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Three-coordinate, paramagnetic Cr' complexes of type
[Cr(@amido),Bny,(NHC)], NHC = N, N-bis-(2,4,6-trimethylphenyl)-
imidazol-2-ylidene (IMes); N, N>-bis-(2,6-di-isopropylphenyl)-
imidazol(in)-2-ylidene, (S)IDiPP; N, N-bis-(2,6-di-isopropylphenyl)-
imidazol-4-ylidene, (alDiPP); amido = N(SiMes),, NH(DiPP);
Bn = benzyl, n =2, m = 0; n =1, m = 1, were prepared
by substitution or aminolysis and thermolysis methods from
[Cr{N(SiMe3),},(THF),] or [CrBn,((S)IDiPP)], respectively. Depend-
ing on the nature of the NHC and the amido ligands, different
geometries at Cr' (ranging from distorted trigonal planar, to
extended Y-, compressed Y-, and distorted T-shaped) and con-
formations, were observed. HFEPR spectroscopy was employed

1. Introduction

Following extensive studies on polynuclear complexes that
exhibit slow magnetization relaxation (i.e, single molecule
magnets, SMMs),!"! research effort has shifted to mono-12
and, more recently, bi-nuclear® fblock element SMMs,”!
leading to “tailor-made” lanthanide complexes with high
effective barrier of magnetization reversal (Ues), and block-

to accurately determine spin Hamiltonian parameters, consist-
ing of zero-field splitting (axial D and rhombic E components)
and g-values, of five S = 2 complexes exhibiting D and E/D
in the range from —2.98 to —1.63 cm~' and 0.026 — 0.069,
respectively. AC magnetometry established slow magnetization
relaxation in three complexes, operating by Raman or combined
Raman-Orbach processes. Ab initio calculations provided com-
puted zfs values, in good agreement with those obtained by
HFEPR. Magnetostructural comparisons are made within this
three-coordinate Cr' family, as well as with previously studied
two- or four- coordinate Cr' complexes.

ing temperatures (Tg) approaching® or surpassing!*®? 77 K.
Moreover, detailed mapping of the dynamic magnetic behavior
of mononuclear 3d-metal complexes has been under intense
scrutiny,!®'° aiming at validating magnetostructural correla-
tions related to slow magnetization relaxation. Accordingly,
numerous 3d"-metal complexes (n = 5 — 9) have emerged as
mononuclear SMMs, either in the presence (“field-induced”)
or, less frequently, in the absence of a direct-current (DC)
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magnetic field.®™ The favorable effects of low coordina-
tion numbers linked to large Ues due to significant magnetic
anisotropy — expressed by the axial (D) and rhombic (E)
components of the zero-field splitting (ZFS) — have been
demonstrated for linear Fe' alkyls'™ and amides,™ linear and
bent Fe" amides,™ aryls™ and linear aryloxides.'"®) Moreover,
the building of linear coordination spheres by taking advantage
of the sterics of the N-heterocyclic carbenes (NHCs) led to
the slowly relaxing linear complexes [Co'(IMes),]*, IMes = 1,3-
bis(mesityl)imidazol-2-ylidene;™  [Co"(=NAr*)(sIDiPP)], Ar* =
2,6-dimesitylphenyl, sIDiPP = 1,3-bis(2,6-iPr,C¢Hs)imidazolin-
2-ylidene;™®!  [Fe'{N(SiMe;),}(IDiPP)I™!  and  [Ni'(6-IMes),]*,
6-IMes = 1,3-bis(mesityl)-3,4,5,6-tetrahydropyrimidin-2-ylidene;™!
the Co imido species features a remarkable U value (413 cm™)."
Many three-coordinate complexes of Co",[20-%] Fe!l [2627) apd — to
a lesser degree — Fe"[282°1 are field-induced mononuclear
SMMs, also referred to as single-ion magnets (SIMs).

By contrast, among the 3d"-metal-complexes (n < 5), only
a handful of non-Kramers, S = 2, Cr'" molecular systems have
been identified as field-induced SIMs (Figure 1 and I-1V).30-3%
They feature coordination numbers of four or two in dis-
torted square-planar (CrN,3"32 or CrN,0,13"), seesaw (CrN,53!) or
quasi-linear (CrS,1*¥) geometries; the static magnetic properties
of twocoordinate bent,*>3*! guasi-two-coordinate and T-shaped
Cr'" 13391 and square planar® Cr' bis(trimethylsilyllamido com-
plexes have been reported, in conjunction with synthetic
studies (Figure 1 and V). Moreover, ab initio computational
studies have anticipated “record high” magnetic anisotropy
for [M{N(SiMe3);5]™, M = Mn, m = O M = Cr, m = -1
(Figure 1 and VI).["%2) The binuclear [Cr'{N(SiiPr3);}(1u-CI)(THF)],
was recently shown to exhibit slow magnetization relaxation
even in the absence of a DC field.!**!

2. Results and Discussion
2.1. Synthesis and Structures of the Complexes

In view of the SIM potential of mononuclear three-coordinate
3d metal complexes of the type [M{N(SiMes),),}L1,!**1 M = Fe,
Co; L = IDiPP, sIDiPP etc, we targeted 3d* high-spin Cr'
bis(trimethylsilylamido) complexes of analogous structure; the
electronic and steric opportunities that are offered by the diverse
NHC functionalities were also an attractive feature. All three-
coordinate complexes of the general type [Cr(amido),,Bn,,(NHC)],
where amido = N(SiMes),, NH(DiPP), Bn = benzyl and m+n =2
that are included in this work, as well as the methodologies
employed for their study, are summarized in Table 1.
[Cr{N(SiMe;3),},(THF),1?" (1) seemed to be a plausible entry
to access [Cr{N(SiMe;),),}(NHC)] species by “extrusion” of the two
THF molecules and introduction of the NHC ligands. In general,
the reactions of 1 with the free NHCs proved to be “capricious”:
the most straightforward reaction of 1 with one equivalent
of freshly prepared IMes in toluene, proceeded to completion
within 5-6 h at 40-50 °C affording after work-up the light-green,
extremely air-sensitive, crystalline three-coordinate 3 (Scheme 1).
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Figure 1. Four-coordinate (I-ll) and quasi-linear (IV-V) Cr" complexes
exhibiting slow magnetization relaxation; the three-coordinate complexes
VI have been predicted, by computation methods, to behave similarly.

