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Design and study of structural, linear and nonlinear optical proper-
ties of chiral [Fe(phen);]** complexes
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LOMA, UMR CNRS 5798, 351 Cours de la Libération, FR-33405 Talence Cedex, France.

ABSTRACT: The dependence of non-linear optical properties upon the spin state in molecular switches is still and unexplored area.
Chiral [Fe(phen)s]?* complexes are excellent candidates to those studies since they are expected to show non-linear optical properties
of interest and at the same time, they show photoconversion to a short-lived metastable High-Spin state by ultrafast optical pumping.
Herein we present the synthesis, crystallographic and spectroscopic comparison of chiral [Fe(phen)s]** complexes obtained with
chiral anions, a new lipophilic derivative of the D,-symmetric (Asy(tartrate),)®, and Dz-symmetric TRISCAT, TRISCAS and
TRISPHAT. Complexes [Fe(phen)s](rac-TRISCAT) (2) and [Fe(phen)s](X-TRISCAS), (X = rac (3), A (4), A (5)) were found to be
isomorphous in the R32 Sohncke space group, with twinning by inversion correlated with the starting chiral anion optical purity. The
structures show the [Fe(phen)s]?* complex interacting strongly along its 3-fold axis with two anions. Only the structure of a
([Fe(phen)s](rac-TRISPHAT), solvate (6) could be obtained, which showed no particular anion/cation interaction, contrary to what
observed previously in solution. The [Fe(phen)s](X-As;(tartrate),;) (X = A (7), A (8), and racemic mixture (9)) crystallize in enantio-
morphic space groups P3:21/P3,21 with the same solid state packing. Dichroic electronic absorption studies evidenced racemization
for all chiral complexes in solution due to ion pair dissociation, while the asymmetric induction is conserved in the solid state in KBr
pellets. We evidenced on chiral complexes 4 and 5 strong non-linear second harmonic generation, the intensity of which could be

correlated with the complex electronic absorption.

Introduction

Photophysical properties of Fe(ll) complexes with polyimine lig-
ands, such as [Fe(bipy)s]?*, [Fe(phen)s]?*, or [Fe(terpy)2]%*, where
bipy = 2,2"-bipyridine, phen = 9,10-phenantroline and
terpy = 2,2":6',2"-terpyridine, have been the subject of intense scru-
tiny recently.-® These studies are of course of fundamental interest
for the understanding of photophysics in 3d transition metal com-
plexes, but have also application in the understanding of optical
writing/magnetic reading in spin crossover (SCO) compounds.’
Moreover such complexes were thought as potential substitutes for
Gréatzel-type dye-sensitized photovoltaic cells.® Indeed these dia-
magnetic low-spin d® diimine complexes are considered as models
for Fe(ll) SCO complexes which quite commonly present Ng coor-
dination spheres based on heteroaromatic ligands. Comparatively,
SCO complexes usually show much smaller zero-point energy dif-
ference AHHL (1000 cmt) between the high-spin (HS) configura-
tion, for low ligand-field (LF) strength, and the low-spin (LS) con-
figuration, for high LF strength.®1° It is known for SCO complexes
that in the solid state the low temperature LS ground state may be
photoconverted to a long-lived metastable HS state, the so-called
Light-Induced Excited Spin State Trapping (LIESST) effect.!112 |t
was shown even earlier that such photoconversion could take place
in solution at about room temperature using pulsed irradiation with
corresponding fast relaxations.®® Fe(ll) LS polyimine complexes,
while having much higher AHHL (*6000 cm™?), show nevertheless

the same conversion to a metastable HS state by ultrafast optical
pumping, with even faster corresponding relaxations.t#614-25
While these compounds exhibit many interesting features for opti-
cal applications, their use in optics is still limited due to the centro-
symmetry that most of Fe(ll) complexes with polyimine ligands
usually adopt in solid state. This centrosymmetry prevents these
compounds from exhibiting interesting properties such as piezoe-
lectric and electro-optic effects, as well as second order non-linear
optical phenomena giving rise to second harmonic and sum fre-
quency generation. To further extend the application of Fe(Il) com-
plexes, it is necessary to break their natural centrosymmetry.

One strong point of molecular materials is the endless chemical
playground they represent for grafting new properties. Notably, we
have been investigating the combination of SCO and chirality for
some years now,?® a combination sometimes obtained by serendip-
ity?” and obtained rationally only using optically active ligands.?’~
34 Due to their extensively studied photophysics, the model com-
plexes [Fe(bipy)s]?*, [Fe(phen)s]?*, or [Fe(terpy)2]?* were evident
targets for attractive low-cost non-centrosymmetric materials
showing non-linear optical properties, and for the study of their
eventual dependence with the spin state of the complex. Indeed
some data were recently published on a SCO compound, but puzz-
lingly the reported crystalline structure is centrosymmetric, and the
magnitude of the effect reported was quite weak.® In view of those
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results, we decided to pursue the study of the chiral induction of the
model complex [Fe(phen)s]?* by a series of chiral anions.

