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ABSTRACT: This report  investigates homoleptic iron(II)  complexes of  thiazolinyl  analogues of  chiral  PyBox tr identate lig-
ands: 2,6-bis(4-phenyl-4,5-dihydrothiazol-2-yl)pyr idine (L1Ph), 2,6-bis(4-isopropyl-4,5-dihydrothiazol-2-yl)pyr idine (L1iPr)
and 2,6-bis(4-tertbutyl-4,5-dihydrothiazol-2-yl)pyr idine (L1tBu). Crystallographic data imply the larger and more flexible thi-
azol inyl r ings reduce ster ic clashes between the ‘R’ substituents in homochiral [Fe((R)-L1R)2]2+ or [Fe((S)-L1R)2] 2+ (R = Ph, iPr
or tBu), compared to their  PyBox (L2R) analogues. Conversely, the larger  heterocyclic S atoms are in close contact with the R
substituents in heterochiral [Fe((R)-L1Ph)((S)-L1Ph)] 2+,  giving  it  a  more  sterically  hindered  l igand  environment  than  in
[Fe((R)-L2Ph)((S)-L2Ph)] 2+ (L2Ph = 2,6-bis(4-phenyl-4,5-dihydrooxazol-2-yl)pyridine). Preformed [Fe((R)-L1Ph)((S)-L1Ph)] 2+

and [Fe((R)-L1iPr)((S)-L1iPr)] 2+ do not racemize by ligand redistr ibution in CD3CN solution, but homochiral [Fe(L1iPr)2] 2+ and
[Fe(L1tBu)2]2+ both undergo partial  ligand displacement  in that  solvent. Homochiral  [Fe(L1Ph)2] 2+ and [Fe(L1iPr)2]2+ exhibit
spin-crossover  equil ibria in  CD3CN, centered at 344 ±6 and 277 ±1 K respectively, whi le their  heterochiral congeners are
essentially low-spin within the liquid range of the solvent. These data imply the diastereomers of [Fe(L1Ph)2] 2+ and
[Fe(L1iPr)2] 2+ show a greater difference in their  spin state behaviors than was previous found for [Fe(L2Ph)2] 2+. Gas phase DFT
calculations (B86PW91/ def2-SVP) of the [Fe(L1R)2] 2+ and [Fe(L2R)2]2+ complexes reproduce most of the observed trends, but
overstabilize the high-spin state of SCO-active [Fe(L1iPr)2] 2+ by ca.1.5 kcal mol−1. That might reflect the influence of intramo-
lecular  dispersion interactions on the spin states of these compounds. Attempts to model  this with the dispersion-corrected
functionals B97-D2 or  PBE-D3 were less successful than our  or iginal protocol, confirming that the spin states of sterically
hindered molecules are a challenging computational problem.

Introduction	
Iron and other  base metals are being increasingly investi-
gated as replacements for expensive heavy metals in appli-
cations such as light-harvesting dyes1 and catalysis.2 Con-
troll ing the metal  spin state in  such compounds is vital  for
these applications.3 Extending the charge-separated life-
t imes of iron-containing dye molecules requires a strong
l igand field, so their  high-spin states are energetically inac-
cessible.1 Moreover, hydrogenation and other  double bond
reductions follow a low-spin catalytic pathway,4 while
cross-coupling5 or oxidation reactions6 are favored by high-
spin catalytic intermediates. Fine-tuning the ligand field in
a catalyst can optimise its per formance, or  allow a less reac-
tive molecule to access new  reaction pathways via two-state
reactivity.7

During our investigations of spin-crossover (SCO) com-
plexes and materials,8 we found SCO compounds to be pow-
er ful probes of the relationship between ligand design and
metal ion spin states.3 This yielded new insights into the ef-
fect of remote substituents9-11 and chelate ligand bite an-
gle12,13 on a complex’s ligand field, and also i l lustrated how
this can be perturbed by crystal packing in the solid state.14

Another goal was a chiral ligand system, to al low optical iso-
mers of a complex to be distinguished by their  spin state.15,16

Our first attempt towards that aim involved homoleptic
iron(II)  complexes of the chiral  2,6-bis(oxazolinyl)pyridine
(PyBox) l igand system (L2R, Char t 1).17 Homochiral [Fe((R)-
L2Ph)2]2+ and heterochiral  [Fe((R)-L2Ph)((S)-L2Ph)] 2+ ex-
hibit  SCO w ith midpoint  temperatures (T½) of 244 and 278
K respectively, in CD3CN solution. That is, the high-spin
state of the homochiral  diastereomer  is more stable than for
the heterochiral complex.15,18 That is a consequence of ster ic
repulsion  between  pairs of  phenyl  substituents in  the ho-
mochiral cation, which is not present in the heterochiral iso-
mer . The more flexible high-spin state allows the geometry
of the homochiral molecule to deform to relieve that ster ic
clash, and is thus favored in that isomer.15,19-21

This compar ison was possible because heterochiral
meso-[M((R)-L2Ph)((S)-L2Ph)]2+ (M = Fe or  another  3d cat-
ion)  complexes are stable in  solution.15,22-24 That contrasts
with other 	[M((R)-L2R)((S)-L2R)] 2+ (R = Me, Bn or iPr) spe-
cies, which spontaneously racemize by ligand redistr ibu-
tion reactions under the same conditions.15,23,24 Intramolec-
ular p-p interactions between the phenyl substituents and
pyridyl r ings in [M((R)-L2Ph)((S)-L2Ph)] 2+ were proposed to
contribute to its stabil ity.24

	



Chart	1	The	ThioPyBox	 (L1R) 	and	PyBox	 (L2R) 	 ligands	
referred	to	in	this	work 	(R	=	H,	Ph,	iPr 	or	tBu).	

	

The 34 K difference in T½ between the diastereomers of
[Fe(L2Ph)2] 2+ corresponds  to  only  0.3  kJ mol−1 in energy
terms. In an attempt to amplify the effect, we turned to 2,6-
bis(thiazolinyl)pyr idine (ThioPyBox; L1R, Chart  1)  ligands,
whose chemistry is much less developed than their  PyBox
analogues.25-31 We reasoned the less electron-withdrawing
S heteroatoms in L1R should make them better s-donors,
thus stabilizing the low-spin state of [Fe(L1R)2] 2+ compared
to  the  corresponding  [Fe(L2R)2]2+ derivatives. Another
group recently published [Fe(L1H)2] 2+ and an achiral  der iv-
ative, showing that  assumption  is correct.31 Moreover, the
thiazoline r ings in L1R are larger and potentially more flexi-
ble than the oxazoline r ings in L2R, which could modify the
steric clashes between ‘R’ substituents in homochiral
[Fe(L1R)2]2+. Thus, a [Fe(L1R)2] 2+ der ivative could show  the
enhanced chiral discrimination of spin-state we are seeking.

We now report the structures and spin state properties of
homo- and heterochiral [Fe(L1R)2]2+ (R = Ph, iPr and tBu),
for  comparison w ith their  [Fe(L2R)2] 2+ analogues.18 We also
descr ibe the unexpected isolation of [Fe((S)-L2tBu)2] [ClO4] 2,
the first  homoleptic complex of that  ster ically bulky PyBox
derivative.

