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We isolate and characterize the gold())—iron(0) adducts [(Pr,-bimy)-
Au—Fe(CO)s(PMe3),l[BArF,] and [Au—{Fe(CO)s(PMes),},l[BAr ;] (Pr,-
bimy = 1,3-diisopropylbenzimidazolin-2-ylidene, BAr", = tetrakis-
(pentafluorophenyl)borate). DFT analysis reveals that the gold—iron
interaction in [(Pr,-bimy)Au—Fe(CO)s(PMes),l[BAr 4] is predominantly
a co-donation from iron to gold. We further extend this class of
compounds to include [(Pr,-bimy)Au—Fe(CO)s(PRs),1[BAr 4] (PRs =
PPhs, PCys, PCyPh,, PMePh,, PMe,Ph, P(4-CgH4F)s) and [(Pr,-bimy)-
Au—Fe(CO)4(PPh3)I[BAr,] and correlate the ‘Pr,-bimy carbenic *C
NMR signal with the relative donor strength of the iron(0) ligand. This
approach allows for a fast and simple approach to gauge relative
donor strength of Fe(0) donors.

Transition metals hold a traditional role as Lewis acids in
activation and coordination chemistries. However, the use of
metals as bases in metal-only Lewis pair (MOLP) and frustrated
Lewis pair (FLP) systems has recently become well recognized
(Fig. 1)." Metal base partners in FLP and MOLP systems result
in enhanced activity and a plethora of post-activation function-
alization options that are unavailable to main-group Lewis
bases. Notably, this allows the use of first row transition metals
in difficult catalytic transformations that commonly rely upon
noble metals.”

Recently, we have reported on the use [Fe(CO);(PR;)] {R = Me
(1a), Ph (1b), Cy (1c)} as Lewis bases in FLP chemistry where
pronounced differences were observed based on the electron
donating ability and steric profile of the phosphine
substituents.® Iron(0) complexes have also been used extensively
as donors in coordination chemistry,'® notably as ligands for Cu,
Ag, and Au complexes.® However, gauging the donor strength of
iron(0) (and other metal ligands) remains challenging. Previous
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efforts to determine the basicity and/or donor strength of iron(0)
complexes have been crude, unreliable and/or analytically difficult.

Braunschweig used the transfer of the Lewis acid GaCl;
between Fe(0), Ru(0) and Pt(0) to gauge their relative Lewis
basicity.> He also applied the method pioneered by Gandon® in
measuring the hybridization of GaCl; bound to the zero valent
metal adducts to infer donor strength. Such an approach is
contingent upon favourable formation and isolation of the GaCl
adducts and their structural characterization. Additionally, such
an approach may not reflect the behavior of the Fe(0) bases in
solution where crystal packing effects manipulate the geometry of
GaCl;. The Bronsted basicity of a large number of metal com-
plexes has also been determined from the pK, of their conjugate
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Fig. 1 (i) Zero valentiron complexes used as base partners in FLP chemistry.®
(ii) Zero valent iron complexes acting as ligands. (iii) Correlation between the
carbenic ®C NMR signal of 'Pr,-bimy in [(Pr,-bimy)AuL]l* and donor strength
was shown for L = NHC providing a fast and accurate way to quantify the
donor strength of ligands via NMR spectroscopy.” Can it be applied in an
analogous manner to transition metals such as iron(0) donors?
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Scheme 1 Formation of bimetallic complex 2a from 1a, [(Pr,-bimy) AuCll
and NalBAr",l. 2a can further disproportionate into [Au(1a),l[BAr,4] and
[Au(Pr,-bimy),][BAr 4.

acids (metal hydrides).” Most pK, values are determined via
equilibria with bases of known pK}, making determination of
highly acidic metal hydrides difficult. This method is also impre-
cise, with error as high as 20%, and widely different values can be
obtained depending on which yardstick base is used in the
equilibrium. Further, established means to measure main group
ligand donor strengths, such as the Tolman electronic parameter
(TEP), Crabtree’s modified electronic parameter and the Lever
electronic parameter (LEP) are inept for weak and highly reductive
donors such as Fe(0) complexes.®

As an alternative to these methods (e.g. TEP, LEP) Huynh has
reported on the correlation between ligand donor strengths and
shift in the ">C NMR signal of a spectator ligand in complexes
of the type [(*Pr,-bimy)PdBr,(L)] and [(*Pr,-bimy)Au(L)]" (Pr,-bimy =
1,3-diisopropylbenzimidazolin-2-ylidene, see Fig. 1(iii)).” The '*C
NMR signal of the benzimidazolinylidene carbon donor in [(*Pr,-
bimy)PdBr,(L)] corresponds to the Huynh electronic parameter
(HEP) (where better donor ligands lead to lower field shifts), and
Huynh has shown that the *C carbenic NHC signal in [(‘Pr,-
bimy)Au(L)]" complexes can be directly correlated to the HEP for
carbene ligands (this has yet to be expanded to other ligand classes).
Given that Fe(0) has previously been reported to form complexes
with gold fragments,*” we envisioned that the synthesis of bime-
tallic compounds of the type [(Pr,-bimy)Au-Fe(CO),(PR;),][BAr",]
{BAr*,, = tetrakis(pentafluorophenyl)borate} might allow an accu-
rate ordering and comparison of the donor strengths of Fe(0)
complexes as ligands.