No other products could be isolated from the reaction medium
under these conditions. In contrast, by heating the above reac-
tion mixture at 70 °C for 12 h resulted in gradual darkening of
the color, eventually turning dark brown. Work-up as before at
this stage gave as product a mixture of co-crystallizing 3 and
its cyclometalated complex 3a (Scheme 4); heating the reac-
tion mixture at higher temperatures resulted in the formation
of intractable mixtures. Interestingly, attempts to prepare the
SIMes analogue of 3, SIMes = N, N-bis-(2,4,6-trimethylphenyl)-
imidazolin-2-ylidene, following the same protocol led to the
recovery of both unreacted starting materials. Moreover, the
“extrusion” of the two THF ligands in 1 by the reaction with
one equivalent of IDiPP (as detailed in the ESI), was found to
be preferentially carried out in n-heptane giving rise to the
light green 4. Complexes analogous to 3 and 4 but bearing as
NHCs Me2CAAC, E2CAAC or RE-6 NHC, CAAC = Cyclic Alkyl Amino
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Table 1. Summary of three-coordinate complexes of Cr' reported herein and the methodologies employed for their study.
Hef DC AC Computational
Complex Empirical name sc-XRD (Evans) magnetometry magnetometry HFEPR studies
2b [Cr(Bn),(IDiPP)] Fig. S12 3.87(2)
2c [Cr(Bn),(IDiPP*)] Fig. 2
3 [Cr{N(SiMe3),},(IMes)] Fig. 3 4.26(3) v v v v
4 [Cr{N(SiMe;3),},(IDiPP)] Fig. S15 4.23(2) v 4
5 [Cr(Bn){N(SiMe3),}(IDiPP)] Fig. 4 4.02(2) v v 4 4
5b [Cr(Bn){N(SiMe3),}(SIDiPP)] Fig. S17 4.40(2) v v v v
6a [Cr(Bn)(NHDiPP)(IDiPP)] Fig. 5 4.20(3)
6b [Cr(Bn)(NHDIiPP)(SIDiPP)] Fig. S19 3.95(1) v 4 v
7 [Cr(NHDIPP),(IDiPP)] Fig. 6 3.94(1)
8 [Cr{N(SiMes),}» (a-IDiPP)] Fig. 7 4.14(1) v v v v
Abbreviations used throughout the paper: IMes = 13-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene; IDiIPP = 1,3-bis(2,6-iPr,CgHs)imidazol-2-ylidene;
SIDiPP = 1,3-bis(2,6-iPr,C¢Hs)imidazolin-2-ylidene; a-IDiPP = N, N-bis-(2,6-di-isopropylphenyl)-imidazol-4-ylidene; IDiPP* = 1,3-bis(2,6-(Ph,CH),)-4-(CHs)-
CeH,)imidazol-2-ylidene; DiPP = 2,6-diisopropyl-phenyl; Bn = benzyl

§ R =R 5

IMes or IDIPP @/ \Q

[CHN(SiMeg)o}o(THF),] ; R® R! 2,/ R' R?:
toluene or n-heptane : d = '

: N N—SsiMe; ;

1 ; Me;Si i SiMes :

i MesSi ;

3:R'=R2=CH,
4:R' = (CHg),CH, R2 = H

Scheme 1. The synthesis of the three-coordinate Cr'" NHC complexes 3 and 4 by THF displacement.

Carbene, RE-6 NHC = 1,3-bis-(2,4,6-trimethylphenyl)-pyrimidin-2- CrCl, CrCly(THF),

ylidene, following the THF “extrusion” strategy in 1, could not be IDBzP

obtained, leading instead to the isolation of unreacted starting

materials. sIDIPP IDB2ZP d e
In order to access additional ID/PP analogues of 4, the MgBna(THF), | MgBny(THF), 0.5 [C‘]_o\_/o_[”’]

aminolysis of benzyl (Bn) groups in 2a, 2b, and 2c complexes was MgBn,(THF),

considered. The known 2al“! is available in synthetically useful ’;

quantities (routinely at ca. 800 mg, as described in the ESI). More- -~~~ v+ ¥
over, the analogues of 2b and 2c obtained as shown in Scheme 2, ; Rl G=G Rt 5

were targeted in order to control the aminolysis, the subsequent @/N - N\©\ i
i R? R ]/ 1 RZ |

thermal reactivity (viz. normal to abnormal NHC isomerization . R :
etc. vide infra) and in order to manipulate the sterics at the ( ’ :
primary and secondary coordination spheres of Cr''. Interest- Ph :

2b: R' = CH(CH3),, RZ=H, G =CH, |
2¢: R'=CHPhy, R2=CHg, G=CH |

ingly, although 2b showed analogous structural characteristics
to those of 2a, complex 2c revealed counter-intuitive (based
on sheer steric arguments) geometrical features and disposition

of the Cr and Bn ligands, respectively (vide infra). Despite its o =\ )
interesting structure, the limited availability of 2c in quantities Nﬁ’/NCI
suitable to carry out further transformations, hampered efforts [C]: Ph crt

/S Ph
to study derivatives with the amido ligand scaffolds that are the Ph Cl § Ph
subject of this work.

Reactions of 2a and 2b in neat NH(SiMes), at 50 °C
afforded the complexes 5a and 5b, respectively, featuring one

bis(trimethylsilyl)-amide and one Bn groups attached to the Cr'

Scheme 2. The synthesis of the dibenzyl analogues 2b and 2c.

However, prolonged heating of a solution of 5a in neat

center. Longer reaction times did not lead to the conversion to
the disubstituted bis(trimethylsilyl)-amido species (Scheme 3).