Experimental	
Our synthetic procedure for  the L1R ligands is described in
the Supporting Information.28 Other  reagents and solvents
were purchased commercially and used as supplied.

CAUTION Although we have exper ienced no problems
when using the perchlorate salts in this study, metal-or -
ganic perchlorates are potentially explosive and should be
handled with care in small quantities.

Synthesis	of	the	complexes.The following method, de-
scr ibed for [Fe((S)-L1Ph)2] [BF4] 2,  was  followed  for  all  the
complexes.	A solution of (S)-L1Ph (0.060 g, 0.28 mmol)  and
Fe[BF4] 2·6H2O (0.048 g, 0.14 mmol) in MeCN (5 cm3)  was
stirred at room temperature until all the sol id had dis-
solved. Addition of diethyl ether  (15 cm3) to the filtered so-
lution afforded the product as a dark purple powder . Yield
0.067  g, 74  %. Purple single crystals of  the complex  were
grown by slow diffusion of diethyl ether  vapor  into an ace-
tonitr i le solution of the compound.

The same procedure, using equivalent quantities of the
appropr iate  l igand  or  iron  salt,  afforded  the  other  com-
plexes in this work.

For [Fe((S)-L1Ph)2][BF4] 2.Purple solid.Elemental analysis
for  C46H38B2F8FeN6S4 found  (calcd)  (%)  C,  53.4  (53.5),  H,
3.68 (3.71), N, 8.18 (8.14). 1H NMR (CD3CN) d 3.33, 6.65,
7.98 (all s, 4H, Tz CH2 and Ph H4), 4.70, 6.23 (both s, 8H, Ph
H2/ 6 and H3/ 5) , 9.38 (s, 2H, Py H4), 10.84, 14.19 (both s, 4H,
Py H3/ 5 and Tz CH) ppm.

For  [Fe((R)-L1Ph)2] [ClO4]2.Purple solid.Elemental analy-
sis for C46H38Cl2FeN6O8S4 found (calcd) (%) C, 52.3 (52.2); H,
3.70 (3.62); N, 8.03 (7.94).

For  [Fe((S)-L1Ph)2] [ClO4]2.Purple solid.Elemental analy-
sis for  C46H38Cl2FeN6O8S4 found  (calcd)  (%)  52.3  (52.2), H,
3.70 (3.62), N, 8.03 (7.94). ESMS m/ z 429.0586 (calcd for
[Fe(L1Ph)2] 2+ 429.0695), 957.0590 (calcd for
[Fe(L1Ph)2(ClO4)]+ 957.0875).

For [Fe((R)-L1Ph)((S)-L1Ph)][BF4] 2. Purple solid. Ele-
mental  analysis for  C46H38B2F8FeN6S4 found (calcd) (%) C,
53.4 (53.5), H, 3.76 (3.71), N, 8.25 (8.14)  %. 1H NMR
(CD3CN) d 3.46, 4.13, 4.18 (all m, 4H, Tz CH and Tz CH2), 6.47
(br  s, 8H, Ph H3/ 5), 7.18 (t, 8H, Ph H2/ 6), 7.29 (s, 4H, Ph H4),
8.67 (t, 7.6 Hz, 2H, Py H4), 9.09 (br  s, 4H, Py H3/ 5) ppm.

For  [Fe((R)-L1Ph)((S)-L1Ph)][ClO4] 2. Purple solid. Ele-
mental analysis for  C46H38Cl2FeN6O8S4 found (calcd) (%) C,
52.3 (52.2), H, 3.71 (3.62), N, 7.99 (7.94)  %. ESMS m/ z

429.0584 (calcd for  [Fe(L1Ph)2]2+ 429.0695), 957.0588
(calcd for  [Fe(L1Ph)2(ClO4)]+ 957.0875).

For [Fe((R)-L1iPr)2][ClO4] 2. Purple microcrystals. Ele-
mental analysis for  C34H46Cl2FeN6O8S4 found (calcd) (%) C,
44.1 (44.3), H, 4.98 (5.03), N, 8.73 (9.12) %.

For [Fe((S)-L1iPr)2] [ClO4]2.Purple solid.Elemental analy-
sis for C34H46Cl2FeN6O8S4 found (calcd) (%) C, 44.1 (44.3), H,
5.00 (5.03), N, 8.79 (9.12) %. 1H NMR (CD3CN) d −17.7 (12H,
iPr  CH3), −11.3 (4H, iPr  CH), −2.4 (12H, iPr  CH3), 16.1 (2H,
Py H4), 20.7, 24.3 (both 4H, Tz CH2), 41.5 (4H, Py H3/ 5), 49.6
(4H, Tz CH) ppm. The solution also contains a second spe-
cies with resolved peaks at −7.5, −5.2, 11.6 and 54.3 ppm,
corresponding to 10 % of the sample; and, a similar  quantity
of uncoordinated (S)-L1iPr.

For  [Fe((R)-L1iPr)((S)-L1iPr)][ClO4]2.	 Purple solid. Ele-
mental analysis for  C34H46Cl2FeN6O8S4 found (calcd) (%) C,
44.4 (44.3), H, 4.76 (5.03), N, 8.99 (9.12)  %. 1H NMR
(CD3CN) d 0.00 (s, 12H, iPr CH3), 0.21 (s, 4H, iPr CH), 0.50 (s,
12H, iPr  CH3), 3.87, 4.08 (both s, 4H, Tz CH2), 4.98 (d, 4H, Tz
CH), 9.84 (s, 2H, Py H4), 13.35 (s, 4H, Py H3/ 5) ppm.

For  [Fe((S)-L1tBu)2] [ClO4] 2.Red solid.Elemental analysis
for  C38H54Cl2FeN6O8S4·1.5H2O found (calcd) (%) C, 45.3
(45.4), H, 5.30 (5.72), N, 8.14 (8.36). 1H NMR (CD3CN) d−22.3 (36H, tBu CH3), 16.3 (2H, Py H4), 41.9, 52.3, 54.8 (all
4H, Py H3/ 5 and Tz CH2), 96.8 (4H, Tz CH) ppm. The solution
also contains a second species with resolved peaks at −11.4,
25.2, 27.3 and 57.6 ppm, corresponding to 19 % of the sam-
ple; and, a similar  quantity of uncoordinated (S)-L1tBu.

For  [Fe((S)-L2tBu)2] [ClO4] 2.Red solid.Elemental analysis
for  C38H54Cl2FeN6O12 found  (calcd)  (%)  C,  49.9  (50.0),  H,
6.14 (5.96), N, 9.04 (9.20). 1H NMR (CD3CN) d −16.7 (36H,
tBu CH3), 23.3 (2H, Py H4), 28.5, 38.2 (both 4H, Ox CH2), 57.4
(4H, Py H3/ 5), 79.2 (4H, Ox CH) ppm.