We used two families of chiral anions (Figure 1): D2-symmetric
anions based on cheap and easily available tartaric acid such as ar-
senyl/stibyl tartrate adducts, and Ds-symmetric anions, tris(cate-
chol)phosphate(V) (TRISCAT), tris(catechol)arsenate(V)
(TRISCAS) and 3,4,5,6-tetrachlorocatechol  phosphate(V)
(TRISPHAT). TRISCAT s easily accessible, but it epimerizes
quickly in solution and loses its optical activity.®® However,
TRISCAS was reported to be stable in solution and was resolved to
A and A isomers using cinchonine and cinchonidine alkaloids re-
spectively.3"38 Likewise, TRISPHAT was resolved with high dia-
stereomeric excess using chiral alkaloids,3*° and has been used in
asymmetric chemistry as resolving agent for high levels of induc-
tion or recognition in molecular**? or supramolecular processes.*?
Surprisingly, they have been used so far only sparsely for the
synthesis of materials.** There are only few reports of diastereose-
lective ion pairing of the TRISPHAT anion with diimine low-spin
Fe(ll) complexes, either in solution,*42454% or in the solid
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Figure 1. Schematic representation of Ds-symmetric chiral anions
(TRISCAT, TRISCAS, TRISPHAT) and D2-symmetric chiral ar-
senyl tartrate anion.

On the other hand, the Dz-symmetric As(111)*° or Sb(111)%° tartrate
adducts were used in the past for the resolution of metal com-
plexes,*>51-5 mainly through chiral HPLC,%356-%8 with C; and Cs
association models proposed for the chiral recognition of octahe-
dral metal complexes by [Shz(tartrate)2]?~.5%6% Their synthesis is
based on easily available and cheap tartaric acid. Potassium (+)-
antimonyl tartrate is even commercially available, but its insolubil-
ity in organic solvents limits severely its usefulness. The chirality
of these anions can be simply labelled by extending the IUPAC
skew line system (Scheme 1),5! with one line joining the carbox-
ylate coordinated oxygen atoms of one tartrate ligand and the sec-
ond line the twofold axis intersecting the As atoms.” This is indeed
similar to the accepted convention for tris(bidentate) octahedral
complexes,52 when considering one ligand and the threefold axis of
the complex (Scheme 1).8

Chiral [Fe(phen)s]?* complexes show strong non-linear optical
properties as shown in our recently published study on second-har-
monic generation, its correlation with the electronic absorption
spectrum, and sum-frequency generation for drop-cast films of the
complex resolved with the arsenyl tartrate anion that is published
elsewhere.5® Herein we present a full report on the synthesis and
characterization in solution and in the solid state of such materials
resolved with two families of anions (see table of compounds in
Supplementary Information). Dichroic optical studies allowed us to

compare the chiral induction in the solid state and in solution.
While optically pure complexes with TRISPHAT could not be iso-
lated, complexes containing the TRISCAT and TRISCAS anions
were shown to crystallize as inversion twins in the Sohncke R32
space group, the Flack/batch parameter being close to the optical
purity of the starting anion. The arsenyl tartrate anions yielded in-
stead structures in the enantiomorphic P3:121/P3221 space groups.
Those molecular materials, soluble in some common organic sol-
vents, can be easily drop-cast as films. Non-linear optical studies
on drop-cast films of the complex resolved with the TRISCAS an-
ion revealed very strong second-harmonic generation. The intensity
of the signal monitored in function of the excitation wavelength
showed a strong correlation with the electronic spectrum and its
dichroic counterpart. This work opens the way to novel studies at
room temperature on non-linear optical properties dependence
upon modulation of the spin state®* by ultrafast pumping.

Scheme 1. Definitions of the A and A configurations in ar-
senyl/stibyl tartrate anions and octahedral complexes.

Results and discussion
Synthesis and characterization of chiral anions.

Syntheses of TRISCAT, TRISCAS and TRISPHAT were repro-
duced or adapted from previous literature and are reported in Sup-
plementary Information. While synthesis of the arsenyl tartrate ad-
ducts readily yields A-1, A-1, or rac-1 as confirmed by elemental
analysis (Scheme 2), instead reactions with antimony trioxide did
not give satisfactory analyses. In agreement with previously pub-
lished structures for other derivatives of this dianion,*>° they
demonstrate D2 symmetry: (-)-(S,S)-tartaric acid gives the A iso-
mer while the adduct with (+)-(R,R)-tartaric acid is the A isomer,?
as shown by crystal structures solved in the Sohncke® P212:2 space
group (see details in Table SI2 and Figure SI3 in Supporting Infor-
mation). Polarimetry and FTIR show that anion 1 in solution is
likely to partially decoordinate, but regains the D2 structure upon
solvent removal (see details in Supporting Information). Accord-
ingly, a further study of the arsenic and antimonyl tartrate anions in
solution by vibrational dichroic studies will be reported elsewhere.
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Scheme 2. Synthetic path to chiral anion 1.

[Fe(phen)s](X)2 (X = TRISCAT (2); TRISCAS : rac (3), A (4),
A (5))

No Fe(ll) complexes based on TRISCAT or TRISCAS have been
reported in literature before, the only examples with TRISCAS be-
ing Cu(ll) complexes.®>5 The synthetic procedure consisted in all
cases in layering a methanolic iron sulphate solution over solutions
of TRISCAT.HNBus or TRISCAS racemic/A/A salts and 1,10-phe-
nanthroline (phen) in a mixture of methanol and dichloromethane.
Red single crystals were formed in a few weeks. Diffraction data
for [Fe(phen)s](rac-TRISCAT)2 (2), [Fe(phen)s](X-TRISCAS)2 (X
=rac (3), A (4), A (5)) were collected. As shown by almost identical
cell parameters between complexes 2-5, they are isomorphous. The
data could be satisfactorily integrated in the trigonal system, but
scaling and merging could be performed either in the -3 or -3m
Laue class.

