the spin density is concentrated
in the Mn atom, while the S4 state is characterised by the pro-
motion of at least one unpaired electron to the conjugated 7
system of the equatorial ligand, in accordance to previous DFT
and correlated wave function calculations %1333

3.2.0.5 Oxidation state of Mn (OxSt)Changes in the oxi-
dation state of the metal centre account for about 8% of the
variance in DB2, being among the largest sources of variance.
This effect is somewhat diluted when variables referring to
atoms 12 to 19 (see Figure 1) are included in the data set, and
the same effect accounts for only about 5% of the variance
in DB1. Again, PCA analysis of both data matrices rendered
linear combinations of variables that accomplishes a satisfac-
tory separation between the reduced Mn(salen) complexes and
their oxidised oxo-Mn(salen) analogues (Figures 6a and 6c),
with PC4 of DB2 being chosen as the best discriminant for
this category. This separation becomes less pronounced upon
rotation of the principal components, as depicted in Figures 6b
and 6d.

Inspection of the loadings associated with the principal
components of both data sets reveals a predominance of the

natural charges, particularly those of N,, N5, O, and Os, as
well as those of Cy and C;. As expected, manganese (V) com-
plexes present higher charges in the salen ligand. This be-
haviour is linked to the overall tendency of salen to act as a
“charge reservoir” for the manganese atom, transferring part
of its charge to the metal centre upon oxidation>.

3.2.0.6 Salen/acacen model (EqLig)By design, the weight
of this category is over estimated in DB1. The principal com-
ponent analysis of DB2 clearly shows that the substitution of
salen by acacen’ has a profound impact on the properties of
the system, accounting for about 8% of the total variance in
the data. In both data sets, the separation between salen by
acacen’ was remarkable, as shown in Figure 7.

Not surprisingly, the largest coefficients in PC1 and RC1
of DB refer to variables describing atoms 12 to 19 (see Fig-
ure 1), thus justifying the use of DB2 in order to attain some
insight on the physical consequences of choosing between
acacen’ and salen models. Despite this, the excellent sepa-
ration between salen and acacen’ entries in DB1, justifies the
choice of PC1 of DBI as the best discriminant for this cate-
gory. Among the most prominent loadings associated with the
PC3 and RC4 of DB2 are the angles centred in the metal centre
(A.O4.Mn.Ny, A.Os.Mn.N3, A.N.Mn.N3 and A.O4.Mn.Os),
as well as the chirality measurement CCM .acacen, the natu-
ral charges at Cg and C, and the bond lengths between these
atoms and their neighbours. In summary, the truncation of
Mn(salen) complexes to Mn(acacen’) yields significant dis-
tortions in the chemical environment around the metal centre,
the consequences of which will be explored later in this work.

3.2.0.7 Axial ligand (AxLig)The variability introduced by
the axial ligand of the Mn atom (or by the absence of such
ligand) proved to be one of the most difficult challenges for
PCA and rPCA, not only because of the relatively low vari-
ance that remained in the data once the components associ-
ated with BasisSet, SpinSt, OxSt, and EqLig were extracted,
but also because this categorical variable encompasses four
values (instead of the two or three values seen in the other
variables). As a result, poor separations between the different
categories of AxLig were obtained, as shown in Figure 8. Al-
though not being able to achieve complete separation between
classes of AxLig, the PC6 of DB2 (Figure 8c) suggests that
the four classes are organised as four overlapping populations
around four different modal values, being the component best
associated with this category.

Using the PC6 of DB2 as the best possible discriminant that
can be associated to AxLig, models without any axial ligand
(null) and those coordinated with CH;CH,NH" (amide) ap-
pear to be the most extreme cases. This is in accordance to
what would be expected as the amide ligand is a strong donor
ligand capable of transferring a significant amount of charge
to the manganese atom. The cl and the amide classes lie close

This journal is © The Royal Society of Chemistry [year]
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together, as well as those models belonging to the amine and
nothing families. This results in a sorting between cationic
and neutral systems.