Single	Crystal	Structure	Analyses	
Diffract ion data for  (R)-L1tBu, [Fe((S)-L1Ph)2][BF4] 2∙MeCN,
[Fe((R)-L1Ph)((S)-L1Ph)][BF4] 2∙3/ 2MeCN and [Fe((S)-
L1tBu)2][ClO4] 2∙Me2CO were recorded at station I19 of the
Diamond  synchrotron  (λ = 0.6889 Å). Other crystallo-
graphic data were measured with an Agilent Supernova dif-
fractometer  using monochromated Cu-Kα (λ = 1.5418 Å) ra-
diation and an Oxford Cryostream cryostat. All the struc-
tures were solved by direct methods (SHELXS9732), and de-
veloped by full least-squares refinement on F2 (SHELXL-

201832). Crystallographic figures were prepared using
XSEED,33 and octahedral coordination volumes (VOh) were
calculated w ith Olex2.34 Exper imental details (Tables S1 and
S2) and refinement  procedures for  the structure determina-
tions are given in the Supporting Information.

Other 	measurements	
Elemental  microanalyses were per formed at  the London
Metropolitan University School of Human Sciences. Elec-
trospray mass spectra were recorded on a Bruker  Micro-
TOF-q  instrument, from  chloroform  (organic  compounds)
or  acetonitr ile solution (metal complexes). Sodium-contain-
ing species in the mass spectra originate from the sodium
formate calibrant used. Diamagnetic NMR spectra em-
ployed  a  Bruker  AV3HD spectrometer  operating  at  400.1
(1H) or  100.6 MHz (13C); or , a JEOL ECA600ii  spectrometer
operating at 600.1 (1H) or 150.9 MHz (13C). Paramagnetic 1H
NMR spectra were obtained with a Bruker  AV3 spectrome-
ter operating at 300.1 MHz.

The complex solvate crystals gradually lose solvent on ex-
posure to air , and gave ambiguous microanalyses. So, to
avoid uncertainty about sample composition, solid state
magnetic measurements and powder  diffraction patterns
were obtained from dr ied, analytically pure materials. X-ray
powder  diffraction data were measured using a Bruker  D2
Phaser  diffractometer . Solid state magnetic susceptibility
data were obtained on a Quantum Design MPMS-3 VSM
magnetometer, with an applied field of  5000 G and a scan
rate of  5 K min‒1. A diamagnetic correction for  the sample
was estimated from Pascal’s constants;35 a diamagnetic cor-
rection for  the sample holder  was measured separately.

Evans method solution magnetic measurements were
performed on a Bruker AV-NEO spectrometer operating at
500.2 MHz (1H), or  the JEOL ECA600ii  spectrometer.36 Cor-
rections for  the diamagnetism of the sample,35 and the var i-
ation of the solvent density with temperature,37 were ap-
pl ied to the data. The parameters in Table 2 were derived
by fi tting these data to eq (1) and (2):38

ln[ (1 – nHS(T))/ 	nHS(T)] = ΔH/ RT	− ΔS/ R		 (1)ΔS	= ΔH/ T½ (2)

 DFT calculations were performed using SPARTAN’18	for
Windows,39 w ith the B86PW91, B97-D2 or PBE-D3 func-
tionals and the def2-SVP basis set. Low-spin systems were
treated as spin-restr icted, and high-spin systems were
treated as spin-unrestr icted. The calculations were per-
formed in the gas phase, since a solvent gradient for  iron is
not  implemented in SPARTAN’18. The molecules were con-
structed de	novo in the program, then subjected to a prelim-
inary molecular  mechanics minimization before the full DFT
energy minimization was under taken. Homochiral com-
plexes were calculated as their  (R) isomers.

Results	and	Discussion	
Synthesis	and	Crystallography	
Several  synthetic procedures for  ThioPyBox der ivatives
have been repor ted.25-31 They are usually prepared from
pyridine-2,6-dicarbonyl  dichloride  in  two  steps: bis-ami-
dation with a chiral  2-hydroxyethylamine; then thiolation
and ring cyclization of the pyridine-2,6-di(2-hydroxyethyl-
amide) intermediate, using P2S528,30,31 or  Lawesson’s rea-
gent27 under  basic conditions. The latter  step usually  gives
moderate yields (30-50 %), and requires significant purifi-
cation to remove excess sulfur  reagents and byproducts. In
our hands, Lawesson’s reagent gave the best yields of L1Ph,
L1iPr and L1tBu  (Chart  1). The identities of  (S)-L1iPr, (R)-
L1tBu  and  (S)-L1tBu were confirmed crystallographically,
whi le a racemic conglomerate (R)-L1tBu·(S)-L1tBu was also
crystall ized dur ing this work (Figures S4-S9).

The homochiral  and heterochiral  diastereomers of
[Fe(L1Ph)2] 2+ and [Fe(L1iPr)2] 2+, and homochiral
[Fe(L1tBu)2]2+ and [Fe(L2tBu)2]2+,  were  prepared  by  com-
plexing iron(II)  salts with  the appropriate combination  of
ligands. The complexes were investigated as their  BF4− or
ClO4− salts, depending on which anion afforded the best
crystals for  crystallographic study. Attempts to isolate het-
erochiral [Fe((R)-L1tBu)((S)-L1tBu)] [ClO4]2 were unsuc-
cessful, as descr ibed below.

 Salts of  homochiral  [Fe(L1Ph)2]2+ crystall ize well. Struc-
tures were obtained of isomorphous [Fe((S)-	
L1Ph)2][BF4]2·MeCN, and both homochiral enantiomers of
[Fe(L1Ph)2] [ClO4] 2·MeCN (all space group P212121 with Z =
4). An attempt to prepare [FeCl2((R)-L1Ph)]  instead af-
forded crystals of [Fe((R)-L1Ph)2] [FeIIICl4] 2·Et2O (also
P212121, Z = 4), although that salt  was not isolated as an an-
alytically pure material. This contrasts w ith previously pub-
lished [Fe((R)-L1Ph)2] [FeIICl4], which was also produced by
a similar  reaction.28 Two different racemic crystals of this
complex were also obtained: the homochiral racemic con-
glomerate [Fe((R)-L1Ph)2][Fe((S)-L1Ph)2] [ClO4] 4·2MeCN
(I4, Z = 8), and the heterochiral complex [Fe((R)-L1Ph)((S)-
L1Ph)] [BF4] 2·2MeCN  (P1, Z =  4).  Our  isolation  of  racemic
[Fe(L1Ph)2] 2+ in both its rac	homochiral and	meso heterochi-
ral forms is discussed further below.18

All these crystals are low-spin at the temperature of
measurement, between 100-150 K (Table S3), and the inner
coordination geometry of the [Fe(L1Ph)2]2+ cations is mostly
consistent  in each structure. There is one clear  difference
between the diastereomers, however , in the dihedral angle
between the least squares planes of the heterocycl ic cores
of  the two  ligands (q), which  should  ideally  be 90°  (Chart
S2).40 The homochiral [Fe(L1Ph)2] 2+ st ructures exhibit
84.33(11) ≤ q ≤ 86.26(3)°, but q = 88.76(4)-89.60(4)° in the
heterochiral  diastereomer  crystal  (Figure 1 and Table S3).
The small distort ion in the homochiral isomer reflects inter-
ligand ster ic repulsion, between pairs of phenyl groups oc-
cupying the same molecular  quadrant (Figure 1). The effect
seems sl ightly greater  than for  homochiral  [Fe(L2Ph)2] 2+,
where q spans a range of 85.36(5)-88.07(5)° in its low-spin
crystal structures.15,20,40

Comparison of the homochiral structures shows some
flexibil ity in the L1Ph ligand framework (Figures 1 and S19).



