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Influence of Ligand Substituent Conformation on the Spin State of
an Iron(ll)/Di(pyrazol-1-yl)pyridine Complextt

Rafal Kulmaczewski, Mark J. Howard, and Malcolm A. Halcrow*

The temperature of the solution-phase spin-crossover equilibrium
in iron(ll) complexes of 4-alkylsulfanyl-2,6-di{pyrazol-1-yl}pyridine
(bppSR) complexes depends strongly on the alkylsulfanyl
substituent. DFT calculations imply this reflects the conformation
of the alkylsulfanyl groups, which lie perpendicular to the
heterocyclic ligand donors in [Fe(bppst®v),]?* but are oriented co-
planar with the ligand core for smaller SR substituents.

The utility of base metal complexes as catalysts,12 light-
harvesting dyes3 or in functional molecular materials? often
depends on their spin state. That is particularly true of iron
compounds, which are of special interest for these applications.
High-, low- and intermediate-spin states of iron are all
accessible with the right combination of ligands, but have very
different physical properties and chemical reactivity.> This can
lead to unexpectedly subtle catalytic pathways through two-
state reactivity, when a low-spin catalyst generates high-spin
intermediates during a catalytic cycle (or vice versa).1.6
Modulation of metal spin state is often done via the steric
environment generated by a protecting ligand. Bulky
substituents adjacent to metal-ligand bonds usually favour a
high-spin state, other things being equal.”® In contrast the
electronic influence of ligand substituents on metal spin state
has been less clear-cut, with different trends being reported for
different groups of compounds.8-12 We addressed this with a
library of compounds derived from [Fe(bpp):]?* (bpp = 2,6-
di{pyrazol-1-yl}pyridine), which often undergo thermal spin-
crossover (SCO) equilibria near room temperature.13 As part of
that work, we used linear free energy plots!4 to show electron-
withdrawing 4-pyridyl substituents (‘R’, Scheme 1) stabilise the
low-spin state of the complex in solution, and vice versa.1> This
was explained computationally by R (which is para to the
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Fe—-N{pyridyl} bond) being positioned to conjugate to the Fe-N
bond, giving it a strong influence on #~back bonding in the
complex.1316 We now report a new observation from the same
family of compounds, which adds extra detail to these insights
by quantifying how the conformation of an ‘R’ substituent
perturbs the ligand field of the iron centre.
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Scheme 1 The structure of [Fe(bppR),]%* complex salts, and the compounds referred to
in this study (X~ = a monovalent anion). The parent compound [Fe(bpp),]?* has R = H.

A CDsCN solution of 3[BF4]2 (R = StBu)17 undergoes a thermal
SCO equilibrium, with Ty, = 241+2 K, AH = 23.5+£0.5 kJmol® and
AS = 98+2 Jmol 1K 1. These are typical thermodynamic values
for SCO-active [Fe(bppR).]2* derivatives.1> Interestingly, the
solution T,  for iron(ll)/4-alkylsulfanyl-2,6-di(pyrazol-1-
yl)pyridine (bpp®;, R = SR’, R’ = alkyl) complexes depends
significantly on the thioether substituent, with T, = 19442 K for
1[BF4]z2 (R =SMe)18 and 215+4 K for 2[BF4]. (R = SiPr; Figure 1).1°
This contrasts with [Fe(bppR).]2* salts bearing carboxy
substituents (R = COzR’, R" = H, alkyl or aryl), where a larger
number of published compounds span a narrower range of 273
< Ty < 292 K.1320 That is consistent with the Hammett
parameters of carboxy substituents, which are almost invariant
for different R’ groups.1 It is unclear how 1[BF4]2-3[BFs]2 map
onto that trend, however, since the relevant op and op*
Hammett parameters are not available for SiPr and StBu
substituents.
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Figure 1 Magnetic susceptibility data from 1[BF,], in (CD3),CO solution (green #),16
2[BF,]; in CDsCN (red M)Y7 and 3[BF,], in CD3sCN (black ®).2! The curves show the fits of
these data to a thermodynamic SCO equilibrium (ESIT).