Chem. Eur. J. 2025, 0, 202500607 (3 of 13)

NH(SiMes), at 105 °C produced good yields of complex 8 after
crystallization from n-hexane or n-heptane (Scheme 4). Complex
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Scheme 3. Aminolysis reactions of 2a and 2b.

8 features two anionic bis(trimethylsilyl)-amido and one neutral
“abnormal’, mesoionic NHC (alDiPP) donors (alDiPP = 13-
bis(2,6-iPr,C¢Hs)imidazol-4-ylidene), the NHC rearrangement
presumably being driven by the release of steric congestion
around the metal center. Quantitative yields of 8 could also
be obtained directly from 2a by heating in neat HN(SiMe3), at
105 °C for 12 h. Heating of 2b under the same conditions led
to intractable mixtures. Selective, stepwise aminolysis reactions
were also carried out by reacting 2a with one or two equivalents
of 2,6-diisopropylaniline which afforded 6a and 6b, respectively,
featuring one or two anilide ligands at the coordination sphere
of the metal center. However, analogous reaction with 2b gave
cleanly only the mono-substituted product 7 (Scheme 3).
Complexes 2b-8 are S = 2 paramagnets in benzene or
toluene solutions (Table S5); the ue¢ values obtained are lower
than the spin-only value of 4.90 ug expected for 3d* com-
plexes, suggesting unquenched orbital angular momentum that
contributes to the overall moment, and is lower due to the pos-

N - N
toluene, /& \?

Q Q
(ofllo (o3e)
q ° Qo
o O—R B o J
O o} ,
® P el O@/ o
o
O o)
O ®) O O
Ofb O ®e. .OOO O
~\
N—N

HaC CH,

Ph,CH Cr_ CHPh;

Ph

Figure 2. The molecular structure of 2c with selected metrical data (A and
°) (only one of the two disordered positions of the Bn group are depicted
and used for the metrical measurements); one disordered molecule of
solvent (ether) is omitted: Cr—Cyyc = 2.135(11); Cr-Cg, = 1.85(3);
Cpn—Cr-Cg, = 147.2(17); Cnuc—Cr-Cg,, = 106.4(8); X at Cr = 360.0°.

itive spin — orbit coupling constant. Complexes 2b-8 display
paramagnetically shifted 'TH-NMR spectra that were tentatively
assigned, where possible, based on comparison of relevant com-
plexes within the group or previously reported compounds and
on integration (Figures S1-S11 in ESI).

The structures of 2b, 2¢, 3, 4, 5a, 5b, 6a, 6b, 7 and 8 were
determined crystallographically; structural molecular models of
the complexes 2¢, 3, 5a, 6a, 7 and 8 are shown in Figures 2, 3,
4, 5, 6 and 7, respectively; additional crystallographic data and
details are shown in the ESI (Table S1 and Figures $12-527).

The structure of 2b (Figure S12) has close similarities with the
previously reported structure of 2a:1! the Cr center is marginally
pyramidalized (£ = 357.8°) and the coordination angles between
the two Bn ligands point to a trigonal geometry distorted
towards compressed-Y. The Cr-Cyyc distances in both complexes
are the same within the measured esds, (2.1146(13) and 2.124(3)
A, respectively); also, in 2b (as previously seen in 2a) the Cr-
Cyue are significantly shorter than the two Cr-Cg, distances
(2.1756(16) and 2.1525(15) A). As in 2a, striking departures from the
ideal tetrahedral value (109°) of the angles subtended at Cg, are
reproduced in 2b; this phenomenon has been attributed to the

Cr.
70 °C N
R' /. R (Me3Si)oN (+3)
V& S i & .
2 1 2
R R cr R! Ri
[
MeBSi/"‘
MesSi i
= ) /\
3,5a NH(SiMej), N \/ NH(SiMes), NT/N
105°C, 8h s 105°0:8h cr,
NN 7
MESSi’l \\SiMea Ph Ph
Me,Si SiMe,
8 2a

Scheme 4. Thermolysis of the complexes 3, 5a and 2a.
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1
e giis 8
"/ Nl I'N\— SiMe;

MSJSi’ \SlMeg IMes

Figure 3. The structure of 3 with selected metrical data (A and °):

Cr-Cnpe = 2.156(5); Cr-Namige = 2.016(4) and 2.022(4);

CnHc—Cr-Namide = 115.81(17) and 116.73(17); Namide—Cr-Namide = 127.46(17); £ at
Cr = 360.1°.

Figure 4. The structure of 5a with selected metrical data (A and °):
Cr-Cppc = 2.144Q); Cr-Namige = 1.9748(19) Cr-Cgpy 2.092(2);

CnH ¢—Cr—Cgn = 93.33(9); CnHc—Cr-Namide = 148.86(8);

Con-Cr-Namide = 117.74(9); Cr-Cgn—Cipso = 115.65(16); = at Cr = 359.8.

amide

Figure 5. The structure of 6a with selected metrical data (A and °):
Cr-Cpc = 2.115(5); Cr-Namide = 1.979(4); Cr-Cg, — 2.105(6);
CNHC_Cr_CBn = 984(2), CNHC_Cr_Namide = 12867(18},

Cen—Cr—Namide = 131.4(2), Cr-Cgr—Cipso = 104.3(4); ¥ at Cr = 358.5.

operation of weak intramolecular, noncovalent cation-7 interac-
tions. In 2c the geometry at Cr is considered as compressed-Y,
planar approaching T-shaped (X = 360.0°), with longer Cr—Cyyc
(2135(11) A) and distorted tetrahedral geometry at Cg, (102-
105°). It is pertinent to notice, though, that in 2c an analysis of

Chem. Eur. J. 2025, 0, 202500607 (5 of 13)

Figure 6. The structure of 7 with selected metrical data (A and °):
Cr-Cnpe = 2.081(3); Cr-Namide = 1.983(2) and 1.974(2);

Namide—=Cr—Namige = 144.97(11); Cnpc—Cr-Namide = 106.31(10) and 108.71(1); =
at Cr = 359.9°.

