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Ammonia and amine ligands are commonly assumed to be c-only ligands in coordination chemistry, i.e.
they are not expected to interact significantly with a metal via a = path. Ligand field analyses employing
the Angular Overlap Model resulted in good fits to experimental data without a © parameter for ammonia
ligands, thereby supporting this assumption. In this work, we challenge this assumption and suggest that
it is an oversimplification. We use complete active space calculations for electronic structure analyses of
copper ammine complexes that are in good agreement with the transitions observed in experimental UV-
vis spectra. These findings lead to a reinterpretation of the experimental spectra that necessitates a signifi-
cant z interaction of the ammonia ligands. The strength of the ammonia = interaction is evaluated by
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parameterizing the ligand field splittings of a series of metal hexammine complexes (IM(NHz)g]"* with M =
Cr, Mn, Fe, Co, Ni, Ru, Os and n = 2, 3) and selected tetrammine complexes (IM(NHz)4]"* with M = Cr, Mn,
Fe, Co, Niand n = 2 or 3) with the Angular Overlap Model. The resulting = parameters show that ammonia
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Introduction

In coordination chemistry, it is frequently assumed that the
interaction between a metal centre and an ammonia ligand is
characterised exclusively by ¢ character and thus that any =
character is negligible."™* This can be rationalized in an
orbital picture: ammonia does not have any molecular orbitals
of n character; only the o/c* molecular orbitals of the N-H
bonds are partly oriented such that the metal-ammonia
binding axis can lie in the nodal plane of a metal d orbital.
Ammonia is therefore commonly classified as a c-only ligand.
Metal-ligand interactions can be evaluated with ligand
field theory. Besides global ligand field descriptors like the
ligand field splitting A or Racah parameters, the Angular
Overlap Model (AOM) provides a ligand-specific parameterisa-
tion that conforms to the familiar interpretation of chemistry
in terms of functional groups. The AOM quantifies the metal-
ligand interaction via ¢ and = overlaps, with an additional
parameter for d-s mixing.>'>'* The destabilisation of each
pure metal d orbital with respect to the situation in the free
ion is associated with a spherical component E and a direc-
tional component that is expressed with a specific number
and magnitude of e, and e, parameters depending on the
coordination environment, see Fig. 1. The orbital splitting of
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is a = donor of similar strength as chloride.

tetrahedral and octahedral coordination spheres does not
allow for a distinction between e, and e,.!® This means that
neglecting e, comes with the convenience of having an unam-
biguous relationship between e, and A. Lower symmetry
coordination environments result in fewer orbital degeneracies
which should provide a sufficient number of states to fit e,
and e, parameters simultaneously.

We recently developed an AOM parameter fitting pro-
cedure'® based on ab initio ligand field theory'’™° as a tool
that provides insights into metal-ligand bonding situations.
Notably, it is able to obtain AOM parameters for complexes for
which previously the ligand field equation system would have
been underdetermined. We showed that the method yields
qualitatively correct parameters and reproduces expected
chemical trends like the e, values of halide ligands being
associated with their donor capacity and position in the spec-
trochemical series."®

In this paper, we present some incentives to rethink the
assumption of amines being c-only ligands. Firstly, we revisit
the experimental UV-vis spectra of a square planar copper tet-
rammine and a pyramidal copper pentammine complex. They
had been interpreted to not contain d-d transitions that would
be expected if & interactions were present.” Their analysis with
ab initio ligand field theory calculations demonstrates the
need for an ammine = interaction. Building on this, we
present and discuss AOM parameters for a series of octahedral
and tetrahedral ammine complexes obtained with our recently
presented AOM parameter fitting procedure.'® We find that
ammonia should be viewed as capable of significant = inter-
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Fig. 1 Comparison of d orbital energy splittings for a free ion, a spherical potential and different coordination environments with the respective

AOM parameters e;. The orbital levels are coloured as follows, d,. teal,

d,2_,> dark blue, d,, black, d,, and d,, light green. For an elongated octa-

hedron and a square pyramid, the ligands on the z-axis have parameters labelled ax, while the others in the xy-plane are labelled eq. For symmetries
with at least one d orbital in the totally symmetric representation, d—s mixing must be considered which affects the orbital energy by an additional
parameter eqys. More details regarding d—s mixing are provided in the ESI.+

actions (ranging from about 400 cm™ to more than

1000 cm™"), which raises the question of whether a true -only
ligand can exist.

