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Abstract

The reactivity of the PGeP germylene 2,2-bis(di-isopropylphosphanylmethyl)-5,5'-
dimethyldipyrromethane-1,1’-diylgermanium(ll), Ge(pyrmP'Pr;).CMe,, with late first raw transition
metal (Fe—Zn) dichlorides has been investigated. All reactions led to PGeP pincer chloridogermyl
complexes. The reactions with FeCl, and CoCl; afforded paramagnetic square planar complexes of
formula [MCI{x*P,Ge,P-GeCl(pyrmP'Pr;),CMe.}] (M = Fe, Co). While the iron complex maintains an
intermediate spin state (S'; perr = 3.0 ps) over the temperature range 50-380 K, the effective magnetic
moment of the cobalt complex varies linearly with temperature from 1.9 ug at 10 K to 3.6 us at 380 K,
indicating a spin crossover behavior that involves S'2 (predominant at T < 180 K) and S*?
(predominant at T > 200 K) species. Both cobalt(ll) species have been detected by EPR at T < 20 K.
The reaction of Ge(pyrmP'Pr2),CMe; with [NiCl(dme)] (dme = dimethoxyethane) gave a square planar
nickel(ll) complex, [NiCK{ik>P,Ge,P-GeCl(pyrmP'Pr,),CMe,}], whereas the reaction with CuCl, involved
a redox process that rendered a mixture of the germanium(lV) compound GeClx(pyrmP'Pr2),CMe; and
a binuclear copper(l) complex, [Cu2{u-«x>P,Ge,P-GeCl(pyrmP'Pr;),CMe2},], whose metal atoms are in
tetrahedral environments. The reaction of the germylene with ZnCl; led to the tetrahedral derivative
[ZnCKk*P,Ge,P-GeCl(pyrmP'Pr2).CMe.}].

Introduction

The use of pincer ligands in transition metal (TM) complexes is currently a hot research topic because
the balance between reactivity and stability often provided by these ligands to their metal complexes
is a key factor for the excellent catalytic applications that have been found for many of these
complexes.["? As strong electron-donating ligands are frequently required to prepare catalytically
efficient metal complexes, many pincer ligands having an N-heterocyclic carbene (NHC) as the central
C-donor group have already been reported.®”! However, although the heavier carbene analogues
(silylenes, germylenes and stannylenes) are also very strong electron-donating groups* and some of
their metal complexes have already demonstrated an excellent ligand behavior in catalytic
reactions,® their participation in pincer complexes is still limited to a few ECE,®""1 ENE,6¢6n6.6n gng
PEP &' systems (E = Si, Ge or Sn).

Regarding metal-free PGeP pincer-type germylenes,[™® only six members of this family are
currently known. We reported the first one in 2017 (compound A in Figure 1)'” and we managed to
prepare some d® metal (Rh, Ir, Ni, Pd, Pt) complexes with it,"® but the short length of its CH.P'Bu.
sidearms resulted in very distorted square geometries and we failed to isolate any d'® metal derivative.
Subsequently, Goicoechea’s group reported the second PGeP germylene (compound B in Figure

1), but it did not behave as a pincer ligand in its metal derivatives because its small 5-membered



GeNC>N ring forces a long separation between the P atoms, impeding their binding to the same metal
atom. Looking for a more flexible ligand framework, we set out the synthesis of germylene C (Figure
1), but the little steric protection of its Ge atom resulted in low stability of the TM derivatives that were
prepared.''? To improve this situation we have recently synthesized germylene E (Figure 1),['¥ which
is based on the dipyrromethane scaffold, and we have already proven that it forms stable d'° metal
derivatives.['*'"!  Although two additional metal-free PGeP germylenes have been recently
communicated (D and F in Figure 1), germylene D has only been used as a ligand in nickel(0)

complexes!™ and no reaction with a TM complex has yet been reported for germylene F.'®
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Figure 1. The currently known metal-free PGeP germylenes.