Figure	1 The cat ions in two crystal forms of homochiral [Fe((R)-L1Ph)2] 2+ (top and center) and heterochiral meso-[Fe((R)-L1Ph)((S)-
L1Ph)]2+ (bottom). The left-hand views have displacement ellipsoids at the 50% probability level, and H atoms omitted for  clarity.
The left and center  views have the same or ientation, whereas the r ight views are rotated by 90° to highlight steric contacts between
ligand subst ituents. Color  code: C{heterocyclic}, w hite; C{phenyl}, dark gray; H, pale gray; Fe, green; N, blue; S, purple.

The phenyl groups of each L1Ph ligand in the cation are po-
sitioned above and below the pyr idyl group of the other lig-
and. In isostructural homochiral [Fe(L1Ph)2]X2·MeCN (X− =
BF4− or ClO4−), a ster ic clash between two phenyl r ings leads
to one phenyl group being canted with respect to the central
pyridyl  r ing  (Figure  1,  top).  The  other  phenyl  r ings  in
[Fe(L1Ph)2]X2·MeCN, and both phenyl groups in the other
homochiral  [Fe(L1Ph)2] 2+ crystals, stack more regularly
above and below their  pyridyl neighbor  (Figure 1, center).

The four  phenyl groups of heterochiral [Fe((R)-L1Ph)((S)-
L1Ph)] 2+ occupy different molecular  quadrants, and are well
separated from each other  (Figure 1, bottom). These are
more offset  from  the sandwiched  pyr idyl  ring  than  in  the
homochiral isomer, and are also significantly canted. That
reflects intramolecular  contacts between each phenyl r ing
and a thiazolinyl S atom or CH2 group, which are posit ioned
to deflect  the phenyl  groups in  the observed manner  (Fig-
ures 1 and S21). The thiazoline r ings in the homochiral crys-
tals have different conformations, and are not in contact
with the phenyl substituents.

The canting of some phenyl groups in homochiral
[Fe(L1Ph)2]X2·MeCN (X = BF4− and ClO4−) is also found in ho-
mochiral [M(L2Ph)2]2+ (M  =  Fe,  Co,  Cu  or  Zn)  salts.15,20-24

However, the ligand conformations in homochiral
[Fe(L1Ph)2] 2+ are generally more regular  than in these L2Ph
complexes (Figure S20, Table S4).15,20-24 That  more regular
ligand environment  is not  reflected in the coordination ge-
ometry of homochiral [Fe(L1Ph)2]2+, which is slightly more
tw isted than for  [Fe(L2Ph)2]2+ (see above). Hence, the ster ic
clashes between Ph groups bound to the larger  thiazol inyl
rings in [Fe(L1Ph)2] 2+ have a larger  impact on the metal co-
ordination geometry, at  least  in its low-spin state.

Conversely, the phenyl group orientations in heterochiral
[Fe((R)-L1Ph)((S)-L1Ph)][BF4]2·2MeCN are more twisted
than in [M((R)-L2Ph)((S)-L2Ph)] 2+ structures  (Figure  S22,
Table S5).15,21-24 That  is a consequence of the larger  thiazol i-
nyl r ings in L1Ph, whose S atoms are in direct contact with
the phenyl groups in the heterochiral complex as described
above (Figure 1, bottom). Those contacts have no apparent
impact on the metal coordination geometry however, which



is identical w ith exper imental error  in those low-spin iron
complexes. These crystallographic similar it ies and differ -
ences between the L1Ph and L2Ph complexes are replicated
in the computational study described below.

While the homochiral  isomer  of  [Fe(L1iPr)2]X2 (X = BF4−
or ClO4−) was not structurally characterized, heterochiral
meso-[Fe((R)-L1iPr)((S)-L1iPr)] [ClO4]2·2MeCN was success-
fully crystallized (C2/ c, Z = 4). Its complex cation has crys-
tallographic	C2 symmetry, and is also low-spin at 125 K (Ta-
ble S6). The L1iPr l igands are perpendicular to each other [q
= 87.99(9)°]  but  have more pronounced  S-shaped  confor-
mations than in its L1Ph congener , which gives the molecule
a small helicity (Figure 2). That reflects the steric influence
of the larger isopropyl groups, which are all or iented in the
same direction in the molecule.

Crystalline [Fe((S)-L1tBu)2] [ClO4] 2·Me2CO (P212121, Z = 4)
is high-spin  at  100  K, reflecting the steric influence of  its
large ter tbutyl substituents.3,41 The geometry  of  high-spin
[Fe((S)-L1tBu)2] 2+ is more distorted than the low-spin com-
plexes, and is highly twisted to accommodate ster ic clashes
between its ter tbutyl groups (Figure 3). This again mani-
fests itself in the q angle between the tr identate ligands
(Chart S2), which is 66.07(8)°.39 That level of distortion
should preclude the compound accessing i ts low-spin state
at  low  temperatures through thermal SCO.42 Crystals of
[Fe((S)-L2tBu)2] [ClO4] 2·Me2CO are isomorphous with their
L1tBu analogue, and show  a similar ly  tw isted coordination
geometry (Figure S24 and Table S7). If the complexes retain
this geometry in solution, they should also remain high-spin
at  all  temperatures as is observed (see below).

Attempts to isolate heterochiral  [Fe(L1tBu)2] 2+ were un-
successful. One such crystallization yielded the conglomer-
ate crystal (R)-L1tBu·(S)-L1tBu mentioned above. Crystals of
a solvate of rac-[Fe(L1tBu)(OH2)(NCMe)2][ClO4] 2 (P1, Z = 2).
were obtained from another  reaction, from acetonitr i le so-
lution. That cation is high-spin and six-coordinate, w ith
t rans MeCN ligands (Figures S27-S28).

Other 	solid-state	characterization	
Allowing for  small differences due to solvent loss, dr ied
samples of homochiral  [Fe(L1Ph)2]X2 (X− = BF4− and ClO4−)
appear  isomorphous with their  solvated crystal phases by
powder diffraction (Figure S29). Both compounds are pre-
dominantly low-spin at room temperature, as expected
from their  crystal structures. However , each contains a 10-

15  %  fraction  which  remains high-spin  on  cooling, which
may be a consequence of loss of lattice solvent from the pre-
dr ied samples. The materials undergo very similar  two-step
spin-transitions on heat ing (Figure 4). The first step has T½

= 330±2 K, and corresponds to ca. 50 % of the fraction of the
material which is low-spin at 300 K.43 The second step is in-
complete at 370 K, the highest temperature accessible with
our  magnetometer. The high-temperature behavior  is re-
versible on re-cooling, and so is not associated with solvent
loss.44 It was impossible to determine the structural basis of
the SCO discontinuity, since crystals of [Fe(L1Ph)2]X2·MeCN
are unstable at these temperatures. However, solvates of

Figure	3 The complex cat ion in [Fe((S)-L1tBu)2][ClO4]2·Me2CO,
showing the steric influence of its tertbutyl substituents. The
images are plotted in the same orientat ion, along the
N{pyridyl}−Fe−N{pyr idyl} vector. Other details as for  Figure 1.