The most prominent loadings in PC6 of DB2 are the overall
charge of the equatorial ligand, as well as the natural charges
of C4 and C;, as well as the natural spin densities in N, and
N;, Dp and also an assortment of angles and bond lengths
among atoms Mn, N,, N;, C,, and C,;. The results show
that coordination with a donor ligand in the axial position of
Mn(salen) and Mn(acacen’) complexes has a moderate effect
in the geometry as well as in the charge and spin distribution
around the metal centre, although the impact of such variable
is dwarfed in comparison to other sources of variance which
were included in this study.

3.2.0.8 Diimine bridge (Bridge)As shown in 1, this de-
scriptor is best associated with PC8 and RC9 of DB1 and PC7
and RC7 of DB2, accounting for about 5% of the variance in
the latter data set. As shown in 9, the effect of the diimine
bridge is relatively subtle and the rotation of the principal
components helped achieving a good separation between en-
tries representing models with EDA, and models with CHDA.
Both RC9 of DB1 and RC7 of DB2 allowed excellent classifi-
cation of the entries in each data set, with RC9 of DB1 being
chosen as the best discriminant to be associated with the de-
scriptor Bridge.

An inspection of the loadings of RC9 of DB1 reveals that
the charges of C,, and C,; bear the most preponderant co-
efficients, together with an assortment of bond lengths and
angles among atoms Mn, N,, N3, C,, and C,;, as well as
CCM .acacen. These results reflect the inductive effect exerted
by the carbon atoms in CHDA, as well as the asymmetry im-
parted by the CHDA bridge in the equilibrium geometry of the
equatorial ligand.

3.2.0.9 Substitution at R;As show in Table 1, the substi-
tution pattern at R, (the 3,3’ positions in the salen ligand) ac-

counts for only a small percentage of the variance in DB1. The
removal of variables referring to atoms 12 to 19 renders the
component analysis protocol useless in determining the effect
of this variable on the properties of the different compounds,
and no clear association was found between the principal com-
ponents of DB2 and this category. Considering only the results
obtained for DB1, PCA was unable to produce a meaningful
separation among the different classes in this descriptor. Ro-
tation of the principal components allowed the ordering of the
different models in accordance with the substitution pattern
in R, as shown in Figure 10. The results sugest that RC11
of DB1 would be a good descriptor for the R category. An
analysis of the loadings from this rotated component shows
high coefficients for Q.Cj» and Q.Ci3 as well as significant
weights on Q.04 and Q.0s, compatible with the inductive ef-
fect of the alkyl groups (Me and 'Bu) in some of the salen
models. Moreover, CCM .acacen attained significant weight
in these loadings, showing the steric effect that substitutions
at this position impart on the conformation of the equatorial
ligand around the metal centre.

3.2.0.10  Substitution at R,Finding a PC or RC that would
account for the variance introduced by the substitution pat-
tern at R, (the 5,5° positions in the salen ligand) was only ac-
complished in the analysis of DB1, as shown in Table 1. The
effect of this category is subtle and PCA was unable to pro-
duce a meaningful separation among the different classes in
this descriptor. Rotation of the principal components allowed
the models without an alkyl group at their 5,5’ position to be
segregated from those with either methyl or ferz-butyl (as well
as the acacen’ models), as depicted in 11b. Thus, RC10 of
DB1 was chosen as the descriptor for R;. The loadings asso-
ciated with RC10 are dominated by the charges of C4, Cy;
and, to a lesser extent, CCM .acacen and CCM .salen. These
results correspond to a limited effect from this source of vari-
ance towards the overall geometry and electronic structure of

This journal is © The Royal Society of Chemistry [year]
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the Mn(salen) complexes, which can be mostly explained by
the inductive effect of the alkyl groups.

In the face of these results, it would seem reasonable to use
either model 3 or model 4 as models for the reactivity of the
larger Mn(salen) complexes. It is therefore plausible to hy-
pothesise that the effect of these bulky substituents may be
properly treated using a QM/MM strategy, although not with
the same truncation scheme used by Cavallo and Jacobsen?>.
The present discussion, however, refers only to the effect of
alkyl groups in the periphery of the salen scaffold and fur-
ther work must be developed in order to access the effects of
groups capable of greater interaction with the aromatic system
of the salen ligand, such as OH or NO,.