We now report the reactivity of germylene E with the lightest metal dichlorides of groups 8—12
of the Periodic Table (Fe—Zn). These reactions have afforded stable chloridogermyl PGeP pincer
complexes of earth-abundant metals whose metal atoms are in unstrained square planar (Fe", Co",
Ni") or tetrahedral (Cu', Zn") ligand environments. Also, very interesting magnetic properties have
been observed for the paramagnetic (Fe, Co) complexes: while the iron(ll) complex maintains an
intermediate spin state (S') in the temperature range 50—-380 K, the cobalt(ll) complex presents an
unusual temperature-dependent spin crossover equilibrium between low (S"?) and high spin (S*?)
species that extends between 10 and 380 K. It is also noteworthy that the reaction of germylene E
with CuCl; proceeds through an unexpected redox process that leads to a binuclear copper(l) complex

containing an almost planar inorganic six-membered Cl,Cu,Ge; ring.
Results and discussion

Iron(ll) and cobalt(ll) complexes

Pale brown and yellow-orange solids were isolated in good yields from the reactions of germylene E

with FeCl, and CoCl,, respectively (Scheme 1). Their microanalytical and mass spectral data, in



addition to the previously known tendency of germylenes to get their Ge atom inserted into M—CI
bonds,"""*"l were consistent with the formula [MCI{x*P,Ge,P-GeCl(pyrmP'Pr,),CMe.}], M = Fe (1),

Co (2). Compounds 1 and 2 are the first PGeP pincer iron and cobalt complexes to be reported.

Scheme 1. Synthesis of complexes 1 and 2.

No single crystals of compound 1 could be obtained, but an X-ray diffraction (XRD) study on a
crystal of compound 2 (data taken at 157 K) revealed that it was constituted by square planar cobalt(ll)
molecules in which the metal atom is attached to a chloridogermyl PGeP pincer ligand (Figure 2) with
a Co—Ge distance of 2.2519(5) A. This molecule reminds that of the only previously known square
planar complex derived from germylene E, that is [PdCI{i®P,Ge,P-GeCl(pyrmP'Prz).CMez}], which
was prepared by treating the T-shaped palladium(0) complex [Pd{k*P,Ge,P-Ge(pyrmP'Prz2).CMe,}]
with HCI or, alternatively, by reacting germylene E with [PdCl,(MeCN),].!"®!

Figure 2. XRD molecular structure of complex 2 (157 K, 30% displacement ellipsoids, H atoms have been omitted for clarity).
Selected bond lengths (A) and angles (°): Co1-P1 2.245(1), Co1-P2 2.253(1), Co1-Ge1 2.2519(5), Co1-CI2 2.2353(8),
Ge1-Cl1 2.2200(9), Cl1-Ge1-Co1 112.55(3), Ge1-Co1-CI2 178.46(4), P1-Co1-P2 178.02(4).

Variable temperature magnetic susceptibility studies were performed on complexes 1 and 2
(Supporting Information, Figure S17), not only to investigate their magnetic behavior but also to get
more insights into their molecular structures (both compounds could be tetrahedral or square planar).
Figure 3 shows that the effective magnetic moment (uer) of the iron(ll) complex 1 is ca. 3.0 ug over a
wide temperature range (50-380 K), being smaller at T < 50 K probably due to thermal depopulation

of zero-field split electronic states.!"! Aiming at interpreting the magnetic behavior of complex 1 and



taking into account the various spin states that are possible for a d® metal in tetrahedral and square
planar ligand environments (Figure 4), the relative stabilities in the gas phase of the possible
structure/spin state combinations for compound 1 were computed by DFT methods using three
different calculation levels. Table 1 shows that the tetrahedral (TD) structure is systematically the most
stable one regardless the functional used, but the square planar (SQ) with intermediate spin (IS) state
(S") is only a little less stable. Given that the experimental magnetic moment of compound 1 is 3.0 us,
we propose that, in the solid state, compound 1 is an IS SQ species. In addition, the observed variation

of the effective magnetic moment with the temperature could be nicely modelled in terms of an isolated
S system described by the spin hamiltonian, H = D [SZZ — §S(S + 1)] — uBﬁg§, with an isotropic g

= 2.10(5) and an axial zero field splitting term D/ks = 20(5) K. These results correspond well to
previously reported parameters for SQ IS iron(ll) complexes.?” While most four-coordinate iron(ll)
complexes are TD S? species, SQ S’ complexes are not scarce,”*?? being well represented by
porphyrin derivatives.?? On the other hand, high spin (HS) SQ iron(ll) complexes (S?) are very rare

and require hard n-donor ligands.*!

