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ABSTRACT

The reaction between silylamido complexes of Cr(II), Fe(II), and Co(IT) and IMese2HF salt in the
presence of IMes (IMes = 1,3-dimesitylimidazol-2-ylidene) led to isolation of Cr(IMes)2(F)2 (2-
Cr), Fe(IMes)2(F)2 (2-Fe), and Co(IMes)2(F)2 (2-Co). X-ray structural studies revealed that 2-Cr
adopts square planar geometry, while 2-Fe and 2-Co have distorted tetrahedral geometry.
Magnetic susceptibility studies of 2-Cr, 2-Fe, and 2-Co were consistent with high spin complexes,
S =2 for 2-Cr/2-Fe and S = 3/2 for 2-Co. We demonstrated that fluoride can be successfully
exchanged for cyanide and azide using trimethylsilyl cyanide and trimethylsilyl azide (3-Fe and
4-Fe). DFT studies suggest that 2-Cr preference to adopt square planar geometry over tetrahedral

is due to its d* metal center, where four electrons fill the lower-lying d-orbitals.



INTRODUCTION

Organometallic fluoride complexes present an attractive class of compounds that have found
application in numerous catalytic transformations.!:? Systems based on first-row transition metal
fluorides are particularly interesting due to their abundance and low cost. Specific applications
include olefin polymerization,® hydrosilylation,* 3 hydrodefluorination of fluoroolefins,® 7 C—F

8 and fluorination of alkyl halides and triflates.” Among those systems, Fe-

bond activation,
mediated transformations received special attention.!® Organometallic Fe fluoride complexes are
considered to be active species in cross-coupling reactions,!'"!> defluoroborylation of aryl
fluorides,'® C-F and C-H activation of fluoroarenes,!” '® and hydrodimerization of
fluoroalkenes. '’

Besides the versatile application of metal fluorides in catalysis, those complexes are utilized in
synthesis, taking advantage of the high affinity between F and Si atoms. Thus, the reaction between
LaM—F and Me3Si—R allows the substitution of fluorine by a wide variety of R groups under mild
conditions.?>?* The volatile byproduct, Me3SiF, can be easily traced by ?°Si and F NMR
spectroscopy.

The common methods of synthesis of organometallic fluorides include late-stage fluorine atom
incorporation utilizing salt metathesis in the presence of fluoride anion source (NaF, KF, NR4F,
TIF, or Cp2CoF), abstraction of chloride with AgOTf or AgBF4 followed by a source of fluoride
(TAS-F, NR4F), abstraction of Cl using AgF, the reaction of alkyl complexes with Me3SnF, and
protonation of alkyl, hydride, hydroxide, and alkoxide complexes by HFebase.!> 7> 243 In contrast
to organometallic chloride and bromide complexes that are often made from corresponding readily

available inorganic halides, inorganic fluorides are not commonly used as starting materials. For

instance, reactions between FeXz (X = Cl or Br) in the presence of N-heterocyclic carbenes



(NHCs) readily result in corresponding Fe(NHC)2X2 complexes.?! 32 Similar reactions between
FeF2 and NHCs are not reported. Furthermore, our attempts to expose FeF2 to various NHCs did
not result in Fe(NHC):2F2 formation. This difference in reactivity can most likely be attributed to
the greater stability of the metal fluoride’s crystal structure, resulting from a small size of fluoride,
which is evident when comparing lattice energies (FeCl2 2641 KJ/mol vs. FeF2 2967 KJ/mol).*3
Herein, we present an early-stage incorporation of fluorine atoms into organometallic complexes
utilizing the reaction between silylamido complexes of Cr(II), Fe(Il), and Co(Il) and IMese2HF
salt (IMes = 1,3-dimesitylimidazol-2-ylidene). We also report the synthetic utility of Fe(IMes)2F2
to introduce azide and cyanide ligands taking advantage of the strength of the Si—F bond.

IMese2HF was obtained in the reaction between IMes and EtsNe3HF in 90% yield. Four
complexes, Cr[N(SiMe2Ph)2]2(THF)2 (1-Cr),** Mn[N(SiMe2Ph)2]2 (1-Mn),** Fe[N(SiMe3)2]2 (1-
Fe),*>> and Co[N(SiMe2Ph)2]2(THF) (1-Co),** were subjected to 1 equiv. of IMese2HF in the
presence of 1 equiv. of free IMes in Et2O yielding Cr(IMes)2(F)2 (2-Cr), Fe(IMes)2(F)2 (2-Fe),
and Co(IMes)2(F)2 (2-Co), (Scheme 1).