R
Messi-N  N~siMe;
Me;Si SiMes

Figure 7. The structure of 8 with selected metrical data (A and °):
Cr-Cnye = 2.1122(14); Cr-Namide = 1.9937(12) and 2.0229(12);
CnHe=Cr-Namide = 96.15(5) and 131.91(5); Namide—Cr-Namige = 131.47(5); & at
Cr = 359.6°.

the geometrical distortions and their origin is hampered by (i)
the presence of intermolecular close contacts which may influ-
ence the “open” three-coordinate geometry and (ii) the severe
occupational disorder involving the Cr center and the Bn groups.

2.1.1. Structures and metrical data of the three-coordinate
complexes 3, 4, 5a, 5b, 6a, 6b, 7 and 8

For the description of the geometries of the complexes 3, 4, 5a,
5b, 6a, 6b, 7 and 8 we chose two approaches which emphasize
different structural aspects: (i) the classification by J. R. Gardinier
et al.l*’! for three-coordinate geometries, and (ii) the Continuous
Shape Measures (CShM, generated by the SHAPE program!“®))
as applied to three-coordinate geometries;!*! numerical data
from the latter are provided in Table S2. By employing both
approaches it is evident that pure trigonal planar (all coordina-
tion angles equal to 120° idealized D3, shape) geometries are
only encountered in the complexes 3 and 4. Near to ideal T-
shaped geometries (one coordination angle equal to 180° and
the other two equal to 90° (idealized G, shape) were not
observed in any complex. However, all complexes are planar
(sum of coordination angles X at Cr 359.6-360.1°, except 6b,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH

85U017 SUOWILIOD BAITea1D) 3dealdde aup Ag peussnob ae seoiie YO ‘8sn JO Sa|ni Joj Areiqi8UIIUO AB|IAM UO (SUONIPUOD-pUe-SLLRILIY A3 | 1M AfeIq 1 [pU1|UO//SANY) SUOTPUOD PUe SWB | 8L 35S *[G202/90/0€] Uo A%eiqiauliuo A8|IM ‘AIsienlun atels epLojd Aq 209005202 Weyd/z00T 0T/1op/wodAs|im Aeiq pul|uoadoine-Alis iweyd//sdny wouy pepeojumofll ‘0 ‘G9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202500607

which exhibits marginal pyramidalization (¥ = 352-356°). Pla-
narity is also supported by the rather high CShMs from the two
idealized G, shapes in the SHAPE outputs (Table S2). Based on
the classification of J. R. Gardinier, complexes 5a, 5b and 6a are
best described as “compressed Y-shape’, complex 8 as “extended
Y-shape”; and complex 7 as approaching a T-shape geometry.
Accordingly, the CShMs for 5a and 5b imply comparable distor-
tions between trigonal planar (Ds;) and T-shaped (mer-trivacant
octahedron G,,) geometries (CShMs ca. 3 in both cases). Finally,
complexes 6a, 6b, 7 and 8 are distorted trigonal planar rather
than distorted T-shape (CShM ca. 1.4-1.8 and 3.6-8, respectively).

The fine structural variability may be attributed to the steric
demands of the NHC and the amido coordination partners,
the lowered rotation barriers around the Cr-Cypc and Cr-Namido
bonds and the substantial number of energetically comparable
conformations. In fact, torsional variablility is evidenced by the
wide angle of torsional angles between the coordination and the
NHC-heterocycle or the coordination and the Namiqo planes (13-
90° and 56-89°, respectively, see also Figures $22-524 and Table
S3). The need to maximize w-bonding between the Cr and the
amido donors may also have an effect.

The Cr-Cyyc bond distances are slightly shorter in 7 and 8
possibly due to steric origins, but comparable in 3, 4, 5a, 5b,
6a and 6b, while the Cr-N,miqe distances are the longest in 3,
4 and 8; both types of bond distances are falling in the range
of the corresponding values reported in the literature.!3"4650-521
Since 8 is the first Cr mesoionic, “abnormal” NHC complex,
metrical data related to this bond for comparison type are
nonexistent. In all complexes the minimum intermolecular close
contacts and intermetallic distances are ca. 37 A and 107 A,
respectively.

2.1.2. The scarcity of alkyl and abnormal NHC bis-silylamido
complexes

The presence of both silylamido and o-alkyl ligands on the same
coordination sphere is uncommon: the neutral four-coordinate
[M(R)(Ph,PCH,SiMe,),N], M = Cr, Co; R = Bn, CH;,®*** and
the “ato” three-coordinate [M(Bn){N(SiMes),},)"K*], M = Fe,[>5¢!
Co,5%T Mn,>"! are rare examples of this type with 3d metals.
Moreover, three-coordinate [M{N(SiMes),},(a-IDiPP)] have been
obtained for a limited number of bis-silylamides, either via
one or two step metalation sequences (Zn,1*® Fel*) or by the
thermal “normal-to-abnormal” rearrangement in toluene (Fe,*
Co,[%%). Although the latter type of transformation is related
to the conversion of 5b to 8, and its driving force should be
attributed to the steric release and the increased bond energy
of the M-g-IDiPP compared to M-IDiPP, the operating intimate
mechanism of the rearrangement remains obscure. It is plausi-
ble to consider that it is either occurring in a concerted manner
intermolecularly, by the involvement of bis-metalated ditopic
NHCs, or after initial dissociation of the IDiPP, giving rise to
transient [Cr{N(SiMes),},], the latter at higher temperatures met-
alating at the “abnormal” position; the employment of a “protic”
solvent,i.e. HN(SiMes),, may facilitate proton mobility during the
reaction.