Figure	2 The complex cat ion in [Fe((R)-L1iPr)((S) -L1iPr)][ClO4] 2·2MeCN, show ing the steric influence of its isopropyl substituents.
Details as for  Figure 1.



Figure	4 Variable temperature magnetic susceptibility data for
homochiral [Fe((S) -L1Ph)2][BF4]2 (black)  and  [Fe((S)-
L1Ph)2] [ClO4]2 (red), and for heterochiral meso-[Fe((R)-
L1Ph)((S)-L1Ph)] [BF4]2 (green) and [Fe((R)-L1Ph)((S)-
L1Ph)][ClO4]2 (blue). Data were measured in both cooling and
warming modes, w ith a 5 K min−1 scan rate.

homochiral  [Fe(L2Ph)2]X2 exhibit similarly structured SCO
below room temperature, reflecting crystallographic phase
changes and/ or  reorientation of their  phenyl substituents
as the transit ion proceeds.15,20

Recrystallized bulk samples of [Fe((R)-L1Ph)((S)-
L1Ph)] [BF4] 2 were phase-pure and isostructural with the
crystall ized meso form of that solvate salt. However, the
ClO4− salt of the same compound is probably a mixture of its
rac and meso isomers by  powder  diffraction  (Figure S29).
Despite their  different  compositions, both mater ials are also
low-spin but show the onset of gradual thermal SCO above
300 K (Figure 4). The ir reversible partial SCO of the BF4− salt
is intriguing since the sample was solvent-free by microa-
nalysis, but can’t be explained without higher  temperature
data. The solution character ization descr ibed below was
performed with the isomer ically pure BF4− salt.

Homochiral [Fe((S)-L1iPr)2] [ClO4] 2 is predominantly
high-spin at  room temperature and exhibits gradual SCO at
T½  ≈ 215 K, which is ca.	50 % complete at 50 K. Conversely
[Fe((R)-L1iPr)((S)-L1iPr)] [ClO4] 2 is  low-spin  at  300  K  but
undergoes SCO on warming which is ca.	30 % complete at
370 K (Figure S31). Solid [Fe((S)-L1tBu)2] [ClO4] 2 and
[Fe((S)-L2tBu)2] [ClO4] 2 are high-spin  between  5-300  K, as
predicted from their  crystal structures (Figure S32).

Solution	properties	
The solution speciation of [Fe((R)-L1Ph)((S)-L1Ph)] 2+ re-
sembles the heterochiral [Fe(L2Ph)2]2+ complex.15 Thus,
freshly prepared CD3CN solut ions of a 1:1:1 mixture of (R)-
L1Ph, (S)-L1Ph and an iron(II) salt contain both the homo-
chiral and meso-heterochiral cations in a ca.1:1 ratio by
NMR, which does not vary on standing for  2 weeks (Figure
S35). Slow crystall izat ion of these solutions w ith diethyl
ether  yields the pure meso-heterochiral complex as its BF4−
salt, and a mixture of the meso-heterochiral and rac-homo-
chiral  materials when using Fe[ClO4] 2 (Figure S29).  We pro-
pose the meso form  has  lower  solubil i ty  and  crystallizes
preferentially  from those solutions as its BF4− salt, but  the
ClO4− salts of the two isomers have more similar solubilities.

Redissolved samples of pure [Fe((R)-L1Ph)((S)-L1Ph)] [BF4]2

are stable in solution, showing no racemization by NMR at
temperatures up to 348 K, or  after  standing for  2 weeks at
room temperature (Figures S36 and S37).

Preformed [Fe((R)-L1iPr)((S)-L1iPr)] 2+ is  also  stable  in
CD3CN  (Figure  S39).  That  contrasts  w ith  heterochiral
[Fe((R)-L2iPr)((S)-L2iPr)]2+,  which  forms  a  mixture  of
homo- and heterochiral cations by ligand redistribution
when redissolved.15 We attribute that to the predominantly
low-spin nature of [Fe((R)-L1iPr)((S)-L1iPr)] 2+ at  room tem-
perature (Figure 5), which is iner t  to l igand exchange reac-
tions. High-spin [Fe((R)-L2iPr)((S)-L2iPr)] 2+ should be more
labile to l igand redistr ibut ion, as observed.3

Partial L1R ligand dissociation occurs in CD3CN solutions
of [Fe((S)-L1iPr)2] [ClO4] 2 and [Fe((S)-L1tBu)2][ClO4] 2. These
respectively contain ca.	15  %  and  25  %  of  a second  para-
magnetic species assigned as [Fe(L1R)(solv)3]2+ (solv = a
solvent ligand), and a similar  quantity of free L1R ligand
(Figures S38 and S41). Conversely, there is no detectable
ligand dissociation in [Fe((R)-L2iPr)2][ClO4] 215 or  [Fe((S)-
L2tBu)2] [ClO4]2 (Figure S42) in that solvent. That implies the
R substituents in [Fe((S)-L1R)2] 2+ may have a greater  ster ic
influence on the metal coordination sphere than [Fe((S)-
L2R)2] 2+. Solut ions of a 1:1:1 rat io of (R)-L1tBu, (S)-L1tBu and
Fe[ClO4] 2�6H2O in CD3CN contain different propor tions of
the same species as found for the homochiral complex by 1H
NMR (Figure S43). Heterochiral [Fe((R)-L1tBu)((S)-
L1tBu)2] 2+ does not  appear  to exist  under  these conditions.

Only two of the compounds undergo SCO in solution over
the l iquid  range of  CD3CN (Figure 5). Those are: [Fe((R)-
L1Ph)2][ClO4] 2, which shows T½ = 344 ±6 K, DH = 24 ±2 kJ
mol−1 and DS = 69 ±6 J mol−1 K−1; and, [Fe((S)-L1iPr)2][ClO4]2

with T½ = 277 ±1 K,DH = 36 ±1 kJ mol−1 and DS = 129 ±6 J
mol−1 K−1. The latter  data were best fit  by a constant residual
value of cMT = 0.5 cm3 mol−1 K at  low  temperatures, imply-
ing ca.	15 % of the sample does not take part in SCO. That is
consistent w ith the fractional L1iPr dissociat ion in

Figure	5 Variable temperature magnet ic suscept ibility data in
CD3CN  solution  for  [Fe((R)-L1Ph)2] [ClO4]2 (black); [Fe((R)-
L1Ph)((S)-L1Ph)][BF4]2 (white);  [Fe((S)-L1iPr)2] [ClO4]2 (red);
[Fe((R)-L1iPr)((S)-L1iPr)] [ClO4]2 (green); [Fe((S)-
L1tBu)2][ClO4]2 (blue); and  [Fe((S)-L2tBu)2][ClO4] 2 (pink). The
lines show the best fits of the data to eq 1 and 2.



solutions  of  that  complex  (Figure  S38),  and  its  larger DH

value which can indicate a l igand exchange pre-equilibr ium
in the SCO process.45 The heterochiral isomers of both com-
plexes are low-spin at room temperature, but show a small
paramagnetism on warming that  may indicate the onset  of
SCO.46 [Fe((S)-L1tBu)2][ClO4] 2 and [Fe((S)-L2tBu)2][ClO4] 2

are both high-spin above 248 K.