Scheme 1. Synthesis of complexes 2.
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Complexes 2-Cr, 2-Fe, and 2-Co were obtained in 83%, 78%, and 66% yields, respectively. All
attempts to isolate 2-Mn were unsuccessful, only protonated HN(SiMe2Ph)2 and free IMes were

obtained in all cases, suggesting that a reaction occurred, but 2-Mn, if formed, might have limited



stability. Thus, DFT calculations suggest that 2-Mn is more prone to dissociate the IMes ligand
than 2-Fe, 2-Cr, and 2-Co (Figure S23). Reactions at lower temperatures did not lead to the
isolation of 2-Mn.

RESULTS AND DISCUSSION

All three isolated complexes, 2-Cr, 2-Fe, and 2-Co, have a good solubility in dichloromethane,
partial solubility in benzene, toluene, and THF, low solubility in Et2O, and they are insoluble in
pentane.

Structural Description. The X-ray structural studies revealed that 2-Cr, 2-Fe, and 2-Co are
mononuclear four-coordinate bis-fluoride bis-NHC complexes. Selected X-ray data for complexes
2-Cr, 2-Fe, and 2-Co are shown in Table 1. 2-Cr (Figure 1) adopted square planar geometry, and
complexes 2-Fe (Figure 2) and 2-Co (Figure 3) have a distorted tetrahedral geometry. "H NMR
spectra of 2-Cr, 2-Fe, and 2-Co showed broad peaks in a range of 0 to +30 ppm, suggesting that
those complexes are high-spin.

Table 1. Selected X-ray data for complexes 2-Cr, 2-Fe, and 2-Co.

M-F [A] M-C[A] F-M-F[] C-M-C[] F-M—C [°]
2-Cr 1.9124(10)  2.1752(17)  180.0 180.00(6)  89.89(6), 90.11(6)
o 1.872(3), 100.83(14), 106.16(14),
2Fe 'on) 2.146(4) 116.00(13)  118.74(16) |1 108.61(14)
1.880(4), 2.077(6), 102.15(19), 106.78(19),
2-Co 1 8oa(4) 2.093(6) 107.15(17) — 121.92) 108.43(19), 109.6(2)

Organometallic mononuclear Cr fluoride complexes are rare.® The Cr—F distance in 2-Cr
(1.9124(10) A) is shorter compared to bond distances in reported square-planar fluoride bridged
dimer, [ArCr(u-F)(THF)]2 (1.970(2) A and 2.104(2) A), which appears to be the only other

structurally characterized, organometallic Cr(IT) fluoride.?” Although Cr(IMes)2X2 (X = ClI or Br)



have not been reported, complexes of the type of Cr(NHC)2X2 (X = CI?* ¥ or Br#’) also adopt

square-planar geometry.

Figure 1. Perspective view of the crystal structure of complex 2-Cr with thermal ellipsoids
shown at 30% probability.

The number of crystallographically characterized organometallic Fe fluoride complexes is
limited.” 23 41- 42 To the best of our knowledge, the only reported mononuclear four-coordinate
organometallic Fe fluoride complex contains tridentate tris(carbene)borate ligand.?* The reported
complex has a slightly shorter Fe—F distance (1.848 A) compared to those in 2-Fe (1.872(3) A and
1.877(3) A). Fe—C bond length in 2-Fe (2.146(4) A) is similar to those in Fe(IMes)2Clz (2.139(3)
A and 2.157(3) A).32 The C—Fe—C angle in 2-Fe (118.74(16)°) is smaller than in Fe(IMes)2Cl>
(125.2(1)°) and the X—Fe—X angle is larger for a fluoride complex (116.00(13)° vs. 106.66(4)°, X
=F vs. Cl, respectively). Since Fe—F bonds (1.872(3) A and 1.877(3) A) are significantly shorter
than Fe—Cl bonds (2.292(1) A and 2.310(1) A), and fluorine, being the most electronegative
element, has a highly localized electron density; we propose that the larger F—Fe—F angle is due

higher electrostatic repulsion between two fluorine atoms in 2-Fe, that are significantly closer to



the metal center, compared to the repulsion of two chloride atoms in Fe(IMes)2Clz that are further

away. As a result, the C—Fe—C angle becomes smaller in 2-Fe.

Figure 2. Perspective view of the crystal structure of complex 2-Fe with thermal ellipsoids
shown at 30% probability.