Chem. Eur. J. 2025, 0, 202500607 (6 of 13)

2.1.3. The thermal stability of chromium bis-silylamido
complexes

In order to obtain experimental evidence that high temperature
“abnormal” intermolecular metalation by a [Cr{N(SiMes),},] moi-
ety may be feasible, complex 1, considered as a plausible source
of [Cr{N(SiMes),},], was heated in the range 100-125°C in the pres-
ence or absence of IDiPP and in neat HN(SiMe3), or n-octane as
solvents. Although in the former case intractable Cr containing
species and variable amounts of IDiPP were obtained, in the lat-
ter the tetranuclear complex 9 was isolated as brown crystalline
material (Scheme 5 and Figure 8) after HN(SiMes), elimination
and concomitant metalation of one CH,-H of the N(SiMe3), that
remained on Cr. In the structure of 9, there are two types
of intermetallic distances within the Cr, square, 2.3598(13) and
2.4209(13) A, comparable to the longer intermetallic distances
in Cr,*" paddlewheel complexes;'® nonsymmetric bridging,
dianionic—{N(SiMes),(u?>~CH,)} and (u’*-N(SiMes), moieties hold
also the Cr,* core together. Related SiMe,(CH,-H) activations
have been observed in other homoleptic (Ti,'® V,1%]) and het-
eroleptic (Ti,[646>1 7165661 Cr167] actinides(®®) silylamido species.
A related tetranuclear complex with square arrangement of
the metal atoms was reported in relation to the synthesis of
[Cr{CH,Si(CHs)3}4] alkyls, where eight u-CH,SiMe; groups appear
instead of the metalated silylamides of 9;!%°! a [(Ni'{N(SiMes),}4]
complex features also a square Nis** core and bridging N(SiMes),
groups.’?! Finally, a linear tetranuclear Cr species has been
obtained by dehydrogenation of one SiMe,(CH,-H) of the amido
ligand -N(DiPP)SiMe; on attempted synthesis of chromium
complexes.” In view of this thermal reactivity, the direct met-
alation of the IDiPP by [Cr{N(SiMe;),},] leading to 8 may be less
likely.

2.2. Direct Current (DC) and Alternating Current (AC)
Magnetic Measurements

The static and dynamic magnetic properties of complexes 3, 5a,
5b, 6b and 8 were investigated by DC magnetometry (see also
Table 1). The temperature dependence of the product xwT(T)
and the magnetic field dependence of the molar magnetiza-
tion M(H) for complexes 3, 5a, 5b, 6b and 8 are presented in
Figures S28 and 9, respectively. At room temperature all inves-
tigated complexes show large deviations of the xyT from the
spin-only value of 3.0 cm® K mol~' expected for a high-spin
S =2 Cr" complex. The S = 2 ground state would mean that
the Cr' in the investigated complexes is a non-Kramers mag-
netic ion. Simulations of xuT(T) and M(H) dependencies using
parameters (gy, gy, g», D, E) accurately determined experimen-
tally by HFEPR (vide infra) do not match the DC magnetometry
curves. However, the latter are compatible with a S = 2 sys-
tem, the x T value of which undergoes a marked decrease with
decreasing temperature, indicating the presence of spin-orbit
coupling. Attempts to include the orbital angular contribution
in the fitting of the experimental data were unsuccessful, due
to overparameterization. It should be stressed that, especially
for systems in which there is significant orbital contribution,™!
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[CH{N(SiMe3)2}o(THF),]
n-octane 125 °C

1

/Y = ENWC-N[SI(CHp)(Me),] -

Scheme 5. Thermolysis of [Cr{N(SiMe3),},(THF),] (1) to the tetranuclear complex 9.

Figure 8. The structure of 9 with selected metrical data (A): Cr-N = 2.070(5)
and 2.124(5), Cr-C = 2.245(7) and 2.268(6), Cr—Cr = 2.3598(13) and 2.4209(13).
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Figure 9. Magnetic field dependence of the molar magnetization for
complexes 3, 5a, 5b, 6b and 8 at 1.8 K in the 0-7 T range.

a bulk technique like DC magnetometry alone cannot provide
accurate D and E parameters.’? To that end, HFEPR spectroscopy
was employed as the most accurate method of choice” (vide
infra).

The dynamic magnetic properties of complexes 3, 5a, 5b, 6b
and 8 were studied by AC magnetometry in the 10-10 000 Hz fre-
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quency (v) range. A generalized Debye model was used to fit AC
magnetic susceptibility data (x;, x"(v)) and to extract the relax-
ation times 7 (only for the complexes 5a, 6b and 8). The field
dependence of t was measured at T = 1.8 K for each complex
and was fit using the Equation 1:

'[71 (H) =A1/ (1 +A2H2) +A3H4 +A4 (1)

where, the first term describes quantum tunneling of magne-
tization (QTM) contribution, the second stands for the direct
relaxation process, and the constant value A, is related to the
contribution of the field-independent (Orbach and Raman) pro-
cesses. Based on these results, the optimal DC magnetic field
Hoc, i.e., the field allowing to quench quantum tunneling of
magnetization and therefore slow down the relaxation most
effectively, was chosen for each complex. Then the temperature
dependence of the x| x“(v) was studied at the optimal magnetic
field Hpc. The values of the relaxation time 7 extracted by the
temperature dependence of the x, x"(v) were fit using Equa-
tion 2, including Raman (first term) and Orbach (second term)
processes, if necessary:

T (T)=CT" + 15 " exp (—Uen/ksT) @)

Complex 3 shows slow magnetization relaxation only after
applying the optimal magnetic field Hpc = 0.120 T (Figure S29).
Very short times of relaxation of magnetization do not allow to
analyze the relaxation with the generalized Debye model (the
x"(v) maxima are above 10,000 Hz for T > 1.9 K (Figure S30)).