Methodology and computational
details

The ORCA 4.2.1 quantum chemistry package**' was used for

all quantum chemical calculations. Geometries were opti-
mized using the unrestricted Kohn-Sham formalism with the
BP86 functional,?>>* the def2-SVP basis set,>* and the def2/J
auxiliary basis.”® The resolution of identity approximation for
the Coulomb term was used.’®*” Convergence criteria were
NormalSCF for all self-consistent field calculations and
TightOpt for geometry optimizations. The geometry optimi-
zations employed the default integration grid (Accuracy 2:
Lebedev 110 points) for optimization steps and the final SCF
at the optimized geometry (Accuracy 4: Lebedev 302 points).
Geometry optimizations of halide complexes of the type
[MXc]*™"*~ with large negative charges additionally employed
the CPCM/SMD solvation model with the parameters of water
and an increased solvent radius of 3.0 A to aid
convergence.***°

For square planar [Cu(NHj;),]
(NH;3)s]*", the heavy atom positions were taken from the crystal
structures (ICSD entries 14372 and 201229) and only the
hydrogen atom positions were optimised with the settings
stated above, but without employing a solvent model. The elec-
tronic states corresponding to the d orbitals were calculated
using CASSCF*°?! in the ab initio ligand field theory

** and square pyramidal [Cu

6686 | Dalton Trans., 2023, 52, 6685-6692

variant'”° with the def2-TZVP basis set. The calculations on
[Cu(NH;),)*" and [Cu(NH;)s]*" also employed a subsequent
perturbation theory treatment (NEVPT2).*>*° The active space
was chosen to contain the five valence d orbitals and n d elec-
trons, or in shorthand notation a CAS(n,5) space. The ab initio
ligand field theory module'” was employed to construct the
effective ligand field Hamiltonian from the calculated states.
For selected examples, spin-orbit coupling was considered
using the spin-orbit mean field approach as implemented in
ORCA.**

The AOM was used to fit the one-electron part of the ligand
field Hamiltonian'*?” according to our fitting procedure.'®
The ligand field matrix contains up to 15 unique equations,
which quickly results in underdetermined problems. For
instance for six-coordinate complexes, one needs to fit 13 para-
meters of the ligand field potential: E, six e, and six e,;. Such a
fit is in theory possible but in practice, linear dependencies
can occur in the equation system so that the actual number of
equations can be lower than 13, resulting in an underdeter-
mined problem.

We address this restriction by grouping chemically equi-
valent ligands at similar bond lengths (e.g. in Jahn-Teller dis-
torted [Mn(NH;)e]*", ligands are grouped into axial and equa-
torial parameter sets). In practice, grouping is achieved by
adding additional equations to the system that require 0 = e, ;,

e;. From a formal perspective, one could use these
equations to require parameters to be strictly equal and
thereby reduce their number. For solving the least squares
problem of the overdetermined system, the addition of more
equations has different consequences than the reduction of
the number of parameters. Additional equations allow the

This journal is © The Royal Society of Chemistry 2023
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parameters e, and e ;- to deviate, even if they are expected to
be equal. This flexibility is important, since the asymmetric
distortions generated during the fitting procedure render the
ligands not perfectly equivalent so that small deviations are
expected. If not stated otherwise, all ligands in the complexes
studied are put into a single group. Complexes with significant
differences in bond lengths due to Jahn-Teller distortions
have two or more ligand groups as indicated by labels.

Results
Pyramidal copper pentammine

An explicit assessment of & interactions is only possible for
symmetries lower than Oy, or Ty, see Fig. 1. The [Cu"(NH;);]**
subunit in K[Cu(NH;);][PFe];*® and NH,[Cu(NH;);][PFe];*° is
approximately square pyramidal (point group: C,,) and thus
represents a suitable test case. Another convenient feature is
its d° electronic configuration that results in four d-d tran-
sitions. The interelectronic repulsion within each electronic
state is equal, and therefore the energy differences of these
states can be equated with the energy differences of the d
orbitals.

The electronic spectrum of [Cu(NH;)s]>* (see Fig. 2a) shows
a band at 15300 cm™" with a weak shoulder at 14 000 cm™*

I [ [ |
a) [Cu(NH,)s]**

Intensity

b) [Cu(NH5),1** - Ly

Intensity

I S
8 10 12 14 16 18 20 22

E/10°cm™!