3.3 Linear Models

Having been able to provide some answers as to the impor-
tance and consequences of the use of truncated models in the
study of the structure and reactivity of Mn(salen) catalysts,
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Fig. 11 Distribution of the scores of the principal and rotated
components of DB1 best associated with the variance introduced by
the substitution patterns in R,.

we tested whether the information collected from the factor
analysis procedure is capable of shedding some light on the
way these factors influence several properties of Mn(salen)
complexes. For this purpose, a composite discriminant ma-
trix Mcp was created, having the loadings associated with he
best discriminants for each categorical variable (chosen earlier
in this work) as columns. Application of M¢p to the data ma-
trix in DBO determined the discriminant scores, ay, where X
represents each of the categorical variables mentioned earlier.

These scores were used as independent variables in the de-
velopment of linear models for AEg 4, AE,x and S.0,x. For
each linear model the significance of its coefficients was as-
serted using a bootstrap technique, implemented in the boot
package for R%!7. In this procedure, an empirical distribu-
tion of the coefficient associated to each ay was obtained from
repeated random sampling with replacement from the data
which was supplied to the linear regression routine, with 10*
bootstrap replicates. A stepwise backward regression protocol
was used in order to retain only the most significant coeffi-

10| Journal Name, 2010, [vol], 1-16

This journal is © The Royal Society of Chemistry [year]

Page 10 of 16



Page 11 of 16

Physical Chemistry Chemical Physics

cients: in the first iteration, the dependent variable was fitted
against all independent variables. In the following steps, the
least significant independent variable was removed from the
data. This evaluation was made from the standardized error
for the coefficients associated with each ay, and the procedure
stopped when only independent variables with a significance
level above 99% were observed. Moreover, only the data
regarding oxo-complexes were considered in devising linear
models for properties regarding O,,. In the same manner,
the creation of linear models concerning natural spin densi-
ties only accounted the complexes in the S2 and S4 states. The
relative weights of the coefficients obtained at the end of this
procedure were evaluated using the relative weights method
by Johnson?°.

Linear models for S.Mn, Q.EqLig, S.EqLig, AEy4, AEox
and AE.p,x were developed, using the protocol described
above. The expressions for each of these models can be con-
structed from the data in Table 2, which lists the coefficients
obtained in each linear model, as well as their relative weights.
The results from the fitting procedure can also be appreciated
in Figure 12. In general, the linear models gave fair to good
predictions. Linear models for Q.Mn, Q.O,x, .0y and AEy >
were also attempted, but none achieved an adjusted-r2 (rgdj.)
higher than 0.70.

Because S.Mn, Q.EqLig and S.EqLig were also accounted
in the PCA procedure, the quality of their linear models pro-
vides a diagnose on how complete the variance in each of these
three variables was scattered among the principal components
that compose M¢p. The results show that most of the vari-
ance in these variables was transferred to the different discrim-
inants. On the other hand, the failed attempt to model Q.Mn
suggest that this variable is not well represented in M¢p. This
may be partially caused by the low variance of Q.Mn, spe-
cially when considering only DefBas-3 and def2-TZVP en-
tries in DB0O. A similar situation is observed for Q.0,y and
S.0,x, for which most of the variance is due to def2-SV(P)
calculations.

All models displayed in Table 2 and Figure 12 show a clear
dependence on apgsisser, Which again empathises the impor-
tance of choosing a proper basis set in this type of calculations.
More interestingly, aayrie and apys; carry significant weight
to Q.EqLig, which reflects the model according to which the
salen ligand acts as a “charge reservoir”, donating electron
density to the metal centre upon changes in the coordination
sphere and/or oxidation state of the latter>>.

According to Table 2, the most influential contributions to
AE,x (apart from apggisser) are aspinss, and aaxrie. The rela-
tively large weight of agp;s; is likely due to the fact that this
reaction in the S4 state is much less exoenergetic than at ei-
ther S2 or SO (considering only the DefBas-3 and def2-TZVP
data). At the same time, the dependence on asy iz suggests
that a strong donor group at the axial position of Mn reduces

the magnitude of AEyy (for the triple-{ basis sets, this quan-
tity is always negative, ranging from —600 to —300 kJ.mol!).
Conversely a strong donor axial group would make the epox-
idation energetically more favourable, which is in accordance
with the known experimental evidence?’. As expected, the
epoxidation of propene completes the catalytic cycle of these
complexes and the linear model for AEgpox is virtually sym-
metric to that of AEyy.