Several organometallic fluoride complexes of Co(III) are known.***¢ Two crystallographically
characterized organometallic Co(Il) complexes are three-*” and five-coordinate.® Therefore, no
direct comparison between reported complexes and 2-Co can be made. Co—C bond distances in 2-
Co (2.077(6) A and 2.093(6) A) are similar to those in Co(IMes)2Clz (2.069(2) A and 2.089(2)
A)*® and in Co(IMes):Br2 (2.082(3) A).*> The C—Co—C angle in 2-Co (121.9(2)°) is slightly
smaller than those in Co(IMes)2Cl2 (124.95(9)°) and Co(IMes)2Br2 (130.4(1)°) and the X—Co—X
angle is slightly larger (107.15(17)°, 103.21(3)°, and 103.9(1)°, in the row X = F, Cl, and Br,
respectively). Similarly, to 2-Fe, we explain a larger F-Co—F angle by electrostatic repulsion of

two fluorine atoms in 2-Co.



Figure 3. Perspective view of the crystal structure of complex 2-Co with thermal ellipsoids shown

at 30% probability.

The bis-fluoride bis-NHC Fe(Il) complex, 2-Fe, readily reacts with TMSN3 and TMSCN to
provide corresponding bis-azide and bis-cyanide complexes 3-Fe and 4-Fe in 42% and 67% yields,
respectively (Scheme 2).

Scheme 2. Synthesis of complexes 3-Fe and 4-Fe.
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Unfortunately, multiple attempts to obtain the crystal structure of 3-Fe were unsuccessful. This
compound has a strong tendency to grow in stacks of thin sheets which are unaligned (Figures S4-
6). Attempts to isolate a single layer resulted in a thin sheet that scattered poorly and yielded no
meaningful structural data. Despite this, elemental analysis of 3-Fe does support the proposed
structure. In addition, "H NMR showed relatively sharp peaks in a range of — 3.5 to +4.5 ppm

(CD2Cl2), which can be assigned, suggesting an intermediate spin state for Fe, which is expected



for strong field ligands, such as cyanide. The IR spectrum of 3-Fe shows one cyanide stretch at
2102 cm’!, corresponding to a square planar complex with two cyanides in the trans position. DFT
results further support a square planar geometry (Figure S22). Noteworthy, reported
Fe(IMes)2(Me)2, containing strong field ligand, also adopts a square planar geometry.>°

In contrast to 3-Fe, complex 4-Fe gave crystals suitable for X-ray structural studies (Figure 4).
Crystallographic studies show 4-Fe adopts a distorted tetrahedral geometry [N—Fe—N 110.46(8) °,

C—Fe-C 128.27(9) °].

Figure 4. Perspective view of the crystal structure of complex 4-Fe with thermal ellipsoids shown

at 30% probability.

Crystallographically characterized mononuclear four-coordinate organometallic Fe azides
contain bidentate®! or tridentate’>>° ligands and only one azide attached to Fe with a Fe-N bond
distances in a range of 1.91-2.06 A. Fe—N bond lengths in 4-Fe are in the same range (1.9826(16)
A and 1.9913(19) A). Fe—C bond lengths in 4-Fe (2.1238(17) A and 2.155(2) A) are similar to
those in 2-Fe.

We found that 4-Fe has limited stability, especially when exposed to light. Photolysis of Fe(II)

complexes containing one azide ligand has been extensively utilized to prepare Fe(IV) terminal



nitrides.>? 53 37> 38 Photolysis of 4-Fe at 395 nm led to an unidentified mixture of decomposition
products. Due to the limited stability of 4-Fe, all attempts to obtain a pure sample, confirmed by
elemental analysis, were unsuccessful. Therefore, we were unable to perform magnetic
measurements of complex 4-Fe.

Magnetic susceptibility studies. Variable-temperature dc magnetic susceptibility (y») data were
collected on crushed, vacuum-dried microcrystalline samples in the 5.0 — 300 K range ina 0.10 T
(1.0 kG) applied dc field and plotted as yuT vs T (Figure 5). For 2-Cr, y, T is 2.61 cm?® K mol! at
300 K and remains essentially constant with decreasing temperture until a small decrease below
~15 K to reach 2.26 cm® K mol! at 5.0 K (Figure 5A). The data confirm the square planar Cr!' ion
to be high-spin with spin §' =2 and g < 2 slightly, as expected for a less than half-filled shell; the
spin-only (g = 2.0) yuT is 3.0 cm® K mol!. The ac in-phase y'uT vs T plot (Figure S8, SI) agrees