To this end, we herein report on the formation and character-
ization of the Fe-Au adduct [(*Pr,-bimy)Au-Fe(CO),(PMe;),][BAr",]
(2a). We extend this class of complexes to [(*Pr,-bimy)Au-Fe(CO),-
(PR;),][BAr",] (PR; = PPh;, PCy;, PCyPh,, PMePh,, PMe,Ph,
P(4-CsH4F);) and find a correlation between their carbenic °C
NMR signal, their pK, and the TEP of the iron coordinated phos-
phine group. The ability to gauge the donor strength of iron(0)
complexes (and potentially other donor metals) using this method
circumvents the need to isolate unstable Fe-Au adducts and pro-
vides a high precision determination of relative Fe(0) donor strength.

Complex 2a was formed from mixing a solution of
[Fe(CO);(PMe;),] (1a) with Na[BAr*,] and [(‘Pr,-bimy)AucCl] in
stoichiometric quantities (Scheme 1). The reaction was found to
also form [Au('Pr,-bimy),][BAr",] and [Au{Fe(CO);(PMe;),},][BAI",]
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([Au(1a),][BAr*,]), presumably via disproportionation of 2a.
Nonetheless, compound 2a was found to be the predominant
species formed with an NMR yield of 77% and could be isolated
in 47% yield. The identity of [Au(1a),][BAr",] and [Au(*Pr,-bimy),]-
[BAr*,] were confirmed via independent syntheses (see ESIY).
Single crystal X-ray diffraction (SCXRD) analysis of [Au(1a),]-
[BArY,] (Fig. 2) revealed its structure to be closely related to
the silver analogue [Ag{Fe(CO);(PMe;),},][BAr”,] reported by
Braunschweig.*® It was found that isolated samples of 2a dis-
solved in CH,Cl, slowly formed [Au(1a),][BAr",] and [Au(‘Pr,-
bimy),][BAr" 4] over a matter of hours.

Spectroscopic data for 2a reveal a decrease in the electron
density and a reduction in symmetry at the iron centre, with
Vco) shifting from 1871 em™" in 1a to 2005 cm ™, 1946 cm ™!
and 1923 cm ! in 2a (values in CH,Cl, solution). And the *'P
NMR signal arising from the PMe; ligands shifting upfield from
Jp 38.4 in 1a to 23.6 in 2a. A signal at 190.1 ppm in the "*C NMR
spectrum of 2a was identified as the 'Pr,-bimy carbenic reso-
nance, with coupling to the iron bound PMe; ligands observa-
ble (}Jpc = 4.8 Hz, t, 2 P, CD,Cl, solvent).

Compound 2a could be crystallized via diffusion of n-hexane
into a saturated DCM solution at room temperature to generate
crystals suitable for SCXRD. The molecular structure of 2a
(Fig. 3) reveals a close Au-Fe contact at 2.562(1) A. This distance
is notably shorter than the M-Fe bond distances in
[Au(1a),][BAr",] (Au-Fe = 2.578(1) A), implying a significant
Au-Fe interaction in 2a. Indeed, evidence for a strong Fe-Au
interaction can also be observed through a strong trans influence,
elongating the Au-Cypc distance to 2.032(3) A. This distance is
longer than Au-Cyyc distances observed in reported [Au(iPrz-
bimy)(L)]" complexes with weak doners, e.g. pyridine {Au-Cnpc =
1.983(5) A}, and similar to strong donors such as NHC ligands, e.g.
IPr,-bimy {Au-Cypc = 2.023(6) Al, 'Pr {Au-Cypc = 2.015(5) AL*

The carbonyl environment around the iron centre in 2a fails
to adopt an octahedral geometry, as is observed in other
Fe(0) »M complexes,* and two of the carbonyl ligands are bent
towards the Au coordination site, with C-Fe-Au angles of
68.6(1)° and 73.8(1)°. Similar OC-Fe-CO geometries have been
observed in Braunschweig’s [Ag{Fe(CO);(PMe;),},][BAr<',]*
and group 10 [Fe(CO);] adducts,**?*" however, a DFT analysis
by Frenking®” on [LAu-Fe(CO)s]" systems (L = NHC or phos-
phine) concluded that there was little interaction between gold