This observation was investigated by gas phase DFT
calculations, at the B86PW91/def-SVP2 level. This and closely
related methods perform well in comparative spin state energy
calculations of [Fe(bppR).]2* and other iron(ll) complexes.1522.23
The high-spin and low-spin forms of [Fe(bppR).]2* (R = SMe, 1%;
SiPr, 2%*; and StBu, 32*) were freely minimised, which placed
their alkylsulfanyl substituents co-parallel with the pyridyl rings.
More minimisations were then performed with the C{pyridyl}—
C{pyridyl}-S—C{alkyl} torsions fixed at £90° so the SR groups are
perpendicular to the pyridyl rings (Figures 2 and S2t).24

The parallel alkylsulfanyl conformations are lower in energy
than the perpendicular conformations (Table 1), by the
following amounts for the high-spin/low-spin molecules:

12+ (16.2/14.8) > 22+ (14.0/13.1) >> 32* (8.9/7.7 kcal mol2)
These are up to 6x larger than expected from the equivalent
energy differences for the free organic ligands, computed by the
same method (Table S1t):27

bppsMe (4.5) > bppSPr (3.3) >> bppstBu (0.7 kcal mol ™)
Hence, metal coordination evidently affects the rotational
freedom of the sulfanyl substituents. That must be an electronic
influence, since the sulfanyl substituents are too remote from
the metal centre to be in steric contact with other parts of the
molecule (Figure 2).

Consistent with these data, only the parallel conformation
occurs crystallographically in 1X; and 2X; salts.18.25.26 However,
different 3X, crystals adopt parallel or perpendicular ligand
conformations, which sometimes interconvert during SCO.17
Hence, the perpendicular geometry is experimentally accessible
for the bulkier StBu substituent in 32*, despite being computed
at 8-9 kcal mol® higher in energy by our protocol.2”

The absolute spin state energies in Table 1 are inaccurate,
since pure density functionals like BB6PW91 overstabilise the
low-spin state.28 However the energy difference between the
spin states, relative to the unsubstituted parent complex
[Fe(bpp)2]?* (AErei{HS-LS}), is a reliable gauge of their behaviour
(Table 1).1523 A plot of AEe{HS-LS} vs the measured solution Ty
values in the parallel ligand conformation showed good
agreement between theory and experiment for 12+ and 22*, but

Perpendicular

Figure 2 Energy-minimised structures of low-spin 32* in the gas phase, with parallel and
perpendicular StBu substituent conformations.
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Figure 3 Plot of measured solution Ty, vs the computed spin state energies in the parallel
(black ®) and perpendicular (grey O) ligand conformations of 12*-32* and [Fe(bpp),]?*
(Table 1). The red line shows the linear regression best fit for [Fe(bpp),]?* and the parallel
conformations of 12* and 22+.

not for 32+ whose AE{HS-LS} value is —1.2 kcal moll more
negative than predicted experimentally (Figure 3). However the
perpendicular ligand conformation stabilises the low-spin state
of the complexes by a similar amount, so the computed
AEe{HS-LS} for 32* in that geometry maps onto the trend of the
other compounds in the parallel conformation (Figure 3).
Hence, the higher Ty, for 32* can be explained, if its bulky StBu
groups adopt the perpendicular conformation in solution.2?
The stabilisation of the low-spin state in the perpendicular
conformation reflects that the sulfur lone pairs cannot
conjugate with the pyridyl 7-system in that geometry (Figures 4
and S3-S77). That reduces the electron-richness of the pyridyl
rings, which are then more available for z-back-donation from



Table 1 Minimized energies of the high-spin (HS) and low-spin (LS) [Fe(bppR),]2* complexes in this work. 12+-32* are the dications from the 1X,-3X; salts in Scheme 1. The parallel and

perpendicular alkyl sulfanyl group conformations are shown in Figures 2 and S1. Data for [Fe(bpp),]?* are taken from ref. 23.

R AE{HS-LS} / AEa{HS-LS}/
Conformation E{HS} / Ha E{LS}/ Ha AE{HS-LS} / Ha
(Scheme 1) : s}/ st/ { H kcal molt2 kcal mol~t®
[Fe(bpp)2]?* H - —2659.474752 —-2659.500527 0.025775 16.17 0
12 SMe parallel -3534.310211 -3534.334105 0.023894 14.99 -1.18
22+ SiPr parallel -3691.507623 -3691.531936 0.024313 15.26 -0.92
32+ StBu parallel —3770.097248 -3770.120872 0.023624 14.82 -1.35
12 SMe perpendicular —3534.284440 -3534.310457 0.026017 16.33 0.15
22+ SiPr perpendicular -3691.485311 -3691.511060 0.025749 16.16 -0.01
32+ StBu perpendicular —-3770.083019 -3770.108618 0.025599 16.06 -0.11

aAE{HS-LS} = E{HS}—E{LS}. PAEei{HS-LS} = AE{HS-LS}-[AE{HS-LS, [Fe(bpp)2]2*}]. A negative AE;a{HS-LS} value means the high-spin state is more stable than for [Fe(bpp)2]?*,

and vice versa.1523
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Figure 4 Computed frontier orbital energies for the parallel and perpendicular
conformations of low-spin 32*. Energy levels are colour coded as: metal-based d-orbitals
(black); sulfur atom lone pair orbitals (red); and ligand-based 7z or 7 * MOs (grey). The d-
orbitals have D,q symmetry labels, which is the point group of an idealised [Fe(bpp),]?*
cation.