with the dc plot and supports the conclusion of a high-spin S =2 Cr'l,
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Figure 5. SQUID measurements yu7 vs T plots of (A) 2-Cr, (B) 2-Fe, (C) 2-Co, and (D) 3-Fe.
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For 2-Fe, the complex contains an Fe!lion in distorted-tetrahedral geometry and is thus
expected to be high-spin S = 2 similar to a previously published complex, Fe(IMes)2(Cl)2.5° yuT
at 300 K is 4.35 ¢cm? K mol’!, which is significantly higher than the spin-only (g = 2.0) value of
3.0 cm® K mol! for S =2, steadily decreases with decreasing 7'to 2.96 cm?® K mol ™! at 20.0 K, and
then dips to a final 2.39 cm? K mol™! at 5.0 K (Figure 5B). The ac in-phase y'mT vs T plot (Figure
S10) agrees with the low-T dc data and supports the conclusion of a high-spin S = 2 Fe''. For 2-
Co, the complex contains a Co' ion in distorted-tetrahedral geometry and is expected to be high-
spin § = 3/2. yuT is 3.23 cm? K mol! at 300 K, which is much higher than the spin-only S = 3/2
value of 1.88 cm?® K mol!, and then steadily decreases to 1.43 cm® K mol! at 20.0 K and then dips
to a final 1.03 cm?® K mol! at 5.0 K (Figure 5C). The ac in-phase y'uT vs T plot (Figure S12) agrees
with the low-T dc data and supports the conclusion of a high-spin S = 3/2 Co!! similar to
Co(IMes)2(Cl)2.%% For both 2-Fe and 2-Co, the yuT at higher temperatures being significantly
larger than the spin-only value is assigned to significant intrinsic magnetic anisotropy and resulting
g > 2 for these ions from orbital angular momentum, as seen also in other distorted tetrahedral
systems.®!

For 3-Fe, the yuT at 300 K is 2.30 ¢cm?® K mol!, decreasing to 0.45 cm?® K mol-'at 5.0 K
(Figure 5D). The 5.0 K value and the plot profile suggest an § = 0 ground state consistent with
square planar geometry and the strong-field CN- ligands. This is supported by the low-temperature
ac susceptibility, the y'uT decreasing from 1.13 ¢cm?® K mol'at 15 K to 0.18 cm® K mol-'at 1.8
K and clearly heading for 0 (Figure S17). The increasing yu7T with increasing 7 is consistent with
population of §= 1 excited states with significant magnetic anisotropy. Another possibility

consistent with the lowest-7 data is that 3-Fe has an §= 1 ground state and the decrease below
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~100 K is due to intermolecular antiferromagnetic interactions, but the feasibility of this cannot be
assessed without the crystal structure.

Variable-frequency ac out-of-phase (y''m) susceptibility studies were carried out on 2-Cr,
2-Fe, and 2-Co in the 1.8 — 15 K range using a 3.5 G ac field and oscillation frequencies of 50,
250, and 997 Hz. None of the complexes exhibited y"'u signals down to 1.8 K. Additional ac studies
in the presence of an applied dc field (0.1 T) were carried out to probe whether one or more of the
compounds might exhibit field-induced single-molecule magnet (SMM) behavior. Indeed, in the
applied dc field compound 2-Co revealed clear frequency-dependent out-of-phase y"u signals in
the 1.8 — 4 K range and a concomitant decrease in the in-phase y'u7. The y"'u vs T data were used
to construct an Arrhenius plot of In(1/t) vs 1/Tmax, where tis the relaxation time, giving an effective
barrier to magnetization relaxation of Uerr=27.1 K and 1/10 = 5.6 X 108s™!, typical values for four-
coordinate Co SMM compounds range from 6.3 K to 118 K, with the mean value being 37.0 K
(Figure S16). Many four-coordinate Co"! compound have a Uett between 20 — 30 K.*> Compounds
2-Fe, 3-Fe, and 2-Cr did not exhibit y"» signals in the presence of a dc field.

It is interesting to note that the main difference between 2-Fe and 3-Fe is a change in the
ligand field. 2-Fe and 3-Fe both contain a four-coordinate Fe!! with two bound IMes ligands;
however, 2-Fe has two F~ ligands while 3-Fe has two CN". Fluoride is a weak field ligand, while
cyanide is a strong field ligand. Having fluorine bound to the metal center decreases the splitting
of the d orbitals, thus A: < pairing energy, resulting in a high spin configuration of the d-electrons.
For 3-Fe, the reverse is true, At > pairing energy, resulting in a low-spin complex. This is nicely
reflected in the magnetic measurements.