4.0 T T T
3.54 e
3.0- sase.
25 i
o
3
\% 20_ -
1.5 .
1.0+ i
0.5 1 i
0.0 T T T
0 100 200 300 400
T/K

Figure 3. Temperature dependence of the effective magnetic moment of compound 1 (solid sample). Data (blue circles)
have been fitted (red line) with g = 2.10(5) and D/ks = 20(5) K.
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Figure 4. Possible spin states for iron(Il) and cobalt(ll) in tetrahedral and square-planar ligand environments.

Table 1. DFT-calculated relative energies (kcal mol™) for the possible
structure/spin state combinations of complex 12

TD/HS SQ/HS SQ/IS, SQILS,

DFT level (S?) (S?) (" (8%
B3LYP-D3/def2SVP 0.0 7.6 2.0 31.1
CAM-B3LYP-D3/def2SVP 0.0 8.0 1.7 2.3
PBEO0-D3/def2SVP 0.0 7.2 3.2 36.9

BITD = tetrahedral, SQ = square-planar, HS = high spin, IS =
intermediate spin, LS = low spin.
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Figure 5. Temperature dependence of the effective magnetic moment of compound 2 (solid sample).

The thermal behavior of the magnetic moment of the cobalt(ll) complex 2 is remarkably
unusual, as a continuous increase of the temperature resulted in a continuous increase of pes, which

varies from 1.9 ug at 10 K to 3.6 ug at 380 K (Figure 5). Such a behavior implies the existence of an



equilibrium in the solid state involving two species of different spin states, S =1/2 (uso = 1.7 ug) and S
= 3/2 (uso = 3.9 us). Spin crossovers are frequently observed in paramagnetic complexes but they
generally occur in the proximity of a given temperature (abrupt spin change).”” Gradual spin

crossovers that extend over several hundred degrees are unusual.??®

Table 2. DFT-calculated relative energies (kcal mol™) for the
possible structure/spin state combinations of complex 2/

TD SQ/HS SQILS,
DFT level (S%2) (S%2) (52
B3LYP-D3/def2SVP 0.0 9.0 1.1
CAM-B3LYP-D3/def2SVP 4.9 7.7 0.0
PBEO0-D3/def2SVP 8.8 16.4 0.0
[BITD = tetrahedral, SQ = square-planar, HS = high spin, LS =

low spin.
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Figure 6. Spin density plots for the square planar S and S*? species of complex 2.

Given the possible combinations of structures and spin states for four-coordinate d’ complexes
(Figure 4), the magnetic measurements (Figure 5) and the low temperature (157 K) XRD structure of
complex 2 (Figure 2) made it clear that the S species has a SQ structure. Regarding the structure
of the S*? species, although DFT calculations (Table 2) indicated that, in the gas phase, the TD
structure is more stable than the SQ one, the difficulty of a TD to SQ isomerization in the solid state
suggested that the S*? species is also SQ. Such a proposal was confirmed by an XRD structure
determination at 298 K (Supporting Information, Figure S14, Table S1), which shows a molecular
structure very similar to that depicted in Figure 2 (the most notable difference resides in the Co-P
bond lengths, which are a bit longer in the 298 K structure (2.2500(9) and 2.2562(9) A) than in the
157 K structure (2.245(1) and 2.253(1) A), but with notably different unit cell parameters: a
11.4752(2) A (157 K), 11.5537(4) A (298 K); b = 18.4482(4) A (157 K), 18.6335(6) A (298 K); ¢
14.5885(3) A (157 K), 14.6533(5) A (298 K); v = 2749.6(2) A® (157 K), 3014.1(2) A® (298 K). As the