Fig. 2 Electronic spectrum of (a) NH4[Cu(NH3)sl[PFels, reprint from ref.
38 with permission from the Royal Society of Chemistry. Polarized elec-
tronic spectrum of (b) Nas[Cu"(NHz)4-LI[Cu'(S;03)l,, reprint from ref. 41
with permission from the Royal Society of Chemistry. Please note the
structural uncertainty of (b) discussed in the main text.
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Table 1 Energies of the experimental and calculated d—d transitions
for [Cu(NH3)s]**

dxz,_drvz - dxz_yz/ dxy —1> dxz_yz/ dzz - dxz_yz/

cm cm”™ cm™t
CASSCF 11 549-11673 10523 8 635
NEVPT2 16145-16308 15341 11687
Exp. 15300 ca. 14 000 11 000

and a second band at 11 000 cm™?, see Table 1. The shoulder
is assigned to a d,, — d,._,. transition by Duggan et al,**
implying a state splitting of 1300 cm™". Within the AOM, this
splitting results in an e, value of 1300 cm™" in a perfect square
pyramid or even a slightly larger value in a C,, distorted
square pyramid (see ESIt for details). Since the shoulder is not
a very pronounced feature, the signal was interpreted later as
“essentially unsplit”, ruling out a = interaction.” With this
interpretation, ammonia is viewed as a c-only ligand. This
assumption was also made for other complexes.®*>*°
CASSCF/NEVPT?2 calculations on the [Cu(NH;3)s]*" subunit
from the crystal structure yield an orbital ordering and d-d
transitions in very good agreement with the measured ones,
see Table 1. We note that while spin-orbit coupling (SOC) may
be of importance for copper complexes (single-electron SOC
parameter of ca. 830 cm™" for free Cu**)," inclusion of SOC
does not qualitatively alter the picture, see ESL.f The calcu-
lations thus fully support the spectral assignments of Duggan
et al., and hence the need for an ammonia n interaction of

about 1300 cm™™.

Square planar copper tetrammine

As a second example, we selected the [Cu"™(NH;),]*" subunit in
the crystal structure of Na,[Cu"(NH;),][Cu'(S,05),],.*> While
initially, the crystal structure was thought to contain copper
ions in a square-planar environment,*” later studies suggested
that one or two axial ammonia ligands may weakly coordi-
nate.*® Although the precise structure is therefore not clear,
there are two independently reported UV-vis spectra.'’**
Tomlinson et al. assigned the d-d transitions for the presumed
square-planer complex using polarised electronic spectra, see
Fig. 2b, leading to a one-electron orbital sequence of dy._y. >
dp > dyy > dyydy

To evaluate the electronic structure with CASSCF/NEVPT2
calculations as for the square-pyramidal system, hydrogen
atoms were added to complete the ammonia ligands of the
[Cu(NH;),]** subunit and their positions were optimized (see
computational details). The influence of one or two axial
ammonia ligands was evaluated explicitly, see below. Using
CASSCEF calculations that facilitate a direct assignment of con-
figurations to states, we arrive at a different energetic ordering
for the square planar complex, namely d,._y> > dy, > dyz, dyz &
d,» in agreement with other computational studies.*>*” Giner
et al. found this orbital ordering, notably including the pro-
nounced energy difference between the d,, and d,;, d,, levels,
at different levels of theory that capture electron correlation

Dalton Trans., 2023, 52, 6685-6692 | 6687
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adequately, e.g. CCSD(T).*” Atanasov et al. assigned an e, of
roughly 1200 cm ™" to NH; from an ab initio ligand field theory
analysis.*®

There is some uncertainty surrounding the exact compo-
sition of the ligand field experienced by the copper ion in the
crystal structure,"®*® where the gaps between the square
planar [Cu(NH;),]** subunits are large enough to host
ammonia molecules. These additional molecules would result
in axial Cu-N distances of 2.88 A. We investigated these
different possibilities with one or two ammonia ligands
approaching the copper ion along the z-axis, see Fig. 3. In
these scans, the position of the d,, orbital is taken as the refer-
ence value for the d orbital energies. As expected, the energy
difference d,, — d,._,» remains constant to a good approxi-
mation, and the position of the d,. orbital is influenced signifi-
cantly by the additional ligands on the z-axis. The energies of
the d,; and d,, orbitals are lower in energy than the d, orbital.
In the extreme case of a square planar [Cu(NH;),]*" (Fig. 3,
middle panel), the d,. orbital is found coincidentally at about
the same energy as the d,, and d,, orbitals. Here, too, SOC
does not qualitatively alter the picture, see ESI.f Tomlinson
et al. probably investigated a mixture of structures, leading to
the large line broadening of the lower intensity peak.*' It is
not possible to determine a dominant composition with the
present data.