In order to select the correct space group within the corresponding
point groups (-3m, 3m, 32, -3 and 3) belonging to those two Laue
classes, a dataset collected on complex 4 integrated in trigonal set-
tings but scaled and merged in point group P1 was further analyzed
(see details and Table SI6 in Supplementary Information).5

The intensity data were then sorted into sets of 12 reflections sym-
metry-equivalent under point group -3m, of which 45 complete sets
were obtained. We calculated then for each point group Rmerge for
|Fous/?, A and D (A and D being the average and the difference of
Friedel opposites respectively).®8-7 There was a clear preference
for non-centrosymmetric point groups 3 and 32. Systematic extinc-
tions led to potential R3 and R32 space groups respectively. The
structures could be solved in either space group. Full convergence
required the inclusion of an inversion twin law for all complexes 2-
5, and final refinement statistics were systematically slightly better
for the R32 space group. The X-ray crystallographic refinement
data for complexes 2-5 are shown in Table S19 in Supporting Infor-
mation. Flack parameters were obtained after full convergence of
the structures: for complexes 2-5, it deviates significantly from zero
at 0.45(2), 0.473(15), 0.163(13) and 0.277(2) respectively. Those
values were apparently close to the optical purity of the starting
anion: TRISCAS diastereomeric excesses were 0% for 2-3, 88%
for 4, while it was 66% for 5. Nevertheless, when we performed a
second synthesis of complex 4 with an 86% d.e. batch of
A-TRISCAS, the resulting crystal analyzed yielded a Flack param-
eter statistically equal to zero (complex 4a at -0.006(3)), evidencing
that the link between crystals and starting anion optical purity is not
completely straightforward.

The fact that complexes 2-3 did not crystallize in a centrosymmet-

ric space group as expected led us to check the veracity of the ex-
istence of these inversion twins. Indeed, it has been found true that

most non-centrosymmetric crystal structures with Flack parameter
values between 0.25 and 0.75 published in Acta Cryst. C in 2011
and 2012 were in fact twinned by inversion.”>77 We thus analysed
the data further, with refinement completed without the twin law
for complexes 3 and 4 (see more details and Figures S17 and SI8 in
Supporting Information). Observed and modelled data were then
separated in centric and acentric reflexions. %77 The slopes given
by the plots of Dobs (difference for paired observed Friedel reflec-
tions) vs. Dsingle (difference for paired Friedel reflections calcu-
lated from a single domain model) were in perfect agreement with
the Flack parameter issued from the least-square refinement includ-
ing the racemic twin law, evidencing that those compounds are in-
deed racemic twins. One must note that crystals observed under po-
larized light did not evidence macroscopic domains of opposite
handedness. The inversion twin implies then the presence of micro-
scopic domains of opposite handedness that are intimately mixed.

The global description of all crystal structures is similar. As ex-
pected, the interaction of the bulky TRISCAT or TRISCAS counter
ions with the [Fe(phen)s]?* system does not modify the spin state of
the tris-phenanthroline iron(Il) system. The average iron-nitrogen
bond distance is Fe-Navg~ 1.97 A, corresponding to the LS state
due to the strong c-donating and n-back bonding capabilities of the
ligand molecule.”® The [Fe(phen)s]>* complex and two
TRISCAT/TRISCAS anions form triads by interacting strongly
along the complex 3-fold axis (Figure 2), the distances between
iron and anion being drer =5.6889(8) A and

Figure 2. Axial interactions of two A-TRISCAS with the 1,10-phe-
nanthroline a acidic hydrogens of a [A-Fe(phen)s] complex in com-
plex [Fe(phen)s](rac-TRISCAS):2 (3).
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Figure 3. Staggered interactions between a given triad (van der
Waals representation, A TRISCAS in blue and A Fe(ll) in red) and
two triads of its shell, as seen perpendicularly to the ¢ axis.

Each complex is surrounded by six anions, forming a shell along
the crystallographic ¢ axis (see more details in Supporting Infor-
mation, Figure SI11), with each anion of this shell itself part of an-
other triad. Those triads are staggered alternatively above and be-
low (Figure 3). The dichloromethane molecules fill the void spaces
between the triads. The average contacts and distances between
cations and anions for complexes 2-5 are very similar (Supporting
Information, Table SI10). We observe heterochiral interac-
tions within the triads, mediated mainly through hydrogen
bonding between the a-acidic hydrogens of the phenanthro-
line ligand and the oxygen atoms of the anion (C-HeeO =
3.3 A) and some aromatic carbons (C-HeesC(ry ~ 3.5-3.7 A), com-
pleted by a strong oxygen-carbon n-r interaction (O***C)~ 3.1-
3.2 A). X-ray powder diffractograms for complexes 3-5 confirmed
that the crystalline phases we evidenced are the only ones present:
experimental and calculated diffraction patterns from the corre-
sponding X-ray structures agree perfectly (Supporting Information,
Figure SI112).