The spin states of the complexes in solut ion and the solid
state  resemble  each  other  well,  except  for  [Fe((S)-
L1iPr)2] [ClO4] 2 whose par tial SCO occurs at ca.	100 K lower
temperature in the solid state (Figure S33). It ’s well known
that  SCO in the solid state can be strongly perturbed by the
constraints of  the rigid solid  lattice, which are not  a factor
in fluid solution.14

The stabilizat ion of the high-spin state in homochiral vs	
heterochiral  [Fe(L1R)2] 2+ (R = Ph or iPr) cannot be quanti-
fied from these data, because SCO was not observed in the
heterochiral diastereomers. However , after  applying eq (1)
and (2)  to the heterochiral  complex data, we estimate T½ 	in
the homochiral complex is ≥45 K lower than i ts heterochiral
congener  for  R =  Ph, and  ≥85  K  lower  for  R = iPr.45 Both
those differences are larger  than we previously found for
the diastereomers of [Fe(L2Ph)2]2+.15

DFT	calculations	
The spin states and stabili t ies of the diastereomers of
[Fe(L1R)2]2+ and [Fe(L2R)2] 2+ were fur ther  investigated by
gas phase DF calculations. Initial  calculations employed the
B86PW91 functional and def2-SVP basis set combination,
since this and closely related methods perform well in com-
parative spin state energy calculations in iron(II) complexes
of tr identate heterocyclic ligands.9,12,47-49

The minimized geometries of the complexes are in gener-
ally good agreement with exper iment (Tables S10-S11, Fig-
ure S48-S56).50 The ‘R’ substi tuents in the homochiral com-
plexes induce twisting of the ligands to relieve intramolec-
ular  ster ic clashes, as in Figure 3. This is reflected in a re-
duction of q below  its  ideal  value of  90°  (Tables S10  and
S11).40 The distort ion increases as R = Ph < iPr < tBu, and is
greater  in the high-spin molecules as expected.42 It  is also
consistently larger in the L1R complexes than their L2R ana-
logues, for a given ‘R’ group. Computed q values in high-spin
[Fe((R)-L2iPr)2] 2+,15 [Fe((R)-L1tBu)2]2+ and [Fe((R)-
L2tBu)2]2+ lie within 1.5° of their  crystallographic values.
The slightly greater q distortion in crystal structures of low-
spin [Fe((R)-L1Ph)2] 2+,  compared  to  [Fe((R)-L2Ph)2] 2+, is
also mirrored in the calculations.

The molecules bear ing isopropyl groups were hard to
minimize since, crystallographically, those substituents
have significant rotational freedom.15,24 Two higher energy
local minima were identified for  homochiral  [Fe((R)-
L1iPr)2] 2+ and [Fe((R)-L2iPr)2]2+ (Table S12, Figures S52-
S53). These structures are only 1-2 kcal mol−1 above  the
true minimum  for  the L2iPr  complex in  its preferred  high-
spin state, implying they should be energetically accessible
at room temperature. Thus, the crystal structure of [Fe((R)-
L2iPr)2] [ClO4] 2 resembles one of these higher  energy confor-
mations, rather  than its computed minimum structure (Fig-
ure S52).15 For  [Fe((R)-L1iPr)2] 2+, the other  conformations
l ie higher  above the minimum structure, and less l ikely to
be observed in practise (Table S13).

The minimized heterochiral complexes have more regu-
lar  coordination geometries, which are also a good match
for  exper iment  in  most  cases. The sole  exception  is  high-
spin [Fe((R)-L2iPr)((S)-L2iPr)]2+, which minimized to a con-
formation resembling that in Figure 2. However , its pub-
lished crystal structure has a more distor ted molecular  ge-
ometry with a less regular distr ibution of iPr group or ienta-
tions.15 This high-spin molecule may show a similar confor-
mational flexibili ty to its homochiral isomer .

Other  structural features reproduced by the calculations
include puckering of the L1H  thiazoline  r ings,  in  contrast
with the essentially planar  oxazoline rings in L2H (Figures
S44 and S48). That  difference is found crystallographically
in [Fe(L1H)2] 2+ and [Fe(L2H)2]2+ salts,15,31 and is also evident
when the other  minimized molecules are compared. The
greater  conformational flexibili ty of the	 L1R thiazoline
groups influences the or ientations of their  ‘R’ substituents
when R ≠ H, which is easiest to quantify when R = Ph. How-
ever , this flexibility is overestimated in the heterochiral
[Fe(L1Ph)2] 2+ and [Fe(L2Ph)2]2+ minimizations, which  both
predict  a larger  canting of  the phenyl  substituents than  is
found exper imentally (Table 1). The minimized phenyl
group or ientations in the homochiral  isomers of those com-
plexes are closer  to the crystallographic structures.

To compensate for  overstabil ization of the low-spin form
by the GGA functional B86PW91,51,52 the spin state energies
in Table 2 are expressed as DErel{HS-LS}, relative to
[Fe(L2H)2] 2+ which shows T½ = 245 ±2 K in solution.15 A
complex with a positiveDErel{HS-LS} has a more stable low-
spin state than for  [Fe(L2H)2] 2+, and vice	versa. The correla-
tion between DErel{HS-LS} and measured T½  values show s
the calculations reproduce the exper imental spin state
proper ties reasonably well (Figure 7).9,12,47 However, the
calculations predict  the high-spin  state of  both  isomers of
[Fe(L1iPr)2] 2+ is ca.1.5 kcal mol−1 more stable than observed
experimental ly, when compared to the other  molecules in
the study. This is discussed further  below. The computed
spin state energies of [Fe(L2iPr)2] 2+ and the

Table	1	The	average	dihedral	angle	(deg)	between	the	
least	squares	planes	of	each	Ph	group	and	 the	pyridyl	
ring	on	the	other 	ligand,	in	the	experimental	and	calcu-

lated	low-spin	forms	of	[FeL2]2+	(L	=	L1Ph	and	L2Ph).	The	
dihedral	angles	would	be	zero	if	these	groups	perfectly	
sandwiched	each	other 	(Figure	6).	

L = L1Ph L = L2Ph

Homochiral

Crystallographica 5.1(9)-11.8(2) 12.0(2)-17.9(2)

B86PW91 9.5 10.2

B97-D2 7.2 5.7

Heterochiral

Crystallographica 13.3(3)-13.5(3) 3.3(2)-6.0(2)

B86PW91 18.4 11.0

B97-D2 9.4 1.5
aRange of values for  all available crystal structures of these
complexes (Tables S4 and S5).



Figure	6 Computed  structures of  low -spin  [Fe((R)-L1Ph)((S)-
L1Ph)]2+, minimized in the gas phase using the B86PW91 (top)
and B97-D2 (bottom)  functionals. Color  code: C, dark  gray; H,
white; Fe, pale gray; N, blue; S, yellow .

tBu-substituted complexes might contain a similar  error ,
although that would not affect  their  predicted high-spin na-
ture. In other  respects, the data in Table 2 are self-con-
sistent and al low some conclusions to be drawn.