the iron t,; d-subshell. While all the d-orbital energies are
lowered in the perpendicular conformation, the difference is ca
twice as large for the e [dx;, d,.] orbitals which are responsible
for that back-bonding. Calculated from the average t,; and eg d-
orbital energies, Aoct in the perpendicular conformation is 2.3-
2.4 kcal mol-1 larger than for the parallel conformation in each
complex. That stronger ligand field thus favours the low-spin
form, and increases T as observed.15.16

In conclusion, Ty for SCO in solution for 3[BF4], is ca 40 K
higher than expected when compared with its analogues

1[BF4]2 and 2[BF4].. DFT calculations imply this reflects the
conformational preferences of their alkylsulfanyl substituents
which lie coparallel with their pyridyl rings in 12* (Scheme 1, R =
SMe) and 2%* (R = SjPr), but adopt a perpendicular orientation in
32+ (R = StBu; Figure 2). These results quantify the contribution
of metal/ligand #-bonding to the spin state of [Fe(bppR),]?*
derivatives,!> and other complexes of aromatic ligands.812 They
also highlight that the conformation of a ligand substituent
should be considered when rationalising or designing the spin
state of a complex, for catalysis or functional materials
applications.1-3
This work was funded by the EPSRC (EP/K012576/1).

Conflicts of interest

There are no conflicts to declare.

Notes and references

1 M. PuriandL. Quejr.,Acc. Chem. Res., 2015, 48, 2443; M. Guo,
T. Corona, K. Ray and W. Nam, ACS Cent. Sci., 2019, 5, 13.

2 P. Chirik and R. Morris, Acc. Chem. Res., 2015, 48, 2495;
M. Beller, Chem. Rev., 2019, 119, 2089.

3 0. S. Wenger, Chem. Eur. J., 2019, 25, 6043; C. Forster and
K. Heinze, Chem. Soc. Rev., 2020, 49, 1057.

4 S. Rat, M. Piedrahita-Bello, L. Salmon, G. Molnar, P. Demont
and A. Bousseksou, Adv. Mater., 2018, 30, 1703862.

5 M. A. Halcrow, Dalton Trans., 2020, 49, 15560.

6 J. N. Harvey, R. Poli and K. M. Smith, Coord. Chem. Rev., 2003,
238-239, 347; P. L. Holland, Acc. Chem. Res., 2015, 48, 1696.

7 See eg M. A. Hoselton, L. J. Wilson and R. S. Drago, J. Am.
Chem. Soc., 1975, 97, 1722; D. M. Eichhorn and
W. H. Armstrong, Inorg. Chem., 1990, 29, 3607; Y. Zang,

J. Kim, Y. Dong, E. C. Wilkinson, E. H. Appelman and L. Que jr,
J. Am. Chem. Soc., 1997, 119, 4197; C. Bartual-Murgui,

S. Vela, O. Roubeau and G. Aromi, Dalton Trans., 2016, 45,
14058; S. M. Fatur, S. G. Shepard, R. F. Higgins, M. P. Shores
and N. H. Damrauer, J. Am. Chem. Soc., 2017, 139, 4493;

H. Petzold, P. Djomgoue, G. Horner, S. Heider, C. Lochenie,
B. Weber, T. Ruffer and D. Schaarschmidt, Dalton Trans.,
2017, 46, 6218.

8 K. Nakano, N. Suemura, K. Yoneda, S. Kawata and S. Kaizaki,
Dalton Trans., 2005, 740; I. Prat, A. Company, T. Corona, T.
Parella, X. Ribas and M. Costas, Inorg. Chem., 2013, 52, 9229;
A. Kimura and T. Ishida, /norganics, 2017, 5, 52; K. S. Kumar,



10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

S. Vela, B. Heinrich, N. Suryadevara, L. Karmazin, C. Bailly and
M. Ruben, Dalton Trans., 2020, 49, 1022.

H.-J. Lin, D. Siretanu, D. A. Dickie, D. Subedi, J. J. Scepaniak, D.
Mitcov, R. Clérac and J. M. Smith, J. Am. Chem. Soc., 2014, 136,
13326.