While trying to obtain drop-cast films for the NLO measurements
described below, solutions of twinned crystals of 3 and 4 in ace-
tonitrile yielded isostructural solvatomorphs, as acetonitrile solv-
ated crystal structures (4b-5b and 4c-5c, Table SI13 in Supporting
Information). Spontaneous resolution occurs, yielding conglomer-
ates of enantiopure crystals. This is in contrast with the recently
reported copper complexes resolved using the TRISCAS anion
which evidenced enhanced racemization of the anion in a mixture
of dichloromethane and acetonitrile.®> Nevertheless, R32 being an
achiral Sohncke space group, crystals of opposite handedness show
achiral morphologies and cannot be sorted mechanically.

Figure 4. Complex [Fe(phen)s](rac-TRISPHAT)2 (6) measured at
120 K. H atoms have been omitted for clarity, with displacement
ellipsoids drawn at the 50% probability level.

[Fe(phen)s](rac-TRISPHAT)2 (6)

As we mentioned, there have been a few reports studying the chiral
induction of the TRISPHAT anion on some diimine Fe(ll) com-
plexes, but those were limited to solution studies (NMR and CD
measurements).*1424546 |n order to obtain structural data, we ob-
tained crystals in a few days by layering a methanol solution of
iron(I1) sulphate over a solution of the phen ligand and the corre-
sponding salt of TRISPHAT anion. When using rac-TRISPHAT,
we observed two distinct crystals morphologies: on one hand hard
deep-red well-defined prisms, and on the other hand crumbly red-
orange flat crystals. With enantiopure A-TRISPHAT, only the flat
orange crystals were obtained, while a A-TRISPHAT batch with a
low d.e. excess, and thus containing a significant amount of the
racemate, yielded again a mixture of phases. Despite many trials,
only the hard-red prisms allowed us to solve and refine the corre-
sponding structure in the centrosymmetric monoclinic C2/c space
group. The reaction with A-TRISPHAT would have suggested that
the red-orange phase may be the looked-for non-centrosymmetric
one, and that some spontaneous resolution may occur even with the
racemic anion. Unfortunately this phase is very fragile and likely
to be very heavily solvated, and crystals do not survive either ma-
nipulation or being outside the mother liquor. Dichroic spectra
measured in a 99:1 CHCIs/DMSO mixture did not show any signal,
though this solvent mixture was reported to yield a d.e.>95% for
TRISPHAT.*42 The centrosymmetric structure corresponds to the
expected Fe(Il) complex (see Figure 4 and Table S114 in Support-
ing Information for further details), with half of it and a TRISPHAT
anion making up the asymmetric unit. This phase is also heavily
solvated, with huge solvent-accessible spaces accounting for al-
most 1/3 of the unit cell volume, and the SQUEEZE procedure™
had to be applied to allow a satisfactory refinement, yielding
[Fe(phen)s](rac-TRISPHAT)2.(CH2Cl2)n (6) (4 < n < 16).

The low-spin Fe(ll) complex has an average Fe-N bond length of
1.982(1)A. When looking at the crystal packing, with the provision
that interactions with the solvent molecules cannot be analyzed due
to disorder, no particularly relevant interaction between iron com-
plex and phosphate anions can be observed. Overall those results
are really surprising considering previous solution NMR and CD
studies which stated that “diastereoselective induction from
TRISPHAT anions onto tris(diimine)iron(ll) complexes occurs
with better selectivity with phen rather than bipy ligands”. 442

[Fe(phen)s](X) (X = Asz(tartrate)2 : A (7), A(8), racemic mix-
ture (9)



A solution of the corresponding (NBua)2[A/A-As(tartrate)z] anion
1 was layered with a solution of [Fe(phen)z]?* to form crystals of
complexes [Fe(phen)s](X), X= A-As(tartrate). (7) and A- (8). The
crystal structures could be solved and refined to convergence in the
enantiomorphic P3:121/P3221 space groups respectively. Crystallo-
graphic data are reported in Table SI15 in Supporting Information.
Unit cells of 7 and 8 are very similar to the analogous complex of
[Fe(phen)s]?* with [A-Sba(tartrate)2]* that crystallizes in the same
trigonal chiral space group P3221.52 These phases showed again to
be heavily solvated, with huge solvent-accessible spaces account-
ing for almost 1/3 of the unit cell volume. No satisfactory discrete
disorder model was achievable, so the SQUEEZE procedure had
also to be applied to allow a satisfactory refinement, yielding a
likely composition [Fe(phen)s][Asz(tartrate)2](MeOH)(CH2Clz)a.
Crystal structures of 7 and 8 are enantiomorphous with the same
unit cell, each asymmetric unit consists of half a cation and half an
anion (Figure 5) lying over crystallographic twofold axes. The cat-
ion molecular symmetry is nevertheless very nearly threefold. The
iron atom is clearly low-spin in both case with an average Fe-N
bond length of 1.968(3) A and 1.970(6) A for 7 and 8 respectively.
Flack parameters for 7 and 8 are statistically different from zero but
quite close to it, showing that the crystals are almost enantiopure.
Synthesis with an equimolar racemic mixture of (NBua)2[A/A-
Aso(tartrate)z] yielded similar looking crystals of complex 9 (Fig-
ure 5). The crystal structure could be solved and refined as a race-
mic twin in the P3121 space group, with a batch factor of 0.492(13),
as already observed for [Fe(phen)s](rac-TRISCAS): (3).