spin densities of the SQ S"? and S*? species are located on the metal atoms (Figure 6), only metal-

based orbitals should be involved in the spin crossover; therefore, the metal-ligand bond lengths and
angles of the S? and S*? species should not be very different. However, very small variations of the
metal-ligand bond lengths should notably modify the distances between non-bonded atoms of the
edge of the molecule, affecting the molecule packing and the unit cell parameters.”® As spin

crossovers are driven by molecular changes, a very small strecht of some metal-ligand bond distances



provokes in this case a (subtle) weakening of the ligand field that favors the S%2 spin state at increasing
temperatures. For cobalt(ll), both TD and LS SQ complexes are well represented in the literature,?”!
but HS SQ complexes are rare. 2328

We also measured the magnetic moments of compounds 1 and 2 in dichloromethane solution
at 25 °C (by NMR, Evans method®). That of the iron complex, et = 4.1 pg, is higher than that
measured in the solid state, per = 3.0 pg, probably due to the presence of a small amount of HS TD
species (S?) in solution at that temperature. The solution magnetic moment measured for the cobalt
complex, per = 3.1 ps, matches that obtained in the solid state at 25°, indicating that the ratio of S"? to

S¥2 species does not change from the solid state to the solution.
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Figure 7. Experimental X-Band CW-EPR spectra of compound 2 in frozen toluene solution (top; microwave power 0.20 mW
(6 K) and 0.77 mW (10 and 20 K), field modulation amplitude 0.5 mT; the asterisk indicates a spurious line due to a small
amount of an uncharacterized impurity) and simulated spectrum of the S'2 species (bottom; g« = 3.00, g, = 2.48, g, = 1.94;
CoA, = 650 MHz, €°A, = 375 MHz, ©°A, = 330 MHz, PAc = 100 MHz, PA; = 50 MHz, PA, = 50 MHz, A« = 80 MHz).

The non-integer values of the spin states of the S*? and S"? species of the cobalt(ll) compound
2 prompted us to perform an EPR study (Figure 7). The low temperature spectra in frozen toluene
solution display three groups of eight lines reflecting the hyperfine interaction of the electron spin with
the **Co nucleus (/ = 7/2) and an anisotropic g-tensor. Additionally, a broad line at ca. 125 mT (g =
5.4) with no resolved *°*Co hyperfine structure could be clearly observed at 6 K, but its relative intensity
rapidly decreased, with respect to that of the other signals, as the temperature increased, being barely
detected above 20 K. This signal could not be saturated with the highest power available. This
behavior is a consequence of short spin relaxation times, typical for cobalt(ll) S*? species. On the
other hand, the remaining signals could be observed up to 150 K and saturated with microwave power,
indicating their LS (S"?) character. Relative quantification of these two species could not be precisely

established because the remaining features associated with the S¥2 species could not be observed,



probably because they are very broad and buried under the spectrum of the S"? species. However,
an approximate S*%/S"? ratio of 1/10 can be estimated based on the intensities found at 6 K and under
the assumption that the g-anisotropy is in the range found for other S*2 cobalt(ll) centers.? It is worth
noting that the loss of the low-field signal (S*? species) with temperature does not necessarily mean
that there are no S*2 species at higher temperatures; on the contrary, it is consistent with the behavior
of an S¥2 spin system, whose signal broadens beyond detection due to typically fast relaxation times
upon increasing temperature.