With regard to a possible ammonia n interaction, the
ligand field splitting of the square planar complex can be dis-
cussed as follows. If there was no = interaction at all, the
dyy(bsg) and d,..(eg) orbital energies e would be degenerate
(see also ESI, Fig. 37):

&d,, = &d,, = 2e; =0

View Article Online
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&d, =4e; =0

The d,. orbital energy depends on the extent of d-s mixing,
and thus could be lower or roughly equal to the energy of the
aforementioned orbitals. If there is a donating n interaction,
the d,, and d,, orbitals are shifted up by 2e, and the d,, orbital
is shifted up by 4e,. Indeed, the CASSCF calculation shows
that the energy of the d,, orbital is significantly higher than
that of the dy, and d,, orbitals, while the energy of the d.
orbital is accidentally equal to the ones of the d,, and d., orbi-
tals. A similar orbital energy sequence (d,e_y. > dy, > dy2 > dy,
d,.) was assigned to the D,;, [Cu(H,0),]*" subunits in meta-zeu-
nerite (Cu(UO,),(AsO,),-8H,0) by Billing et al*® For this
system, a significant = interaction from the equatorial water
ligands was expected.® Ten years later, this sequence was still
considered to be plausible only for strong © donors.*®

The energy difference between d,, and d,,,d,, from the
CASSCEF calculation is independent of any specific AOM fitting
routine and too large to be a computational artefact.
Increasing the basis set size does not lead to a qualitatively
different result, see ESL{ Additionally, the computational
studies mentioned above®>™® find the same pronounced
difference between the d,, and d, d,, orbital energies using
different levels of theory. In the AOM, the higher energy of the
d,, orbital can only be explained if e, > 0. Therefore, we inter-
pret this ligand field splitting as strong support for the exist-
ence of a & interaction for ammonia ligands.

Equilibrium AOM parameters

Having seen that a = interaction is relevant for ammonia
ligands with experimental evidence and examples that do not
rely on our previously introduced sampling procedure, we now

NH3 20 : 2 .
2 2
2 x2y
" - s -5 _
ax - —_— - |
N R S T—— e
cu—NH3 N 2 K
NH3— = 15t | i s | S
NH3 N e :E = = _IE ;E s
|:CL1(NH3)5]2Jr 25 K i B ;r) 17T |5 : T, 5
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Fig. 3 Energy levels of the d orbitals in approximately square-pyramidal and octahedral ligand environments where the axial ligand positions r, are

varied (left), the square planar case (middle), and the interpretation by Tomlinson, Hathaway et al. based on the observed UV-vis transitions (right

).41

The gaps in the crystal structure®* might be filled with ammonia molecules, yielding a square pyramidal, elongated octahedral or square-planar case.

The orbital energies are referenced to the d,, orbital energy.
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turn to a broader scope of complexes. Using our ab initio AOM
sampling procedure, we evaluated a series of octahedral and
tetrahedral complexes where all orbital energies affected by =
interactions are degenerate so that the ammonia & interactions
cannot be isolated. To this end, we chose complexes of the
type [M(NH;)e]"", with M = Cr, Mn, Fe, Co, Ni, Ru, Os and n =
2, 3. We note that some of the structures are Jahn-Teller dis-
torted and therefore have different axial and equatorial AOM
parameters. For strongly distorted structures, the ligands were
grouped such that those at similar bond lengths are set to
have equal parameters.

The average ab initio AOM parameters based on CASSCF cal-
culations are listed in Table 2 for selected equilibrium struc-
tures. Note that the standard deviations result from the data
points of five distinct calculations at similar structures. While
the CASSCEF calculation itself may carry a systematic error that
could not be avoided even with a larger number of samples,
the order of magnitude was shown to be reliable.'®'8>1->2

The ab initio AOM parameters identified with this pro-
cedure show a substantial n interaction for all complexes
studied here. The data set is consistent with expectations and
follows common trends, such as larger parameter values for
higher oxidation states. Our findings for this more generalised
data set thus contradict the widespread assumption of
ammonia having only ¢ interactions.