Cation and anion interact homochirally in complexes 7 and 8 (Fig-
ure SI16 in Supporting Information): the helicity of [Fe(phen)s]?*
is induced by the configuration of the D2 arsenyl tartrate. This is
again similar to the previously reported structure with antimonyl
tartrate.>2

The crystal packing is identical for 7-9. The cations form layers
between which [As(tartrate)z]? anions are embedded in order to
compensate the charge of the layers (Figure SI17 in Supporting In-
formation). Six anions are interacting with each [Fe(phen)s]** and
have the same configuration as the cationic complex. Four of them
are almost equidistant (dre-as= 6.1 A) and two are farther away (dre-
as® 9.5 A). This is opposite to the isostructural [A-Fe(phen)s](A-
Sha(tartrate)2) complex where the Fe-Sh distances of the four near-
est anions are unequal (5.884 A and 6.233 A) and other two anions
are at longer distances (9.80 A).52

The four closest anions are interacting with the cationic complex
along two of the twofold and threefold symmetry axes of the com-
plex (Figure 6). The homochiral interaction is mediated through
hydrogen bonds between the oxygen atoms of the tartrate and hy-
drogen atoms of the aromatic rings of the complex (Oanion***C-Hcom-
plex ~ 3.146(4) A, 3.337(3) A). Theses distances are similar to those
found for antimonyl tartrate (Oanione**C-Heomplex = 3.198(4) A,
3.317(3) A).

Figure 5. Asymmetric unit of complex [Fe(phen)s](Asz(tartrate)z)
(9) at 120K. Displacement ellipsoids are drawn at the 50% proba-
bility level.

2-fold symmetry axis

Figure 6. Interaction of the four closest [A-Asa(tartrate)2]% anions
with [A-Fe(phen)s]?* along 3- and 2-fold symmetry axes of com-
plex 7.

Powder X-ray diffractograms measured for complexes 7-9 show an
excellent match between experimental and calculated patterns from
the single crystal structures (Supporting Information, Figure S118),
confirming the presence of one single phase in the bulk product.

Electronic absorption and circular dichroism of complexes 2-5
and 7-9

The tris-chelation of a metal by conjugated aromatic ligands is well
understood, leading to exciton splitting®® of the three degenerate
ligand  — 7* transitions in the UV region in a so-called CD couplet
with opposite rotatory strengths, with a pattern correlated with the
helicity of the ligands disposition.8! Indeed the intensity of the two
dichroic bands is induced by the helical disposition of the & — x*
transitions and the resulting charge displacement by coulombic
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coupling. Reference spectra are available for TRISCAS (water so-
lution):828% two n-n* catechol transitions were observed in water
solution at 220 and 276 nm, but only the high-energy transition has
dipole moments oriented in such a way to interact and give a cou-
plet. Only the couplet low energy component could be measured at
226 nm with positive Cotton effect (Ag = +68 Lmol-*1cm?) for the
A configuration 8283

We measured CD spectra for both anion 1 and the easily accessible
Kz[Sha(tartrate)2] (Figure S119 to SI21 in Supporting Information),
as compared to published spectra of tartrate. Dianionic tartrates
show bands at 194 and 211 nm assigned to n-z* and n-c* forbidden
transitions of the carboxylate groups, with no excitonic coupling
seen outside supramolecular packings.84-8 The CD spectra in water
for Ko[Sho(tartrate)2] and MeCN for anion 1 show instead two ex-
citonic couplets: one at lower energies, centered at 223 nm for
K2[Sha(tartrate).] and at 219 nm for anion 1; the second one at 200
and 197 nm respectively. In both cases, excitonic couplets are of
positive (respectively negative) chirality for the A (respectively A)
anion configuration, which upon inspection of the crystal structures
do not correspond to the coupling of the transitions observed for
dianionic tartrate. This combined with the observed bathochromic
shift supports that electronic transitions are different for As and Sh
tartrate adducts, with the deprotonated hydroxyles of the tetraan-
ionic tartrates likely to play a role. Anion 1 is sparingly soluble in
water, and the corresponding spectra are seen to be strikingly sim-
ilar to those of (NBua)2(tartrate), supporting that according to the
solvent partial or total decoordination of the tartrate may occur.
Further dichroic studies in solution will be reported elsewhere. In
the solid state (Figure SI122 in Supporting Information), KBr pellets
of A-1 and A-1 show what could be part of excitonic couplets below
230 nm. The difference in the Cotton effect between A-1 and A-1
is likely due to inevitable experimental errors in preparing the KBr
pellets. To the best of our knowledge no further CD spectra were
previously reported for tartrate adducts with As(I11) or Sbh(lll).