The main features of the S species EPR spectrum could be successfully simulated (Figure
7, green line) using the g and *°Co-hyperfine values given in the figure caption. In addition, and
especially evident in the high-field features, every line displays a somewhat resolved 1:2:1 triplet due
to the hyperfine interaction of the unpaired electron with the nuclei of the two equivalent *'P atoms (/
=1/2, 100%) that are attached to the Co atom. This was simulated in the figure with a superhyperfine
coupling. On the other hand, the low-field lines show an appreciably larger linewidth and an additional
superimposed hyperfine structure that is not completely resolved and that may be due to coupling to
the metal-bound chlorido ligand (**Cl, I = 3/2, 76%; *'Cl, I = 3/2, 24%). The g- and “°A-values are
assumed to be collinear and the low-field g-value has been associated to a direction in the plane of
the ligands. Note that the hyperfine splittings caused by the nuclei of the ligands, A and A, are quite
large, similar to what has been found in a cobalt(Il) complex that had resolved hyperfine interaction
with four equivalent in-plane *'P nuclei®" and of the same order of magnitude as that found for
cobalt(ll) porphyrin and phthalocyanine complexes.?? Large hyperfine splittings have been associated
to an occupation of the d(z?) orbital by the unpaired electron, wherein there is some spin density

directed towards the ligands.*

Nickel(ll) copper(l) and zinc(ll) complexes

The reaction of [NiClo(dme)] (dme = 1,2-dimethoxyethane) with germylene E proceeded
quickly in toluene at room temperature, affording the mononuclear diamagnetic complex
[NiICKk>P,Ge,P-GeCl(pyrmPBuz)2}] (3) (Scheme 2).

[NiCly(dme)]

Scheme 2. Synthesis of complex 3.

The symmetric structure suggested by NMR ('H, "*C{'H} and *'P{'H}) for complex 3, which
located the CMe> group methyls in the symmetry plane and showed diastereotopic protons for the

CH2 and PPr, groups, was confirmed by XRD (Figure 8). The structure is very similar to that of



complex 2, with the Ni atom in a square planar coordination, having the Ge—Ni distance, 2.2173(3) A,
slightly shorter than the Ge—Co distance of complex 2, 2.2519(5) A. Analogous PGeP chloridogermyl
nickel(ll) complexes have been previously prepared from germylenes A!'®®! and C!'? (Figure 1);
however, they proved to be more unstable toward oxygen and moisture than complex 3 because the
germyl ligand derived from germylene A, equipped with short CH.P'Bu. sidearms, tends to separate
the P atoms from the metal atom and the Ge atom of the germyl ligand derived from germylene C has

a small steric protection.

Figure 8. XRD molecular structure of complex 3 (30% displacement ellipsoids, H atoms have been omitted for clarity).
Selected bond lengths (A) and angles (°): Ni1-P1 2.2142(6), Ni1-P2 2.2189(6), Ni1-Ge1 2.2173(3), Ge1-Cl1 2.2180(5),
Ni1-CI2 2.1974(5); CI1-Ge1-Ni1 112.48(2), Ge1-Ni1-CI2 178.31(2), P1-Ni1-P2 178.33(2).

The reaction of germylene E with CuCl; in a 1/1 mol ratio in THF at room temperature gave a
mixture of several reaction products, including paramagnetic species, which could not be separated
and identified. Testing other stoichiometries, we found that the use of a 3/2 E to CuCl, mole ratio
afforded a mixture of two diamagnetic products that were easily separated by their different solubility
and that were subsequently identified as [Cux{u-k>P,Ge,P-GeCl(pyrmPBuz).CMez}.] (4) and
GeCly(pyrmPBuz),CMe: (5) (Scheme 3). Complex 4 was fully characterized (including XRD) and
compound 5 was identified by comparing its NMR data with those of an authentic sample prepared
on purpose from Liz(pyrmPBuz).CMe; and GeCls. Therefore, the reaction of E with CuCl, involves an
unexpected redox process where the Ge' atom of E is oxidized to Ge'V (in 5) by the Cu" atom of CuCls,

which is reduced to Cu' (in 4).

Scheme 3. Reaction of germylene E with CuCl,.
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Figure 9. XRD molecular structure of complex 4 (30% displacement ellipsoids, H atoms have been omitted for clarity).
Selected bond lengths (A) and angles (°): Cu1-P1 2.2781(8), Cu1-P2 2.2890(8), Cu1-Ge1 2.3785(5), Cu1-CI2 2.4048(8),
Ge1-CI1 2.3635(7); Cl1-Ge1-Cu1 131.20(2), Ge1-Cu1-CI2 118.38(2), P1-Cu1-P2 138.53(3).