Fig. 2 Molecular structure of [Au(1a),][BAr",]. Hydrogen atoms and anion
omitted, thermal ellipsoids shown at 50%. Selected bond distances (A) and
angles (°): Fel-Aul, 2.580(1); Aul-C2, 2.612(2); Fel-Aul-Fe2, 176.4(1).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Axial and equatorial perspectives for the molecular structure of 2a.
Hydrogen atoms and anion omitted, thermal ellipsoids shown at 50%.
Selected bond distances (A) and angles (°): Aul-Fel, 2.562(1); Aul-C1,
2.031(3); Aul-C15, 2.532(3); Fel-Aul-C1, 175.1(1); C14-Fel-C15, 142.0(1).

and the iron carbonyl ligands bent towards the gold centre
despite the acute C-Fe-Au angles.

Huynh has found that HEP values correlate well to donor
strength for o-type donors, thus we aimed to understand the
bonding between 1a and the ‘{(‘Pr,-bimy)Au}’ fragment and
whether the carbonyl groups of 1a were involved in bonding
with this fragment. To this end, we scrutinized the electronic
structure of 2a using DFT calculations. Geometry optimization at
the BP86-D3/def2-TZVP(+RECP on Au)/def-SVP level reproduced
experimentally observed distances and vco for 2a with high
accuracy (Table S2, ESIt). The QTAIM analysis of the electron
density does not reveal any bond critical points between Au and
the in-plane CO carbon atoms, suggesting that the interaction is
predominantly between Au and Fe, with little to no contribution
from the carbonyl ligands (Fig. 4). Frenking’s analysis of [LAu-
Fe(CO)s]" systems (L = NHC or phosphine) rendered a similar
conclusion, with QTAIM parameters associated with 2a similar
to those in Frenking’s study.*”

The NOCV energy decomposition of the orbital interaction
further supports this conclusion (Fig. S34, ESIt). The analysis
reveals a dominant c-type donor-acceptor interaction between
the Fe centre and Au" (6s/6p) with a much smaller n-interaction
arising from backdonation from filled 5d AOs of Au" to vacant
carbonyl ligand molecular orbitals. Again, deformation densi-
ties and their respective fragment orbitals, as well as the
associated interaction strength correlate strongly to Frenking’s
data. The o-type interaction is also apparent from inspection of
the MO diagram, where HOMO—1 shows relatively small con-
tribution from the in-plane CO ligands. They are involved
to some extent in some backbonding (which is very weak and only
the dominant contribution is shown in Fig. S35, ESIt).
The remainder of the MO diagram is unsurprising, and all d orbitals
associated with the Au and Fe centres can be readily identified. The
character of the vacant d,. of Fe® (d°) is smeared out over LUMO+2
and LUMO+3. DLPNO/CCSD(T) Local Energy Decomposition Analy-
sis suggests a substantial binding energy of 66.7 kecal mol ' between
the two metal fragments (Table S3, ESIT). Interestingly, almost 33%
of stabilization is due to London dispersion. Natural population
analysis places a positive charge of +0.67¢ on Au.

Given the above conclusion, we proceeded to extend the
measurement of ">*C NMR 'Pr,-bimy carbenic signal values to

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

Au-Fe p(r,) 0.331 eA-3,Vp(r.) 3.133 eA-5; H(r,) -0.061 E,A-3

Au-C  p(r,) 0.877 eA=%;Vp(r,) 10.411 eAS; H(r,) -0.378 E,A

Fig. 4 Contour plot of the Laplacian of electron density V2(r.) in the Au-
Fe-Cico) plane of 2a (BP86-D3(BJ)/def2TZVPP/x2C-TZVPall). Values of
key topological descriptors are also given. Blue solid lines indicate regions
of charge depletion (V2(r)) > 0) and red dotted lines indicate regions of
charge accumulation (V2p(r) < 0). Green and red dots represent bond and
ring critical points, respectively.

other iron(0) complexes capable of acting as donors. To achieve
this, we reacted Na[BAr",], [AuCI(‘Pr,-bimy)] and [Fe(CO);(PRs),]
{PR; = PPh;, PCy;, PCyPh,, PMePh,, P(4-C¢H,F);} together in
CD,Cl, then proceeded to measure their characteristic **C NMR
reporter signal. Huynh has established that a more positive
(downfield) **C NMR reporter signal for the 'Pr,-bimy ligand
corresponds to a better -donor ligand.