Reference spectra are available for [Fe(phen)s]?* in water solution:
one nt-* phen transition was observed to give a couplet at 260 nm
and 272 nm, which are Az and E coupled in the Dz symmetry point
group.®” The two bands show opposite Cotton effect, negative at
272 nm for the A configuration and inversely positive for the A con-
figuration (Ae=+715 Lmol*lcm™), confirmed from the crystallo-
graphic structure of [A-Fe(phen)s]?*.52

Electronic spectra for complexes 2-5 and 7-9 in acetonitrile solu-
tions are shown in Figure 7 and 8, with further details in Figure
SI23 to Table SI26 in Supporting Information. The TRISPHAT
asymmetric induction towards [Fe(phen)s]?* in solution has been
extensively studied by circular dichroism and 1H-NMR,*42 so we
studied the effectiveness of optically active TRISCAS towards the
same cation. Efficient asymmetric induction was evidenced to-
wards robust dinuclear helicate copper(ll) species, but it was
pointed out that asymmetric induction was affected by the possible
protonation of the anion and the donating character of the sol-
VEHt.GS’BG
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Figure 7. (top) CD spectra : 4 (blue shades) and 5 (red shades) in
KBr pellets (full lines) and in acetonitrile solution (short dotted
line), and 4 in acetonitrile solution + 10 eq TFA (short dotted green
line); (bottom) corresponding UV-visible spectra of 4 and 5 in ac-
etonitrile solution.

The [FeNs]?* core is known for its lability.5! Nevertheless we meas-
ured the CD spectra in acetonitrile for complexes 4 and 5 (Figure
7, top) and complexes 7 and 8 (Figure 8, top). It is clear from Figure
7 and 8 that in acetonitrile solution no [Fe(phen)s]?* MLCT bands
are present. [Fe(phen)s](TRISCAS)2 (Figure 7) shows only three
Cotton effects at 209 nm, 234 nm and 280 nm (A of +1004, +643
and +50 Lmol-tcm? respectively for 4), inverted for 5
(Agof -758, -755 and -48 Lmol~cm™ respectively). Those features
correspond only approximately to the TRISCAS catechol n — =*
transitions reported previously.® Indeed the couplet reported at
220 nm is not apparent here, and transitions appear to be much
more intense. Nevertheless A/A-TRISCAS alkaloid salts when
measured in acetonitrile instead of water were seen to show transi-
tions with pronounced hypsochromic shifts and enhanced intensi-
ties (Figure SI127 in Supporting Information). The low-energy band
of the couplet is shifted to 206 nm, the uncoupled transition to
235 nm, and a further transition is seen at 280 nm, with Ag=-96, -
46 and -3 Lmolcm?, +151, +73 and +5 Lmol-*cm* for cincho-
ninium(A-TRISCAS) and cinchonidinium(A-TRISCAS), respec-
tively. The absence of any Cotton effect corresponding to the
MLCT bands in the visible region and the similarity with the anion
CD spectra indicates for the complex that dissociation of the ion
pair occurs with subsequent racemization of the A- or
[A-Fe(phen)s]?* complexes through the well-known Bailar or Ray-
Dutt twist mechanisms.8 The link of these UV features with
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TRISCAS is confirmed by the complete loss of optical activity for
the [Fe(phen)s](A-TRISCAS): solution (Figure 7) upon addition of
a few drops of trifluoroacetic acid: the acidic racemization of A-
TRISCAS is well documented.®® For [Fe(phen)s](Asa(tartrate)z),
the CD spectra for 7 and 8 (Figure 8) are clearly very similar to the
ones we recorded for anion 1 in MeCN (Figure S120 in Supporting
Information). The ion-pair dissociation and subsequent quick race-
mization observed here is puzzling since antimonyl(tartrate) was
used to prepare optically pure [Fe(phen)s]®* samples on which di-
chroic spectra were originally measured in much more polar wa-
ter.8”
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Figure 8. (top) CD spectra : 7 (red shades) and 8 (blue shades) in

KBr pellets (full lines) and in acetonitrile solution (short dotted

line); (bottom) corresponding UV-visible spectra of 7 and 8 in ac-
etonitrile solution.

We also checked whether any chiral induction could be seen in so-
lution by recording *H NMR spectra for complexes 3 and 4 in
CDsCN and (CDs)2CO (Figures SI28 in Supporting Information).
In both cases spectra are seen to differ for hydrogen atoms in ortho
and para positions from the spectrum recorded for [Fe(phen)s]Cl2
in CD3CN,% suggesting close ion pairing in solution. Nevertheless,
the absence of [Fe(phen)s]>* MLCT bands in the CD measurement
in both acetonitrile and acetone would indicate that this interaction
is not close enough to prevent racemisation of [Fe(phen)s]?*. The
low solubility of complex 4 in non-polar solvents prevented study-
ing the effect of the polarity of the solvent.

As shown by the crystal structure, there is clearly an efficient asym-
metric induction in the solid state. While measurement of dichroic
spectra in the solid state is usually very tricky, due to macroscopic

anisotropies such as linear dichroism and birefringence, which may
be of similar or greater amplitude than the CD signal, and which
may couple with non-ideal characteristics of the polarization mod-
ulation,® dispersion of microcrystalline powder in KBr pellets
solves partially this issue.®?> We measured CD spectra of KBr pel-
lets with complexes 4 and 5 (7.2 mmol/dm?3, thickness = 0.35 mm)
at room temperature (Figure 7). The [Fe(phen)s]?* MLCT bands are
observed this time, as alternating bands at 555, 470 and 405 nm (A&
of -178, +114 and -61 Lmol-*cm! respectively for 4, and mirroring
intensities of +284, -291 and -0.5 Lmol-‘cm! for 5).