Table 2 Ligand field parameters e, and e, for complexes [M(NHz)g]>+/3*

with optimized bond lengths r in A. The multiplicity 25 + 1 refers to the
multiplicity of the optimized ground state, AE (kJ mol™) is the relative
energy to the spin ground state structure. The ligand field parameters
are calculated as averages from five asymmetric structures each; the
resulting standard deviations are given in parentheses

M 2S+1  AE/KJmol™  r/A e,/em™! e /em™
M(u)

Mn 6 0 2.34 3613(213) 894(159)
Fe 1 5 2.05 5491(324) 710(243)
Fe 3 43 2.03%  6011(352) 1051(263)
Fe 3 43 2.25°9  3772(385) 826(265)
Fe 5 0 2.28 3598(229) 851(171)
Co 4 0 2.23 3471(62) 770(19)
Co 2 7 2.39%  1818(379) 591(284)
Co 2 7 2.02°9  5857(379) 1024(285)
Ni 3 0 2.18 3024(355) 412(266)
Ru 1 0 2.16 9755(203) 799(152)
os 1 0 2.18 11271(156)  594(120)
M (1)

cr o4 0 2.14 6743(341) 1027(255)
Mn 5 0 2.36%  3285(360) 576(270)
Mn 5 0 2.12°9  6707(359) 1046(270)
Fe 6 56 2.23 6532(915) 2052(683)
Fe 4 47 2.32%  3909(907) 972(679)
Fe 4 47 2.08%9  7452(909) 1433(682)
Fe 2 0 2.06 7042(92) 1087(74)
Co 1 0 2.02 6788(408) 698(307)
Ni 4 0 2.15°  7515(1628)  1971(1238)
Ni 4 0 2.18°  7500(1420)  2349(1060)
Ni 4 0 2.22°  6804(1058)  2665(792)
Ru 2 0 2.16 10749(417)  649(311)
Os 2 0 2.18 11686(170)  194(149)

This journal is © The Royal Society of Chemistry 2023
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Comparison to tetrahedral complexes

To rule out any conceivable sources of error for the chemically
relevant magnitude of the ammonia n interactions we have
identified above, we expanded the data set to tetrahedral com-
plexes. This tests the possibility that artefacts arise due to the
overlap of two adjacent ¢ potentials in an octahedral, square-
planar or other setting with closely spaced ligands. This
overlap would occur at a position which would be covered by a
n parameter. In such cases, both ¢ and n would be artificially
increased, while the spherical contribution E would be
decreased correspondingly. Therefore, it should be tested
whether ammonia © parameters also appear in complexes
where the ligands are spaced further apart and thus overlap-
ping o potentials can be ruled out.

We chose complexes of the type [M(NH;),]*"** with M = Cr,
Mn, Fe, Co, Ni. These complexes are hypothetical; their only
purpose is to provide more room for the ligands. The fits yield
ab initio AOM parameters that are even larger than the ones
obtained for the octahedral complexes, even though some scat-
tering is observed. We note that d-s mixing needed to be
included for some of the complexes where structural devi-
ations from ideal tetrahedral symmetry were apparent (see
ESIY). In conclusion, overlapping o potentials can be ruled out
as the origin for the observed ammonia = interaction in both
the octahedral and tetrahedral complexes.

Scan and comparison to halido complexes

In order to verify that the order of magnitude obtained for the
ammonia 7 parameters is reasonable, we replaced the
ammonia ligands in [Cr(NH;)s]** with chloride ligands in
exactly the same positions. Since it is widely accepted that
halides and metals interact via a considerable = path, this data
set allows a meaningful comparison with the metal-ammine
parameters.