The low-spin state of each [Fe(L1R)2] 2+ molecule is stabi-
lized compared to its [Fe(L2R)2]2+ congener  (Table 2). This
mostly reflects the dz2 and dxy orbital energies, which are
both higher  in low-spin [Fe(L1H)2] 2+ than  for  [Fe(L2H)2] 2+

implying stronger  Fe−N s-bonding in the L1H complex (Fig-
ure 8). Consistent w ith that, the average energy of the lone
pair  combination orbitals in metal-free L1H is 0.07 eV higher
than for L2H by the same computational  protocol, show ing
L1H is the more basic N-donor  (Figure S45). In contrast, the
average energies of the t2g orbitals in the complexes are al-
most identical, showing they experience similar  levels of
metal-ligand p-bonding. Hence, the more low-spin charac-
ter  of [Fe(L1R)2] 2+ simply reflects the higher Brønsted basic-
ity of that l igand family.

The high-spin state is stabi lized in each homochiral com-
plex relative to its heterochiral diastereomer, as expected.
However, ΔErel{HS-LS}  for  homochiral  and heterochiral
[Fe(L2Ph)2] 2+ differ by only 0.2 kcal mol−1. This is barely out-
side the margin of error , but is consistent with another  re-
cent study of those molecules.21 The equivalent energy dif-
ference for [Fe(L1Ph)2] 2+ is ten times larger at 2.0 kcal mol−1,
implying a greater  discrimination of spin state between
those diastereomers as observed experimentally.

Interestingly, the ΔErel{HS-LS} values imply the opposite
result for the isopropyl complexes, that ΔErel{HS-LS} for  ho-
mochiral and heterochiral [Fe(L1iPr)2] 2+ should  be more

similar  than for  [Fe(L2iPr)2] 2+. That can’t be confirmed ex-
perimental ly however, since both isomers of [Fe(L2iPr)2] 2+

are fully high-spin. As descr ibed above, it ’s also less clear
how well the spin states of the iPr-substituted complexes
are modelled by these calculations (Figure 7).

	
Table	2	Minimized	gas-phase	spin	state	energies	for 	[Fe(L1R)2]2+	and	[Fe(L2R)2]2+	(R	=	H,	Ph,	iPr 	or 	tBu) 	using	the	
B86PW91	functional.	Experimental	solution-phase	SCO	mid-point	temperatures	(T½)	are	also	given,	for 	comparison	
(HS	=	high-spin,	LS	=	low-spin).	

T½, K E(HS), Ha E(LS), Ha ΔErel{HS-LS},
kcal  mol−1 a

ΔE{dia, HS},
kcal mol−1 b

ΔE{dia, LS},
kcal  mol−1 b

1 [Fe(L1H)2] 2+ LSc,d −4035.468705 −4035.503406 +5.8 − −
2 [Fe((R)-L1Ph)2]2+ 344(6) −4959.373908 −4959.400465 +0.7 +0.7 +2.7

3 [Fe((R)-L1Ph)((S)-L1Ph)]2+ LSc −4959.375037 −4959.404693 +2.7 − −
4 [Fe((R)-L1iPr)2]2+ 277(1) −4507.045026 −4507.068592 −1.1 +1.0 +2.3

5 [Fe((R)-L1iPr)((S)-L1iPr)]2+ LSc −4507.046550 −4507.072196 +0.2 − −
6 [Fe((R)-L1tBu)2]2+ HSe −4664.211827 −4664.216828 −12.8 −11.1 −12.8

7 [Fe((R)-L1tBu)((S)-L1tBu)]2+	 − −4664.194130 −4664.196372 −14.5 − −
8 [Fe(L2H)2] 2+ 245(2)f −2743.727948 −2743.753346 0 − −
9 [Fe((R)-L2Ph)2]2+ 244(2)f −3667.635387 −3667.660670 −0.1 +4.7 +4.9

10 [Fe((R)-L2Ph)((S)-L2Ph)]2+ 278(2)f −3667.642858 −3667.668452 +0.1 − −
11 [Fe((R)-L2iPr)2]2+ HSe,f −3215.310328 −3215.320134 −9.8 +2.4 +8.6

12 [Fe((R)-L2iPr)((S)-L2iPr)]2+ HSe,f −3215.314169 −3215.333782 −3.6 − −
13 [Fe((R)-L2tBu)2]2+ HSe −3372.489865 −3372.491425 −15.0 −5.6 −6.8

14 [Fe((R)-L2tBu)((S)-L2tBu)]2+ − −3372.480884 −3372.480526 −16.2 − −
aA positive ΔErel{HS−LS} means the low-spin state is more stable than for  [Fe(L2H)2]2+, and vice	versa. bA positive ΔE{dia} means the
heterochiral  isomer  is more stable than the homochiral  form by this protocol, and vice	versa. cThe complex is diamagnet ic and fully
low-spin by NMR at room temperature, implying T½ ≥ 400 K (ref. 46). dRef. 31. eThe complex is fully high-spin over  the temperature
range of the measurement. fRef. 15.



Figure	7 Top: correlation between measured solution T½ val-
ues, and the computed spin state energies in Table 2. Each data
point  is identified by the corresponding entry in the Table, and
the line shows the best  fit  linear  regression  of  the black  data
points. Compounds showing SCO near  room temperature are
black or  gray circles; low-spin compounds (T½ > 350 K) are red
squares, and high-spin compounds (T½ < 220 K) are green tr i -
angles. Bottom: expansion of the top graph, highlighting the
SCO-act ive molecules.

The heterochiral isomer of each phenyl and iso-propyl
substituted molecule has lower  energy than its homochiral
analogue, according to the energy difference between themΔE{dia} (Table 2). The difference is larger  in the low-spin
complexes, whose shor ter Fe−N bonds and more regular co-
ordination geometries place their  ‘R’ substituents closer  to-
gether. In contrast, ΔE{dia} shows the homochiral isomer  is
more stable for [Fe(L1tBu)2]2+ and [Fe(L2tBu)2] 2+, which ex-
plains our  inabil ity to prepare the heterochiral  form of
[Fe(L1tBu)2][ClO4] 2.

The overstabil ized high-spin state of [Fe((R)-L1iPr)2] 2+

and [Fe((R)-L1iPr)((S)-L1iPr)] 2+ (Figure 7) might reflect that
B86PW91 doesn’t include dispersion interactions between
non-bonded  atoms, which  could  be significant  in  crowded
molecules l ike these.53 To test that, the calculations were re-
peated w ith another  GGA functional that includes a disper-
sion correction, B97-D2.54 While absolute energies calcu-
lated  by  these  two  functionals  will  differ ,  computational
surveys imply they should yield consistent ΔErel{HS-LS} val-
ues, other  things being equal.49,51,55

Figure	8  Front ier  MO energies of  low-spin  [Fe(L1H)2] 2+ and
[Fe(L2H)2]2+ computed with the B86PW91 functional. The en-
ergy levels are color coded as: metal-based d-orbitals (black);
and ligand-centered MOs (gray). Plots of these MOs are in Fig-
ures S57 and S58, and  the d-orbitals are labelled in the ideal-
ized D2d symmetry for  this ligand geometry.