The intense n—rt* absorption bands in the UV-region (200-400 nm)
correspond to electronic transitions of TRISCAS and 1,10-phenan-
throline that are overlapping. Nevertheless, couplets for both chro-
mophores can be observed. Indeed, for complex 4 the couplet cor-
responding to the high-energy n—n* phen transitions is observed at
280 and 260 nm (A +220 and -346 Lmollcm™ respectively), its
sign corroborating the A configuration observed in the X-ray struc-
ture. Surprisingly, the low-energy transition gives significant di-
chroic signal at 296 nm (A¢ +236 Lmol-lcm™?). The A-TRISCAS
catechol couplet high-energy component is observed at 212 nm (Ag
-226 Lmol-cmt), with the uncoupled transition at higher wave-
length at 238 nm (A£-287 Lmolicm™). The A-TRISCAS complex
5 shows correspondingly opposite As values: -595 and +611 (phen
couplet), +608 (296 nm), +395 (catechol couplet) and
+391 Lmol-*cm™ (238 nm). When recrystallizing the complex in
acetonitrile, the CD spectrum of a KBr pellet prepared from a single
crystal showed very similar CD spectra to the parent compound
(Figure SI29 in Supporting Information). Ae values for the single
crystal pellet are puzzlingly very close to the ones obtained from
the starting complex prior to recrystallization, which supposedly
was less optically pure.

Mirror images CD spectra for KBr pellets of 7 and 8 are shown on
Figure 8. The [Fe(phen)s]?* MLCT bands are again observed at ap-
proximately 555, 470 and 405 nm (A& of +97, -67 and +24 Lmol
iem! respectively for 7, -70, +40 and -6 Lmol-cm* respectively
for 8). In the UV range, five Cotton effects are seen at 350, 298,
285, 260 and 233 nm (A&-30, -142, -119, +102 and -38 Lmoltcm
L respectively for 7, +27, +96, +81, -59 and +19 Lmol-cm respec-
tively for 8). The 285 and 260 nm are the high-energy phen couplet
and its sign correspond to the crystallographic A- and
[A-Fe(phen)s]?* for complexes 7 and 8 respectively. The lower en-
ergy transition at 298 nm was already observed in complexes 4 and
5, but the well-defined feature at 350 nm was not present and re-
mains unexplained. The higher Cotton effect at 233 nm may be
linked to the [Asz(tartrate)z] dianion.

Second-harmonic generation experiments

As discussed above, one of the main interests in the use of chiral
anions is that they will ensure that a given material will crystallize
in a non-centrosymmetric space group that may exhibit second-or-
der nonlinear optical properties. We checked that indeed the chiral
complexes we synthesized exhibit such properties by performing
second harmonic generation (SHG) experiments. The principle of
these experiments is very simple: exciting the sample with intense
laser pulses, the second-harmonic signal (SHS) is recorded at the
exit of sample or in reflection at its surface. In short, the experi-
mental set-up we used is as follow. Laser pulses provided at 60 kHz
repetition rate by an optically parametric amplifier were focused on
the sample by mean of a 20 cm focal length lens. The energy of
160 fsec pulses, tunable in the 2.4 um -0.6 um spectral range, can
be as high as 60 uJ. The SHS generated is collected in transmission
at the exit of the sample and it is focused at the entrance slit of a
spectrometer connected to a CCD camera. To reject the light at the
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fundamental laser frequency a filter was inserted in front of the
spectrometer.

Samples were prepared by drop casting a small volume of solutions
of complexes 4 and 5 (see Supplementary Information for further
details). We found that acetonitrile solutions resulted in the for-
mation of rather large microcrystallites. Instead with N,N-dime-
thylformamide we observed rather good quality films on the dried
samples, with small crystallites no larger than a few micrometers
in size randomly dispersed (see Figure SI30-31 in Supporting In-
formation). Preservation of the molecular structure was evidenced
by Raman spectroscopy on those films as compared with bulk sin-
gle-crystals, and conservation of the structure was checked by X-
ray diffraction (see Figure SI32 in Supporting Information).
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Figure 9. a) Spectra of the SHS recorded for the two enantiomers
(4 and 5) and the racemic mixture (3) excited by femtosecond
pulses centered at A=1050 nm. b) Evolution of the SHS intensity
versus the intensity of the fundamental pulse. The blue and red dots
are the experimental data for the two enantiomers, the straight line
is a fit considering a quadratic dependence.

The spectra of the normalized SHS we recorded for films prepared
from  [Fe(phen)s](A-TRISCAS). (4) and [Fe(phen)s](A-
TRISCAS)2 (5) when the excitation wavelength is fixed at
A =1004 nm are displayed in Figure 9. These spectra are centred at
A/2 =502 nm (Figure 9a). Moreover, as expected for a non phase-
matched optical second-order nonlinear phenomena, the amplitude
SHS in both samples evolves as the square of the fundamental pulse
intensity (Figure 9b). This ensemble of results clearly indicates that
the recorded signal results indeed from SHG. We have performed
the same experiment on a drop-cast of a racemic solution of
[Fe(phen)s](TRISCAS)2 (3). Under the same experimental condi-
tions, we could not detect any SHG signal. This experiment con-
firms that the racemic sample is not optically active and therefore
does not exhibit any second order nonlinear optical properties.