DFT Calculations. DFT (OPBE-D3)%-% calculations (see the computational details section for

further information) on the three synthetized MF2(IMes)2 complexes predict that the most stable
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coordination around the metal center is square planar for Cr and tetrahedral for Fe and Co (Figure
S19) in agreement with X-ray diffraction structures. The resulting geometry is close to the X-ray
structure, the largest variations being on Fe—C bond distances and C—Fe—C bond angles which are
about 0.04 A and 10 degrees, respectively. The tetrahedral coordination around Cr is unstable and
all our attempts to find a local minimum evolved to the square planar structure. Moreover, the
optimized structure imposing F—Cr—F and IMes—Cr—IMes angles close to the X-ray structure of
2-Co is 18.0 kcal mol! higher in Gibbs energy than the square planar structure. For 2-Fe and 2-
Co both the square planar and the tetrahedral coordination around metal center are minima of the
potential energy surface but the latter is lower in Gibbs energy by 1.7 and 10.2 kcal mol,
respectively.

Analysis of the molecular orbitals (Figure 6) allows rationalizing the different structure for 2-
Cr with respect to 2-Fe and 2-Co. The d orbital splitting (Figure 6a) of an ideal square planar
ligand field is characterized by four low-lying d orbitals and the dx2-y2 lying significantly above
the other four. The ligand field of an ideal tetrahedral complex has two low lying degenerate
orbitals and three slightly higher in energy orbitals. The nature of the occupied metal d orbitals
and the energies of the associated molecular orbitals of 2-Cr, 2-Fe and 2-Co for both the square
planar and tetrahedral structures reasonably agree with this idealized picture, despite deviations
from the ideal structure and the presence of p-bonding with F and NHC ligands (Figure 6b). The
low-lying orbitals of the square planar coordination tend to be lower in energy than the five d
orbitals of the tetrahedral environment, but the dx2-y2 orbital is much higher in energy. Accordingly,
2-Cr, which formally has a d* metal center, prefers to be square planar and singly occupy the four
low-lying orbitals of this structure. In contrast 2-Fe and 2-Co with a formal d® and a d” metal center

prefer to have a tetrahedral coordination that avoids occupying the highly energetic dx2-y2 molecular
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orbital of the square planar structure. Remarkably, calculations for 2-Fe and 2-Co suggest that an

intermediate spin square planar structure where the dx2-y2 orbital is not occupied is similar in energy

to the high spin square planar structure but it is always less stable than the tetrahedral one.
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Figure 6. (a) Ligand field for an ideal square planar and tetrahedral complex. (b) Singly occupied
molecular orbitals for 2-Cr with square planar and tetrahedral coordination around the metal
center.
CONCLUSION

We have outlined a new synthetic route into the first-row organometallic fluoride complexes
utilizing metal silylamido complexes and IMese2HF salt. Using this method, three new complexes
of the form M(F)2(IMes)2 were isolated (2-Cr, 2-Fe, 2-Co). Both 2-Fe and 2-Co adopt a distorted
tetrahedral geometry, while 2-Cr is square planar. Interestingly 2-Fe and 2-Co have larger
X—M-X bond angles than the analogous chloride or bromide complexes (M(X)2(IMes)2, X = Cl,
Br). We attribute this to the higher electron density on fluorine and the shorter M—X bond lengths
leading to greater electrostatic repulsion between fluorine atoms compared to chlorine. The
synthetic utility of 2-Fe was also demonstrated by using TMSCN and TM SN to substitute fluoride
for cyanide and azide and yield 3-Fe and 4-Fe, respectively. Magnetic susceptibility studies for 2-
Cr, 2-Fe, 2-Co are consistent with high-spin Cr?*/ Fe*"/ Co?*"complexes with § = 2 for 2-Cr/2-Fe
and S = 3/2 for 2-Co. 2-Co was found to exhibit field-induced single-molecule magnet (SMM)
behavior between 1.8 — 4 K, values for Uktr and 1/7o were calculated and found to be consistent
with four coordinate Co"' compounds (Uett = 27.1 K, 1/t = 5.6 X 10% s7'). As expected, the
substitution of fluorides in 2-Fe to strong field ligands (cyanides in 3-Fe) led to a low spin Fe
complex confirmed by magnetic measurements. DFT (OPBE-D?3) calculations are consistent with
experimental structural and magnetic studies. These calculations also offered insight on why 2-Cr

adopts square planar geometry rather than the tetrahedral geometry of 2-Fe and 2-Co.
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Four-coordinate mononuclear bis-fluoride bis-NHC complexes of Cr(II), Fe(Il), and Co(II) were
synthesized from corresponding silylamido complexes and IMese2HF. The synthetic utility of the
Fe fluoride complex was demonstrated, taking advantage of Si—F bond strength. X-ray, magnetic,

and DFT studies of the resulting complexes were presented.
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