Indeed, the chloride ligands show e, values that are even
smaller than those of the ammonia ligands (e, chloride: 313
(524) ecm™, e, ammonia: 1027(255) cm™"). However, the M-
NH; bonds in these complexes are much shorter than M-Cl
bonds would be in fully relaxed complexes. For instance, the
Co-NH; bond length in [Co(NH;)s]Cl, is 2.11 A,>® whereas the
Co-Cl bond length in CoCl, is 2.51 A.>* The metal-chloride
distance when placing the chloride ions at the nitrogen atom
positions of the relaxed [Cr(NH;)e]** complexes is thus unnatu-
rally short, which presumably leads to the broad scattering of
the parameters and the unexpectedly small e, parameters. We
observed this behaviour already in our previous study on tetra-
hedral halido metalates, where e, decreases at shorter bond
lengths.'® Calculations on relaxed [MCls]*"*~ complexes yield
bond lengths in the range of 2.43 A to 2.53 A and e, para-
meters around 500 cm™' with significantly less scatter (see
ESIT). Scanning the metal-ligand distances in these examples
from the equilibrium bond length of Cr-NHj; to that of Cr-Cl,
see Fig. 4, shows the similar order of magnitude for the e,
parameters in these two scenarios. The comparison thus con-
firms that the n interaction of ammonia is unlikely to be an

Dalton Trans., 2023, 52, 6685-6692 | 6689
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9000 1 I I influenced by the bond length and the ligand field strength of
2000 |- X [CYC16]2: eg X Cxt ] the amine itself. While these effects cannot be disentangled
b4 [Cr(NH)gl™ g X Cn + fully in experimental data, it appears that the bond length is
7000 = X 7] the more dominant factor in a study by Lever et al.*
6000 [~ ggg % — Due to the bulkiness of the methylamine ligand, it is not
_ so00 | %!gi i X ] possible to obtain reasonable structures for [M(NMe;)]"" com-
T X ! X¥§* * plexes. Therefore, we chose to study heteroleptic complexes of
\: 4000 - !’ 7] the type [M(NH;),(NMe;),]*", with the methylamine ligands
3000 — positioned trans to each other, see Table 3. For all complexes,
+ the e, parameters of the ammonia ligands are larger than
2000 |~ - . . .
+ those of the amine ligands, whereas the magnitudes of the e,
1000 |~ * % * * i ; i ; i % i * ¢ * i 7 parameters are comparable or larger.
0 *%* k 4 To evaluate the influence of the M-N bond length on the
1000 ;| + | | AOM parameters, we set the M-N bond lengths with ammonia
21 29 23 04 25 ligands to the value of the M-NMe; distances. As expected, the

(M-L)/ A

Fig. 4 Bond length scans of [Cr(NHs)el** and [CrClgl*~ from the opti-
mized metal-ligand bond length of the ammine complex to that of the
chloride complex. The upper data points (>3000 cm™) are e, para-
meters and the lower set of data points are e, parameters.

artefact, since the chloride interactions predicted at the same
bond lengths match expectations and are qualitatively correct.

Monodentate amine ligands

To better understand the origin of the = interaction of
ammonia, we studied the influence of the substituent R in
-NR; on the & interaction, specifically comparing -NH; and
-NMe;. Complexes with different amine ligands can be com-
pared in terms of their ligand field splitting or via AOM para-
meterization. A problem arising for such comparisons is that
the bond lengths vary and hence the observed splitting is

e, and e, parameters of the ammonia ligands decrease so that
the AOM parameters of -NMe; are consistently larger than
those of -NH;. In the hexammine reference complex with all
ammonia ligands at the same distance as the amine ligands in
the relaxed structure, the ammonia ligands have very similar
AOM parameters as in the mixed complex with fixed ammonia
bond lengths. We can therefore conclude that amine ligands
have intrinsically higher e, parameters than ammonia ligands.
This comparison furthermore points towards hyperconjuga-
tion of the N-R bonds as a possible origin of the & interaction
for both amines and ammonia.

From a molecular orbital perspective, the chemical origin
and a possible explanation for the considerable n interaction
of ammonia ligands may lie in the hyperconjugation of the N-
H bonds with the respective d orbitals. Hyperconjugation was
already observed and interpreted by Mulliken®>™” and became
an important tool for rationalizing formation and stabilization
energies®® and chemical shifts in NMR experiments.>

Table 3 AOM parameters (cm™) of complexes of the type [MA;B,]"* and [MAg]"™* with A = NHz and B = NMes. The methylamine ligands are placed
trans to each other. The bond lengths r(M—L) (A) are shown for each ligand type. For each metal ion, three sets of parameters are given: one for the
fully optimized structure at the multiplicity indicated with a superscript, one for a structure where the equatorial M—NHz bonds are set to the opti-
mized M—NMes bond length,? and one for a reference hexammine complex where all M—NHz bonds are fixed at this value®