The linear model for AEy 4 is dominated by apys; and aaxzg.
Since the scores ap,s; are distributed in the same manner as
that depicted in 6a, the results suggest that the energy gap be-
tween SO and S4 is greater in the case of oxo-complexes. This
is in excellent agreement with the basic electronic structure
of these complexes. Reduced Mn(salen) complexes have a d*
configuration in the manganese atom, allowing the existence
of SO, S2 and $4 states within the space of the 3d orbitals.
On the other hand, the manganese atom in the oxo-Mn(salen)
complexes has a d> configuration, and an S4 state is only at-
tainable by excitation of an inner electron of the metal atom, or
unpairing of two electrons from the salen valence shell. Nev-
ertheless, a closer look at Figure 12f shows negative values
for AEy 4, all of which come from calculations using the def2-
SV(P). The model further predicts large contributions from
AaxLig» Suggesting that a strong donor ligand may stabilise the
S4 state relative to SO. Unfortunately the relatively poor dis-
crimination between the different axial ligands in the data set
does not allow further exploration of this effect. Further at-
tempts to model AEp, were made, although unsuccessfully.
The near-degeneracy of the SO and S2 states may lead to an
inaccurate estimation of AEg within the framework of DFT,
thus invalidating any model that could be drawn from these
results.

Finally, Table 2 shows that agg;, has surprisingly low
weights in all models. This is in apparent contradiction with
the results from PCA, in which EgLig is one of the major
sources of variance. Such a result allows us to enlighten the
results of Cavallo and Jacobsen, who concluded the general
equivalence between salen and acacen’ complexes '35, to the
apparent contradictions found in latter works which were at-
tributed to the use of different models3*38. Most of the vali-
dation of acacen’ as a surrogate of the salen ligand was based
on the ordering of the energies of the different spin states. The
framework of DFT is possibly inaccurate for the estimation
of AEy> (SO and S2 being quasi-degenerate), and the results
shown earlier show that AE( 4 is plausibly independent of the
combination of atomic and molecular properties that best de-
scribe the differences between salen and acacen’ complexes
(agqLig)- The same could be said for the energies involved ei-
ther in the formation of the active oxo-complexes (AE), or
for the energy involved in the oxygen transfer from the oxo-
complex to the substrate. It is therefore plausible that compar-
isons of Mn(salen) and Mn(acacen’) complexes (and their re-

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-16 | 11



Physical Chemistry Chemical Physics

Page 12 of 16

Table 2 Coefficients for the linear models describing S.Mn, Q.EqLig, S.EqLig, AEy 4, AEox and AE¢pox , as well as their relative weights.
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Fig. 12 Plots of the computed (DFT) versus fitted values for the linear regression models of S.Mn (a), Q.EqLig (b), S.EqLig (c), AEg 4 (d),

SMn 0.EqLig SEqLig AFor AEepor AFos
(Tntercept) T.808 —0.774 T.012 —355.74 143.93 67.13
ABasisSer —0019  (37%) —0.011  (27%) 0.021  (33%) —633  (52%) 629  (52%) 341 (39%)
AFunctional 0.066  (8%) —0.018  (9%) 0.064  (6%) 517 (%) —494  (1.5%) —
aspinst 0.051  (7%) —0.008  (2%) 0.084  (32%) 979  (20%) —976  (20%) —0.74  (j1%)
Aoxs: —0.103  (43%) 0.027  (11%) 0.071  (19%) —512 (%) 510 (2%) 1700 (37%)
rgLie 0.005 (%) 0.003  (1%) — 126 (%) —125 (1% —172  (4%)
Apntig — 0.086 (45%) —0.021  (1%) —175 (%) 1753 (1%) 1375 (12%)
ABridge 0.020 (%) —0.022  (2%) 0.031  (1%) 818  (2%) -822 (2%  -435 (%)
ary — 0.028  (1%) 0018  (3%) 292 (%) -284 (3% 493 (%)
ary — 0.037 (%) 0011  (5%) 419 (4%) —414 (4%  —691  (4%)
N 0.7896 0.7597 0.9712 0.8401 0.8381 0.7423
b) c)
L (V= 3
I~ £e) £e)
@ L
- £ 05 ?OE) 2
- 3 L
L 2 4L o 1r
3 3
o o3
B w w 0 -
- g 151 (7}
L _1 L
L2 L1 2 ! ! ! ! ! ! ! !
005115225335445 2 15 -1 -05 0 -1 0 1 2 3
S.Mn (DFT) ) Q.EqLig (DFT) f S.EqLig (DFT)
e
200 400
5 5
L 2 oL i)
i i 200
- < -200 -
; 2 o
- S -400 - 5
é { _200 -
- 3 -600 - p=)
LU L
| ! ! ! < 800 ! ! ! ! < 400 ! ! !