The NMR spectra of complex 4 were very similar to those of complex 3, also suggesting
average Cs symmetry, but its dimeric nature was confirmed by XRD (Figure 9). The molecule is formed
by two [Cu{u-x*P,Ge,P-GeCl(pyrmPBu.).CMe_}] units connected to each other in such a way that the
Cl atom of one unit is attached to the Cu atom of the other unit, thus forming an almost planar but
irregular six-membered Cl,Cu>Ge- ring. In this case, both the Ge and Cu atoms are in approximate
tetrahedral environments, with a Ge—Cu bond distance of 2.3785(5) A. A related mononuclear
copper(l) complex, [Cu{u-«*P,Ge,P-GeCl(pyrmPBu.),CMe,}(PPhs)], in which the Cu atom also shows
a tetrahedral coordination, has been previously prepared by treating germylene E with the copper(l)
complex [Cuas(us-Cl)a(PPhs)s] in 1 to 1/4 mole ratio.l"® Di- and tetranuclear copper(l) complexes, with
structures quite different from that of 4, have been reported to result from reactions of germylene B
(Figure 1) with CuCIL.I""

Germylene E also reacted with ZnCl, at room temperature. The only product of this reaction
was the mononuclear complex [ZnCKu-«*P,Ge,P-GeCl(pyrmP'Bu2).CMe2}] (6) (Scheme 6), which also

presents a symmetry plane in solution (NMR).

ZnCl,

Scheme 4. Synthesis of complex 6.

The molecular structure of complex 6 was determined by XRD (Figure 10). In this case, as
commonly found for four-coordinate zinc(Il) complexes, the Zn atom is in a tetrahedral environment,
the Ge—Zn bond distance being 2.4705(3) A. Complex 6 is the first PGeP pincer zinc complex to be
reported.
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Figure 10. XRD molecular structure of complex 6 (30% displacement ellipsoids, H atoms have been omitted for clarity).
Selected bond lengths (A) and angles (°): Zn1-P1 2.4112(6), Zn1-P2 2.4440(6), Zn1-Ge1 2.4705(3), Zn1-CI2 2.2314(6),
Ge1-ClI1 2.2265(5), Cl1-Ge1-Zn1 126.31(2), Ge1-Zn1-CI2 116.78(2), P1-Zn1-P2 129.16(2).

Conclusions

The reactions of germylene E with a series of first-raw transition metal (Fe—Zn) dichlorides
afforded in all cases reaction products that contain a PGeP chloridogermyl ligand that arises from the

insertion of the divalent Ge atom of germylene E into an M—-ClI bond.

While the iron(ll) complex 1 is square planar with intermediate spin state (S') over the
temperature range 50-380 K, the cobalt(ll) complex 2 presents an unusual gradual spin crossover
behavior, involving two square planar species with spin states S"? and S*?, which shows a linear

dependence between pe and T that extends over several hundred degrees (10-380 K).

Complex 4, which resulted from a redox process between germylene E (reductant) and CuCl,

(oxidant), is a binuclear species containing an almost planar inorganic six-membered Cl.Cu>Ge; ring.

The reactions described in this manuscript demonstrate that germylene E is an excellent
precursor to complexes containing a k*-PGeP cloridogermyl ligand that is able to hold the metal atoms
not only in a planar pocket, as occurs in the square planar complexes 1-3, but also in a tripodal pocket,
as occurs in complexes 4 and 6, which have their metal atoms in tetrahedral ligand environments.

No doubt, the results reported herein will prompt the synthesis of many more PGeP pincer

transition metal derivatives with interesting structural, magnetic, bonding and/or catalytic properties.!

Experimental

Detailed synthetic procedures and analytical, spectroscopic, structural (XRD) and computational
(DFT) data for compounds 1-6 are given in the Supporting Information. CCDC deposition numbers:
2047806 (2157«), 2057042 (2208x), 2047807 (3), 2047808 (4) and 2047809 (6).
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