Complex 5a also relaxes slowly under applied Hpc field
(Figures S31 and S32). The temperature dependence of its mag-
netization relaxation was studied at 0.150 T up to T = 2.6 K
(Figure S32). Moreover, the temperature dependence of 7~
was fit only for Raman process (Equation 2) with parameters:
C =1M735) s7' K™, n = 4.32(4), R? = 0.99861 (Figure S33). The
magnetization relaxation of complex 5b is not slow enough to
be analyzed (the maximum of x” falls above 10,000 Hz; Figure
S35). The striking difference of the magnetization dynamics of
the complexes 5a and 5b is remarkable and not fully understood,
in view of their chemical and structural similarity (cf. Table S3). In
fact, the structural differences between them originate from the
unsaturation (5a) or saturation (5b) of the NHC backbone that
is distant from the Cr center. This, in turn, affects conformations
and torsional angles between the coordination, the amide, the
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Figure 10. Comparison of the temperature dependence of = for
complexes 5a (Hpc = 0.150 T), 6b (Hpc = 0.300 T) and 8 (Hpc = 0.080 T).
The solid lines represent the best fits to Equation 2 for each case. Fitting
parameters are the following: for 5a (C = 1117(35) s7'K™", n = 4.32(4),

R? = 0.99861), for 6b (C = 177(8) s~ 'K™", n = 3.01(5), 79 = 2.74(6) x 107> s,
Uegr = 9.09(6) cm™', R? = 0.99999), and for 8 (C = 929(58) s~' K™,

n = 4.9109), R? = 0.99627).

benzylic, and the NHC heterocycle planes (Figure S22), that may
influence the magnetization relaxation.

The magnetization relaxation of complex 6b is the slow-
est among the studied complexes (Figure 10), but it still needs
nonzero static Hpc to quench QTM (Figure S36). Field depen-
dence of T was fit using Equation 1 with the following param-
eters: Ay =47(7) x 10* s, A, =7(1) x 107 T2, A; = 3(1) x 107
sTIT4, A, = 2.1(1) x 10° s71, R? = 0.984 (Figure S37). The temper-
ature dependence of  was studied under an optimal magnetic
field Hpc = 0.300 T up to 4.2 K (Figure S38) and fit using Equa-
tion 2 including both Raman and Orbach mechanisms: C = 177(8)
s K™, n =3.0105), 1o = 274(6) x 107 s, Ueg = 9.09(6) cm~',
R? = 1.00 (Figure S39). The magnitude of the U is of a sim-
ilar order of magnitude to those reported in the literature for
mononuclear Cr" field induced SIMs, Table $4.5323]

Similarly to other complexes studied here, complex 8 relaxes
slowly only under an applied external Hoc magnetic field (Figure
S40 and S47). The temperature dependence of relaxation time
T was studied at Hpc = 0.080 T up to T = 2.5 K (Figure
S42). The temperature dependence of its T~! was fit with only
Raman process (Equation 2) with parameters: C = 929(58) s 'K,
n = 4.91(9), R? = 0.99627 (Figure S43). Figure 10 compares the
temperature dependence of T~ for compounds 5a, 6b and 8,
showing that magnetic dynamics of complexes 5a and 8 (only
Raman relaxation mechanism) are very similar and faster than
the ones for complex 6b (Raman and Orbach mechanisms). It is
worth noticing that a stronger applied Hpc field is required to
block QTM for complex 6b than for 5a and 8.

2.3. HFEPR Measurements

The complexes 3, 4, 5a, 5b and 8 were subjected to HFEPR
experiments to accurately determine the spin Hamiltonian (sH)

Chem. Eur. J. 2025, 0, 202500607 (8 of 13)

parameters D, E, and g. Complexes 3, 4, and 8 feature two sily-
lamido donors, while 5a and 5b have one silylamido and one
benzyl donors in trigonal planar and “compressed Y” geometries,
respectively (vide supra).

Complex 3 generated extraordinarily strong HFEPR response
at any frequency at cryogenic temperatures. The resulting spec-
tra could only be interpreted assuming an almost complete
torquing (re-orientation) of the crystallites in the magnetic
field,!?! with the z-axis of the zfs tensor parallel to the field
(Figures S44 and S45 in the ESI). The resulting spectra are thus
of a quasi-single-crystal quality. A comparison with simulations
(colored traces in Figures S44 and S45) indicates that the sign of
D is negative.

An attempt to prevent the complex from torquing by
immersing it in n-eicosane mull was partly successful. The result-
ing HFEPR spectra shown in Figures S46 and S47 in the ESI
lacked the characteristics of single-crystal ones but at the same
time were not ideal powder patterns. The very small linewidth
of individual crystallites resulted in the phenomenon of “quasi
noise,” also colloquially called “grass pattern” between the turn-
ing points, despite grinding the sample prior to immersing it
in n-eicosane, observed previously for example in octahedral
Mn(lll) 3d* systems.”*! The spectra recorded at the lower end of
available frequencies (Figure S46) tended to be better than those
at the high end (Figure S47). Despite the “quasi noise” prob-
lem, we were able to recognize enough turning points in the
spectra to construct a 2D (field versus frequency) map of those
points and perform the least-square fit of the sH parameters to
this map according to the methodology of tunable-frequency
EPR (Figure 548).””) The parameters obtained in this way are
shown in Table 2. A negative sign of D (-2.980 cm™) was
confirmed.

Given the propensity of complex 3 to strongly torque in the
magnetic field, complex 4 was measured only in n-eicosane mull.
The resulting spectra are shown in Figure 11 (left panel) and
S49 in the ESI, in each case accompanied by simulations using
either positive or negative sign of D. These simulations con-
firmed that D is negative. The sH parameters of complex 4 were
established from a 2D (field versus frequency) map of turning
points (Figure 12, left panel) and are very similar to those of 3
which is consistent with the same description of the coordina-
tion geometry on the Cr'" ion (vide supra). These parameters can
be found in Table 2.