AEgpo/kd.mol™! (DFT)

-800-600-400-200 0 200

AE,/kJ.mol™! (DFT)

AEox (e), and AEepox (f). In each plot the identity function is displayed for comparison.

-400

-200

0

200 400

AEgs/kJ.mol™! (DFT)

12| Journal Name, 2010, [vol], 1-16

This journal is © The Royal Society of Chemistry [year]



Page 13 of 16

Physical Chemistry Chemical Physics

spective oxo- derivatives) based on energy differences would
not account for any significant difference between these two
families of complexes. Our results also show that other char-
acteristics of both Mn(salen) and Mn(acacen’) complexes may
be relatively independent of the choice of the equatorial lig-
and, at their equilibrium geometries. Nonetheless, EqLig is
still one of the major contributors to the variance in the data
considered and its contribution is likely to be noticed when
accounting for the interaction between the oxo-complexes and
their substrates, or away from their equilibrium geometries.
This conjecture may justify the discrepancies between the
study of the catalytic cycle of Mn(salen) species by Cavallo
and Jacobsen (using Mn(acacen’) models) !>142627 and the
latter work by Morokuma and co-workers, who used m03-
cl as their model compound, as well as a more flexible basis
set¥2.

4 Conclusions

In this work, PCA was used to successfully associate struc-
tural features of different Mn(salen) and Mn(acacen’) com-
pounds to the major sources of variation in the data describing
their geometrical features, as well as the charge and spin distri-
bution across the metal-salen or metal-acacen’ system, using
different basis sets and density functions.

The results show that the choice of a triple-{ basis set is
paramount for a correct description of this type of systems. In
a cost versus accuracy comparison, the use of a triple-{ basis
set with omission of polarization functions on the hydrogen
atoms (DefBas-3) offers an accuracy comparable to that of a
properly balanced triple-{ basis set (def2-TZVP) with only
small computational cost over the use of a properly balanced
split valence one (def2-SV(P)).

With respect to the adequacy of using acacen’ as a trun-
cated model for salen in the study of Mn(salen) complexes,
the results from factor analysis point that this variation in the
data set may account for about 9% of the total variance, be-
ing surpassed by the choice of basis set and spin state of the
complexes (S0, S2 or §4). The results also show that the use
of acacen’ as a surrogate model for salen bears a strong effect
on the charge and spin distribution among the molecule, as
well as in a possible misrepresentation of the local geometry
around the metal centre. Given the evolution of information
technology, and the development of linear scaling DFT tech-
niques, the use of Mn(acacen’) as a surrogate model for the
larger Mn(salen) complexes is discouraged, as well as the use
of split valence basis sets.

The results also suggest that the nature of the diimine bridge
and the presence of methyl or tert-butyl groups at the 3,3’ and
5,5 positions of the salen scaffold, despite being important for
the reactivity and enantioselectivity of the larger Mn(salen)

catalysts, bear only some limited influence on the electronic
structure of the salen ligand.

The results further allowed to shed some light on the effect
of using APTES as the axial ligand when anchoring Mn(salen)
complexes onto a supporting material. The structural features
of compounds coordinated to a model for the neutral form of
APTES are similar to those of the chloride-coordinated com-
pounds usually found in homogeneous media, bearing no clear
distinction under factor analysis. On the other hand, coordi-
nation to a model for the anionic form of APTES yields some
alterations in the overall structure of the metal-salen system,
specially with respect to the charge distribution and chiral con-
tent of the ligand. Furthermore, the results suggest that this
feature strongly affects the energetic balance of the oxidation
of Mn(salen) and Mn(acacen) compounds to their oxo- deriva-
tives, thus deserving further study.
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