The minimized ΔErel{HS-LS} for [Fe(L1H)2] 2+ computed by
B97-D2 is +6.3 kcal mol−1, which resembles the +5.8 kcal
mol−1 value from B86PW91 (Table S14). However, the dis-
persion-corrected functional over-stabilizes the low-spin
states of [Fe(L1R)2]2+ and [Fe(L2R)2] 2+ when R = Ph or iPr, by
up to 7 kcal mol−1. Moreover, the B97-D2 calculations reveal
two other  inconsistencies. First, they compute the low-spin
state of [Fe((R)-L2Ph)2]2+ to be more stable than for  its het-
erochiral counterpar t. Second, ΔE{dia}  for  heterochiral
[Fe((R)-L1Ph)((S)-L1Ph)] 2+ is computed to be negative,
which would make it  unstable to racemization through lig-
and exchange. Neither  of these anomalies occurs in the
B86PW91 energies, which are a better  match for  the exper-
imental results.54

Notably, the B97-D2 minimizations of the phenyl-substi-
tuted complexes include tighter  intramolecular p···p stack-
ing of their phenyl and pyr idyl groups than in the B86PW91
minimizations (Figures 6, S60 and S61). This is most
marked in the heterochiral isomers, where p···p stacking of
the phenyl groups is under-estimated by the B86PW91 min-
imizations, but overestimated by B97-D2, when compared



with exper iment (Table 1, Figure 6). For  homochiral
[Fe((R)-L2Ph)2] 2+ thisp···p stacking is also much stronger by
B97-D2 than is observed exper imentally; the p···p interac-
tions are apparently strong enough to overcome steric
clashes between  Ph  groups with  this functional. That  may
contr ibute to the overstabilized low-spin state in the B97-
D2 minimization of this molecule.

We conclude dispersion interactions should make a. small
contr ibution to the spin-state energies of [Fe(L1R)2] 2+ and
[Fe(L2R)2]2+ but, i f so, this is over-estimated by the B97-D2
functional in these gas-phase calculations.54

	
Conclusion	
The low-spin state of  [Fe(L1R)2] 2+ (R = H, Ph or iPr)  is con-
sistently  stabil ized  compared  to  the  corresponding
[Fe(L2R)2]2+ compounds, for  a given  ‘R’  substituent  (Table
2). That mostly reflects the greater s-basicity of the thia-
zoline N-donor  atoms in L1R, compared to the oxazoline
r ings in L2R (Figure 8). Moreover , the previously repor ted
steric stabilization of the high-spin state in [Fe((R)-
L2Ph)2] 2+, compared to its heterochiral diastereomer,15 is
enhanced in [Fe(L1Ph)2] 2+. That could not be quantified ex-
perimentally however , since SCO in the heterochiral com-
plex l ies outside the liquid range of common NMR solvents.

The ‘R’ substituents exer t greater  ster ic influence on the
spin  states  and  stabili t ies  of  [Fe(L1R)2] 2+ than on
[Fe(L2R)2]2+. That  is evident  in  the spin  state properties of
the diastereomers of [Fe(L1Ph)2] 2+,  as  above,  and  also  in
their  coordination geometr ies which are consistently more
distorted  in  crystals  of  homochiral  [Fe(L1Ph)2]2+ than for
[Fe(L2Ph)2] 2+. It  also reflects that  [Fe((S)-L1iPr)2]2+ and
[Fe((S)-L1tBu)2] 2+ undergo significant ligand displacement
in CD3CN solution, while [Fe((S)-L2iPr)2] 2+ 15 and [Fe((S)-
L2tBu)2]2+ do not.

Homochiral  [Fe((S)-L1tBu)2] 2+ and [Fe((S)-L2tBu)2] 2+ are
unexpectedly stable as their  perchlorate salts, despite their
ster ic crowding. Both cations are high-spin with highly dis-
tor ted coordination geometries, which reflects the ster ic in-
fluence of their tBu groups (Figure 3). The heterochiral  dia-
stereomers of those complexes could not be isolated or  ob-
served in solution, however. This was reproduced computa-
tionally, which showed heterochiral [Fe((R)-L1R)((S)-
L1R)]2+ and [Fe((R)-L2R)((S)-L2R)]2+ are more stable in  the
gas phase than their  homochiral congeners for  R = Ph and
iPr, but are less stable for R = tBu.

The  gas  phase  DFT  calculations  also  confirm  other  as-
pects of this work. Although their  l igand conformations
aren’t all perfectly reproduced (Table 1), the spin state en-
ergies and coordination geometries of [Fe(L1R)2]2+ and
[Fe(L2R)2]2+ are self-consistent and agree with experiment,
when  R =  H, Ph  and tBu (Figure 7; Tables S10 and S11).
However , the calculations are less successful for  R = iPr,
since the high-spin state of both diastereomers of
[Fe(L1iPr)2] 2+ is over-stabi l ized by ca 1.5 kcal mol−1 com-
pared  to the complexes with  R = H and  Ph. Moreover, the
difference between ΔErel{HS-LS} of the two diastereomers is
computed  to  be  larger  for  [Fe(L1R)2]2+ than [Fe(L2R)2] 2+

when R = Ph, but smal ler when R = iPr. The computed trend
for R = Ph agrees with experiment, but cannot be confirmed
for  R = iPr because both diastereomers of [Fe(L2iPr)2] 2+ are

high-spin. Hence, it  is unclear  how well [Fe(L1iPr)2] 2+ and
[Fe(L2iPr)2] 2+ are treated by our  calculations.

The anomalous spin state energies for R = iPr could reflect
the influence of intramolecular dispersion interactions in-
volving  the  ‘R’  substituents, which  are  not  treated  by  the
B86PW91 functional. Dispersion interaction energies
should favor the more compact low-spin state, which br ings
non-bonded atoms in a molecule closer  together .55 How-
ever , repeat calculations using the dispersion-corrected
functional B97-D2 over-correct for  this, in computing a
much greater  low-spin character  for  [Fe(L1R)2]2+ and
[Fe(L2R)2]2+ (R = Ph  and iPr)  than  is observed  exper imen-
tally.54 They also predict the wrong relationship between
the diastereomers for  [Fe(L2Ph)2]2+ (Table S14). The intra-
molecular p···p interactions computed by this functional
when R = Ph are stronger in the B97-D2 minimizations than
observed experimentally, which may contribute to that
anomaly (Table 1).

Common methods of treating dispersion in DFT are
known to overstabilize the low-spin states of SCO mole-
cules. That may reflect the absence of intermolecular  dis-
persion  interactions in  single molecule calculations, which
leads to overestimation of the intramolecular  dispersion
contribut ion.55 Our  calculations suggest these errors are ex-
acerbated in sterically crowded molecules, involving intra-
molecular  contacts between peripheral substituents.

These results give addit ional insights into the interplay
between chiral ity and spin state in sterical ly crowded
iron(II) complexes. As well as having value for  the synthesis
of chiral SCO materials,16 they have wider  relevance for  the
design of chiral  iron catalysts or  chromophores, which are
tailored to adopt the correct spin state properties for the de-
sired application.1-3
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