Complex 5a produced strong EPR response at any frequency
at cryogenic temperatures. In stark contrast to complex 3, it
did not torque in magnetic field and the spectra could be ade-
quately interpreted and simulated as powder patterns (Figure 11
middle panel). They allowed for a very precise determination
of the sH parameters (Table 2) through the tunable frequency
methodology quoted above (Figure 12, middle panel). The mag-
nitude of D in 5a is much smaller than in complexes 3 and 4,
1.633 versus 2.980 and 2.927 cm~', while the rhombicity factor £/D
is larger, 0.069 versus 0.026 and 0.036, respectively, though still
very small. The sign of D is negative like in complexes 3 and 4, as
determined by simulations in Figure 11, middle panel. Two addi-
tional spectra and their simulations, at frequencies lower and
higher, respectively, than that in Figure 11, are shown in Figures
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Table 2. Spin Hamiltonian parameters determined by CASSCF + NEVPT2 calculations (normal font) and experimentally by HFEPR spectroscopy (bold font).
Complex D E/D Jx 9y g
3 —2.99 —2.980(3) 0.024 0.026 1.917 1.985(3) 2.001 1.993(2) 2.001 1.939(3)
4 —2.90 —2.927(4) 0.027 0.036 1.920 1.988(3) 2.001 1.988(3) 2.001 1.943(4)
5a —1.02 —1.633(3) 0.040 0.069 1.972 1.998(2) 2.002 1.993(2) 2.002 1.984(3)
5b —0.98 —1.663(3) 0.038 0.069 1.974 1.998(2) 2.002 1.993(2) 2.002 1.984(3)
6b —-1.12 0.026 1.970 2.002 2.002
8 —1.85 —2.305(3) 0.020 0.043 1.947 1.990(2) 2.002 1.995(2) 2.002 1.942(5)
4 oo 5a De0 8
D>0 A
T A 1
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() A'T H .l
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Figure 11. Left: The HFEPR spectrum of complex 4 in n-eicosane mull at 276 GHz and 10 K and its powder-pattern simulations using sH parameters as in
Table 2. Black trace: experiment; red trace: simulation assuming positive D; blue trace: simulation assuming negative D. The frequency of 276 GHz
corresponds to a value very close to the |3D + 3E| zero-field energy gap, hence the presence of a resonance almost at zero field. Middle: The HFEPR
spectrum of complex 5a “as is” at 276 GHz and 10 K and its simulations assuming a powder distribution of the crystallites using sH parameters as in Table 2
except for gjs, = 2.00, with the same meaning of colors as before. Right: The HFEPR spectrum of complex 8 “as is” at 276 GHz and 10 K and its simulations
assuming a powder distribution of the crystallites using sH parameters as in Table 2, with the same meaning of colors as before. Despite a strong “grass
pattern” in the experimental spectrum that could not be overcome by grinding, enough turning points are recognizable to interpret the spectrum,
particularly those at ca. 2.5 and 14 T. The simulations phenomenologically reproduce the “grass pattern” by assuming a small (10 mT) linewidth of individual
crystallites.
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Figure 12. Maps of turning points in the EPR spectra at 10 K in complexes 4 (left), 5a (middle) and 8 (right) as a function of frequency (energy). The squares
are experimental points (canonical orientations only; off-axis turning points, of which there are many, are ignored). The lines are simulations using sH
parameters'®" as in Table 2. Red lines: turning points with magnetic field parallel to the x zfs tensor axis; blue lines: B, || y; black lines: B || z.
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S50 and S51. The HFEPR spectra of 5b (Figure S52) are almost
identical to those of 5a.

The final studied complex measured by HFEPR, 8, showed
a pronounced “grass pattern” both as loose powder, and in
n-eicosane mull, even after being finely ground. Despite this
phenomenon, the spectra, such as the ones shown in Figures 11
(right panel) and S53, showed enough identifiable turning points
to get fully analyzed. The sH parameters (Table 2) were obtained
from the fits to the 2D (field versus frequency) map of these
points (Figure 12, right panel). The sign of D is negative like in
all the series of complexes, and its magnitude (2.305 cm™) falls
in between those of complexes 5a and 5b on the low side, and
3 and 4 on the high side.

2.4. Computational Studies

To probe the origin of the magnetic anisotropy in the isolated
complexes, multireference ab initio SA-CASSCF/NEVPT2 calcu-
lations were performed based on the X-ray crystal and on
DFT-optimized structures ignoring intermolecular effects (Tables
S12 and S13). The quintet state was identified as the electronic
ground state by optimizing the molecular geometries across all
possible spin states, and this assignment was further validated
using multireference methods. As there were only minor differ-
ences between the experimental and calculated ground state
geometries, the subsequent results are derived from the crys-
tal structures. It is noticed that all the investigated complexes
possess a negative axial zfs parameter (D) with calculated val-
ues for complexes 3 and 5a being —2.99 cm~" and —1.02 cm™,
respectively, (Table S14) consistent with HFEPR findings (Table 2).
The magnitude of zfs directly correlates to the energy differ-
ence between the ground and the excited quintet states, with
smaller energy differences leading to larger D values (Table
S15).76771 The sign of D is determined by the excitation of
an electron between two orbitals in a spin-conserved envi-
ronment. This can occur in the same or opposite |m,| states,
with a negative or positive contribution to D.”87°! In this con-
text, Nagelski et al. have investigated three-coordinate Fe'' and
Co" complexes using advanced spectroscopic techniques to
accurately determine the zfs parameters, and effectively cor-
related the observed transition energies with computational
data.’®! For complex 3, the CASSCF-converged wavefunction
elucidates that the major contribution to the ground-state con-
figuration stems from the d,1 d_,1 d,n dxz—yz“ d,,0 configuration
(Figure 13). The first excited state arises from the transition
of an electron from d,._» to d,, remaining within the same
|mi| state, i.e., with dy,1 d ;1 dy,1 do 20 Oy configuration. This
results in a negative contribution to the D value. Moreover,
the energy required for this transition is 4281 cm™', which
leads to a smaller magnitude for the D parameter. For com-
plex 5a, dy,1 d ;1 dy1 dyy dxz_yzo configuration comprises most of
the ground state configuration (Figure 13). The first excited state
adopts the dy,1 d_»1 dy,1 dyyo dXLy21 configuration, resulting from
an electron transition from d,, to d,._,» requiring an energy of
11 288 cm™, and producing a small negative D value. The next
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higher energy transitions make a negligibly small contribution
to the magnitude of D.