Finally, we also measured the evolution of the SHS when we tuned
the central wavelength of the excitation pulses. The SHS we rec-
orded at 4 = 1050 nm is displayed against the signal we recorded at
A =1350 nmand A =800 nm (Figure 10). These three signals were
normalized against the signal we recorded in a-Quartz under the
same experimental conditions. This latter crystal belongs to the 32
space group and thus exhibits the same nonlinear coefficients than
[Fe(phen)s](A-TRISCAS)2 (4) and [Fe(phen)s](A-TRISCAS): (5)
micro-crystallites under study. Moreover, the second-order optical
susceptibility of a-Quartz is almost flat over the whole visible and
near |.R spectral range. At variance with the SHS we recorded in
o-Quartz, the SHS we recorded for either [Fe(phen)s](A-

TRISCAS)2 (4) or [Fe(phen)s](A-TRISCAS). (5) strongly in-
creases as we tune the central wavelength of the laser pulses to-
wards A = 1050 nm. As previously mentioned, these two samples
present a small and broad absorption peak centered at 4 =520 nm
related to the d-d transition of iron(ll) that overlaps with the more
intense MLCT absorption band due to the phenanthroline ligand.

. 81’[)0 nm }.Im: =1 OSOlnm }.re_‘ =1 350I nml
3000 - 4+ 1F .
g - .
R
£ 2000 1+ 1k :
1000 1 1F B
0 T T T T T
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Figure 10: a) Spectra of the SHS recorded in [Fe(phen)s](A-
TRISCAS):2 4 under the same experimental condition when the ex-
citation wavelength is centred at A =800 nm, 1050 nm and
1350 nm respectively. These signals are normalized against the sig-
nal recorded in a-Quartz under the same experimental conditions.

Hence the increase of the SHS when the excitation wavelength is
about 4 =1050 nm is related to the resonant enhancement of the
second-order susceptibility of this material. We published else-
where extensive details about the experimental set-up, a more de-
tailed study on films made of 7 and 8 of the SHG dependence on
the irradiation wavelength, and the possibility of performing Sum
Frequency Generation on two femtosecond laser pulses, a property
with applications in nonlinear optics.5® Overall complexes 4,5, 7
and 8 present similar NLO characteristics. Indeed the behavior and
the spectral dependence we have observed in the visible range is
due to the MLCT transitions, which have similar intensities for all
those complexes.

Conclusions

As initially desired, the use of a variety of chiral anions based on
hexavalent P/As(V) (TRISCAT, TRISPHAT, TRISCAS) and tet-
ravalent As(I11) ([As(tartrate)2]>") have allowed us to perform the
chiral resolution of the well-known [Fe(phen)s]** complex.
TRISCAS and a new lipophilic derivative of [Asy(tartrate)2]*~ we
synthesized®® allow easy resolutions by selective crystallization.
We found that TRISCAS vyields dichloromethane solvates that
crystallize in the Sohncke space group R32 as inversion twins, with
molar fractions reflecting the initial optical purity of the chiral an-
ion. Recrystallization in acetonitrile yields the corresponding ace-
tonitrile solvate which spontaneously resolve. Instead the [Asz(tar-
trate)2]>~ anion yields methanol/dichloromethane solvates that
crystallize in the enantiomorphic P3:21/P3,21 space groups, even
when starting from a racemic mixture of the chiral anion. With the
chiral anion TRISPHAT, we observed racemization of the anion in
solution which prevented the resolution of the complex.

Dichroic spectroscopic studies evidenced the racemization of the
[Fe(phen)s]?* complex in solution, while chiral induction was pre-
served in the solid state upon (re)crystallization. In order to study
the second-order nonlinear optical properties, we tested also the
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dropcasting of those complexes. We showed that using N,N-dime-
thylformamide solutions allow easy growth of good-quality films.
Preservation of the chiral character of the complex was evidenced
by very strong signals in second-harmonic generation experiments
when irradiated with femtosecond laser pulses. Interestingly the
second-harmonic signal intensity dependence with the excitation
wavelength hinted at a resonant enhancement of the second-order
susceptibility of this material. The [Fe(phen)s]?* photophysics is
presently very much studied, and we are now exploring the possi-
bility of photoconverting the complex to its metastable HS state by
ultrafast pumping, and then checking SHG in that transient state.
Preliminary results show that it is a good candidate for an ultrafast
switch for non-linear optics, and they will be reported elsewhere in
due course.
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Supporting information contains experimental details of anions
and complexes synthesis and physical characterization: crystallo-
graphic data, electronic absorption, dichroic and NMR spectra, de-
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We report here the synthesis of [Fe(phen)s]?* complexes resolved with chiral anions . Complexes containing TRISCAT and
TRISCAS anions crystallize as inversion twins in the Sohncke R32 space group. Arsenyl tartrate anions yield structures in
enantiomorphic P3:21/P3,21 space groups. Those molecular materials can be easily drop-cast as films, and NLO studies of
the TRISCAS complex revealed very strong second-harmonic generation correlated with the electronic spectrum and its di-
chroic counterpart.
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