Complex A =NH; B = NMe;

Composition Bond lengths r(M-L)/A es/em™" e /em™ r(M-L)/A es/em™? e /em™!
4[CI“A4B2J;3Jr Optimized 2.13 8115(842) 1944(632) 2.34 6291(847) 1917(634)
[CI‘A4BZ]‘ * Fixed 2.34 5228(222) 1378(167) 2.34 6425(223) 1746(167)
[CrA(,]yr Fixed 2.34 5143(93) 1193(71)

6[Mr1A4B2;2Jr Optimized 2.33 3946(247) 1023(185) 2.53 2793(247) 905(185)
[MnA,B,] " Fixed 2.53 2667(63) 866(47) 2.53 2992(63) 975(47)
[MnAg,]% Fixed 2.53 2667(21) 849(17)

5[F€3A4B2 >t Optimized 2.25 4740(185) 1548(137) 2.48 3360(185) 1410(138)
[FeA4B2] * Fixed 2.48 2981(104) 1152(77) 2.48 3320(106) 1268(79)
[FeAe]ZJr Fixed 2.48 2864(64) 1044(47)

1[COA4B2 S Optimized 2.00 8353(623) 1518(469) 2.29 5018(636) 1290(471)
[CoA B, ™" Fixed 2.29 4439(38) 992(28) 2.29 6032(39) 1365(29)
[COA6]3Jr Fixed 2.29 4531(84) 853(63)

“The NH; ligands were moved with no subsequent geometry optimization. ” The NMe; ligands were replaced with NH, with subsequent optimiz-
ation of the positions of the new hydrogen atoms.
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Experimental NMR studies of Ru(NH;), complexes show that
there is an interaction between N-H bonds and the metal d
orbitals, leading to measurable hyperfine interactions. This
interaction is explained by hyperconjugation of the N-H
bonding orbital with the ruthenium d orbital.®*~®?

An alternative view is offered by the interpretation of ligand
field splittings in terms of electrostatic potentials as developed
by Gerloch and Woolley.®*®* This picture is completely inde-
pendent of molecular orbital theory and treats the influence of
the ligands on the d orbital energies purely electrostatically.
With this approach, the n interaction could be explained by
the electron density of the N-H bond and the negative partial
charge on the nitrogen atom exerting an influence on the
metal d orbital energies.

Both interpretations are supported by the results for the
methylamine complexes. The larger N-C bonding orbital of
-NMe; compared to the N-H bonding orbitals of -NH; suggest
a stronger hyperconjugation with the metal d orbitals.
Likewise, the methyl groups are electron donating, leaving a
higher electron density at the nitrogen and thus supporting
the picture of an electrostatic ligand field interaction.

Chelating amine ligands

When applying the aiLFT procedure on ethylenediamine (en)
and diethylenetriamine (dien), it is apparent that it is not poss-
ible to obtain a good fit to the d orbital energies with just e,
and e,. We attribute this to an effect called “misdirected
valency” by Deeth et al.**°®"%° Misdirected valency is caused by
bent bonding and non-bonding lone pairs where the centroid
of the bond is not aligned with the metal-ligand axis, as
depicted in ref. 66. For the chelating en and dien ligands, the
M-N bond is bent because of the orientation of the carbon
backbone. We note that methylamine, although not chelating,
also shows slight off-axis bonding since the bulky -CH; groups
prevent full alignment. The parameters found for chelating
amines (shown in the ESIf) should therefore be interpreted
with some caution.

If the metal-ligand interaction is asymmetric with respect
to the bonding axis, it cannot be fully described by the set of
parameters employed. It is in principle possible to include off-
diagonal e,, parameters in the AOM parameterisation.*®
Naturally, this would aggravate the underdetermination
problem and hinder a clear interpretation of the results.

Conclusions

To summarise, we presented indications that the widespread
assumption of ammonia being a c-only ligand might be incor-
rect. Our findings question the reliability of published AOM
parameters for ammonia complexes from previous fitting pro-
cedures applied to experimental and computational data
where e, was neglected, noting of course that this was often
done to reduce the number of AOM parameters. Without this
assumption, many cases would not have been solvable. Our

This journal is © The Royal Society of Chemistry 2023
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work furthermore raises the question whether any ligand can
be considered a c-only ligand.
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