Due to the few relaxation pathways available, spin relaxation
happens before the barrier is reached, i.e., under the effec-
tive energy barrier for complex 3. Among the significant viable
relaxation mechanistic pathways, QTM (quantum tunneling of
magnetization) and TA-QTM (thermally assisted quantum tun-
neling of magnetization) serve as the through-barrier shortcuts
between the £ Ms sublevels of the respective doubly degen-
erate states. For non-Kramers systems, QTM and TA-QTM are
characterized by the tunnel splitting value (Ay,.) between two
degenerate & Ms sublevels.””! For complex 3, the minimal tun-
nel splitting value (A, = 0.006) in the ground state rules out
the possibility of quantum tunneling of magnetization in the
ground state. As a result, this complex will exhibit magnetization
relaxation through thermally assisted quantum tunneling in the
first excited state, as illustrated by the qualitative blocking bar-
rier plot (Figure S54). In such case, the energy gap between the
ground state and the first excited state dictates the effective bar-
rier to magnetization reversal (Ue¢). So, complex 3 is observed
with Ue value of 8.97 cm™' (Figure S54). Similarly, for complex
5a, the tunneling splitting value in the ground (Ms = £2) levels
is very small (0.005 cm™), while it is significant in the excited Ms
= £1 levels (Figure S54). Thus, this complex will undergo mag-
netization relaxation through quantum tunneling involving the
first excited state, yielding an Ue value of 3.08 cm~". While all
the complexes display negative D values, complexes 3, 4, and 8
among the studied systems show a relatively larger magnitude
of D, ranging from ~—1.8 to —3.0 cm~". The axial zfs parameters
for the remaining complexes have been estimated, and Table 2
presents the corresponding calculated D, E/D, and g-values.

3. Conclusions

In conclusion, we have reported the synthesis of a family of
novel three-coordinate paramagnetic (S = 2) bis-amido- and
amido-benzyl-NHC complexes of Cr'" by substitution or aminol-
ysis and thermolysis methods from [Cr{N(SiMes),},(THF),] or
[Cr(IDiPP)Bn,] and [Cr(SIDiPP)Bn,], respectively. The complexes
display fine structural variation among the trigonal planar,
extended-Y, compressed-Y, and T-shape extremes. For these
complexes, DC magnetometry data cannot furnish accurate sH
parameters, due to overparameterization. This difficulty was
overcome by employing HFEPR spectroscopy to obtain bench-
mark values for five representative complexes (3, 4, 5a, 5b, 8).
The high quality of the obtained spectra enabled the complete
and accurate determination of their sH parameters. Moreover,
the corresponding D and E/D computed values are in excellent,
for 3 and 4, and in reasonable agreement for the rest of the com-
plexes. Both HFEPR-derived and computed D values are negative
ranging between —1.663(3) and —2.980(3) cm™'. Interestingly,
the trigonal planar 3 and 4 exhibited the largest IDI values and
the lowest rhombicities (E/D), while the most deviating from
the trigonal planar shapes 5a and 5b displayed the smallest IDI
and the largest rhombicities; the IDI and E/D values of complex
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Complex 3

Complex 5a

Figure 13. The d-orbital splitting pattern in the ground state computed using CAS(4,5)-+NEVPT2 for complex 3 (left) and 5a (right), with the molecular
orbitals (MOs) plotted at an iso-value of 0.05 ug. Color coding: green for dy, and dy, MO energy levels with its respective electrons (arrows), blue for d,?

and violet for dy, and d,®,2.

8 fell between the previous extremes (Table 2). Noticeably, the
D values of Cr'" complexes found in the literature span a range
between -1.71(11) and -2.01(1) cm™, and E/D between 0.0054 and
0.049, while complex V (in Table S4) shows DC magnetometry-
derived D = £1.92(3) cm™' and E/D = 0.29(2). The negative D,
combined with the moderate rhombicities of the complexes
presented herein, would, in principle, lead to slow magnetization
relaxation.”’ AC magnetometry supported this surmise for 5a,
6b and 8 only, that adhere either to Raman (5a and 8) or com-
bined Raman/Orbach (6b) field-induced relaxation mechanisms.
It should be noted that computational results for complexes
3 and 5a (which did not take into account intermolecular
interactions) were analyzed according to the Orbach relax-
ation mechanism (vide infra). Overall, the present combined
experimental and computational work expands the existing
magnetostructural correlations for high-spin Cr' complexes by
the introduction of three-coordinate geometries. It would be
of interest to further elucidate the dynamic magnetic behavior
of these and related species by exploring possibly operating
spin-phonon interactions, which are currently under detailed
scrutiny for both 3d metal- and lanthanide -based SIMs.['681-84]

Supporting Information

The Supporting Information for this manuscript contains full
details of synthetic procedures for new compounds, charac-
terization data, representative paramagnetic 'H-NMR spectra,
HFEPR spectra, details of magnetic measurements, details of
computational calculations and full crystallographic details for
all the structurally characterized complexes, including data of
the cyclometalated component 3a (cocrystallized with 3) and the
binuclear precursor to 2c (Scheme 2) featuring a distorted four-
coordinate geometry at Cr (ty = 0.29); comparative views of

Chem. Eur. J. 2025, 0, 202500607 (11 of 13)

the related 5a, 5b (sharing the N(SiMes), and Bn ligation but
differing in the IDiPP and sIDiPP ligands), 6a, 6b (sharing the
NHD/PP and Bn ligation but differing in the IDiPP and sIDiPP
ligands), and 3, 4 and 8 (sharing the two N(SiMe;), ligation
but differing in the IMes, IDiPP and alDiPP). CIFs are avail-
able from https://www.ccdc.cam.ac.uk/structures/. CCDC Num-
bers are: 2423359, 2242263, 2420539, 2420806, 2421413, 2421414,
2421417, 2421418, 2421429, 2421431, 2421432, 2422263, 2242264. The
authors have cited additional references within the Supporting
Information.
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