M. F. Tweedle and L. J. Wilson, J. Am. Chem. Soc., 1976, 98,
4824; R. H. Petty, E. V. Dose, M. F. Tweedle and L. J. Wilson,
Inorg. Chem., 1978, 17, 1064; B. Dey, A. Mondal and S. Konar,
Chem. Asian J., 2020, 15, 1709.

J. G. Park, 1.-R. Jeon and T. D. Harris, Inorg. Chem., 2015, 54,
359.

F. Milocco, F. de Vries, I. M. A. Bartels, R. W. A. Havenith,
J. Cirera, S. Demeshko, F. Meyer and E. Otten, J. Am. Chem.
Soc., 2020, 142, 20170.

L. J. Kershaw Cook, R. Mohammed, G. Sherborne,
T. D. Roberts, S. Alvarez and M. A. Halcrow, Coord. Chem. Rev.,
2015, 289-290, 2; M. Attwood and S. S. Turner, Coord. Chem.
Rev., 2017, 353, 247.

C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165.
L. J. Kershaw Cook, R. Kulmaczewski, R. Mohammed,
S. Dudley, S. A. Barrett, M. A. Little, R. J. Deeth and
M. A. Halcrow, Angew. Chem., Int. Ed., 2016, 55, 4327.

A. Kimura and T. Ishida, ACS Omega, 2018, 3, 6737.

R. Kulmaczewski, F. Bamiduro, O. Cespedes and
M. A. Halcrow, Chem. Eur. J., 2021, 27, 2082.

L. J. Kershaw Cook, R. Kulmaczewski, S. A. Barrett and
M. A. Halcrow, Inorg. Chem. Front., 2015, 2, 662.

M. A. Halcrow, I|. Capel Berdiel, C. M. Pask and
R. Kulmaczewski, Inorg. Chem., 2019, 58, 9811.

I. Galadzhun, R. Kulmaczewski, O. Cespedes, M. Yamada,
N. Yoshinari, T. Konno and M. A. Halcrow, Inorg. Chem., 2018,
57, 13761; I. Galadzhun, R. Kulmaczewski and M. A. Halcrow,
Magnetochemistry, 2019, 5, 9.

The use of different weakly associating solvents in these
measurements has little effect on their spin-crossover
equilibrium temperatures. Greater solvent dependence can
be seen for SCO complexes with hydrogen bonding ligand
donor groups, but these are not present in 1[BF4].-3[BFa]..
See eg S. A. Barrett, C. A. Kilner and M. A. Halcrow, Dalton
Trans., 2011, 40, 12021.

B. J. Houghton and R. J. Deeth, Eur. J. Inorg. Chem., 2014,
4573; S. R. Mortensen and K. P. Kepp, J. Phys. Chem. A, 2015,
119, 4041.

I. Capel Berdiell, R. Kulmaczewski and M. A. Halcrow, /norg.
Chem., 2017, 56, 8817.

The average Fe-N bond lengths in the minimised low-spin
structures are within experimental error of the
crystallographic values, where the comparison can be made
(Table S1t). While the computed high-spin Fe—N distances are
up to 1.8 % longer than the experimental values, that
represents a typical level of agreement for a calculation of this
type.

L. J. Kershaw Cook, H. J. Shepherd, T. P. Comyn, C. Baldé,
0. Cespedes, G. Chastanet and M. A. Halcrow, Chem. Eur. J.,
2015, 21, 4805.

L. J. Kershaw Cook, R. Kulmaczewski, O. Cespedes and
M. A. Halcrow, Chem. Eur. J., 2016, 22, 1789; R. Kulmaczewski,
E. Trzop, L. J. Kershaw Cook, E. Collet, G. Chastanet and
M. A. Halcrow, Chem. Commun., 2017, 53, 13268;
R. Kulmaczewski, E. Trzop, E. Collet, S. Vela and M. A. Halcrow,
J. Mater. Chem. C, 2020, 8, 8420.

The energy differences between the parallel and
perpendicular conformations in the free organic ligands are
consistent with a previous computational study of 4-
alkylsulfanylpyridines. E. Baciocchi and M. F. Gerini, J. Phys.
Chem. A, 2004, 108, 2332.

M. Reiher, O. Salomon and B. A. Hess, Theor. Chem. Acc.,
2001, 107, 48; S. Zein, S. A. Borshch, P. Fleurat-Lessard,
M. E. Casida and H. Chermette, J. Chem. Phys., 2007, 126,
014105.