It can be seen that the ordering of iron(0) ligands is as would
be expected, with phosphino groups with more electron-
donating substituents that generate a more electron rich Fe
centre providing more positive *C NMR values (Table 1).
Notably, the ordering of the *C NMR reporter signals of the
‘(Pry-bimy)Au’ fragment follows the same ordering as the
conjugate acid pK, values of the Fe(0) ligands (for those that
are reported) with a strong linear relationship correlation (R* =
0.9612, Fig. 5). It must be noted that in many instances the
desired product was not dominant and/or stable (rendering
isolation challenging). However, this NMR spectroscopic
approach allowed us to gauge the donor strength of complexes
1 even when the target complexes 2 were in low concentration.”

Further, we extended this technique to the tetracarbonyl
iron(0) complex [Fe(CO)4(PPh;)] through >C NMR analysis of
[(‘Pr,-bimy)Au-Fe(CO),(PPh;)|[BAr",] (2h). As would be expected
from the substitution of a phosphine with a more n-acidic ligand
(i.e. CO), the >C NMR reporter signal appeared at a higher field
position (at 185.4 ppm), correlating with a poorer iron c-donor.
It is important to note that the high acidity of protonated
[Fe(CO),L] type complexes complicates their pK, determination,’
although Braunschweig has successfully applied his method of
GaCl; complexation to such complexes.’

3C NMR reporter signals for the {(‘Pr,-bimy)Au}’ fragment
with NHC, acyclic diamino carbene (ADC) and carbodicarbene
(CDC) ligands have been reported.”'" Further, we recorded
the *C NMR reporter signals for [Au(*Pr,-bimy),][BAr*,] and
[(‘Pr,-bimy)Au(NC;H;)][BAr",] to be 187.5 and 168.3 ppm
respectively (Table 1). Comparison of these data to 2a suggest

Chem. Commun., 2022, 58,12947-12950 | 12949
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Table 1 'Pro-bimy carbenic *C NMR signals from complexes [(Pr,-
bimy)Au—LI[BArf4], Tolman electric parameter of iron phosphine ligands
and pK, values of protonated iron complexes

Jpr’°C NMR
N 7 [BAIF,]
@[ )>—Au—(Fe]
N
ipr 2a-h
[Fe] donor complex dc®  TEP“ of PR; [HFe]" pK,°
Fe(CO);(PMe;), (1a) 190.1 2064.1 3.2-4 (DCE)
Fe(CO),(PPh;), (1b) 188.2 2068.9 —0.6 to —1.1 (DCE)
Fe(CO);(PCy;), (1¢) 190.7 2056.4 4.4 (DCE)
Fe(CO);(PMePh,), (1d) 188.4  2067.0 0.1-1 (DCE)
Fe(CO),(PMe,Ph), (1e) 189.5 2065.3 2.1 (DCE)
Fe(CO);(PCyPh,), (1f) 189.2 n/a 2 (DCE)
Fe(CO);(P(4-CeH,F),), (1g) 187.0 2071.3 n/a
Fe(CO),(PPh;) (1h) 185.4 2068.9 n/a
Main group donors (L) [HL]" pK,
Pyridine 168.3 8.3 (DCM)
'Pr,-bimy 187.5 n/a
PR;= PCy; PMe;  PCyPh, PMePh,  P(4-CeHF)s
} ¢ } ¢ f i # } f ¢ f } f
dc? 191 190 189 188 187
PMe,Ph PPhj3

@13C NMR signal of "Pr,-bimy donor atom taken in CD,Cl, (solvent
reference 53.84 ppm).*>

13C NMR reporter signal versus metal hydride pK,
191

=
©
oS

R?=0.9612

13C NMR reporter signal (ppm)
N
00
o

188
-1.5 -0.5 0.5 1.5 2.5 3.5 4.5
Metal hydride pK, (unitless)

Fig. 5 Correlation between *C NMR reporter signal for (Pr,-bimy)Au-
[Fe]l complexes and the pKj values for the conjugate acids (metal hydrides)
of the Fe(0) complexes. Bars represent ranges of pK, values where more
than one report exists.

that 1a has similar electron donation ability to NHCs on Au(i),
and is a much better donor than pyridine. This is in agreement
with hybridisation measurements of GaCl; bound to 1a, NHCs
and pyridine, and the large calculated Au-Fe binding energy
(Table S3, ESIt).>*°

In summary, we have synthesized and fully characterized the
iron-gold adducts [(*Pr,-bimy)Au-Fe(CO);(PMe;),][BAr",] (2a)
and [Au-{Fe(CO);(PMe;),},][BAr",] ([Au(1a),]), where [Fe(CO);-
(PMe3),] (1a) acts as a ligand to the gold fragment. DFT
supports the description of 1a as primarily a o-donor to the
gold centre in 2a, with only relatively little interaction between
iron-carbonyl ligands and the gold centre, despite an acute
Au-Fe-CO angle observed in the molecular structure of 2a. A
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correlation was found between the apparent donor strength of
iron(0) complexes of the type [Fe(CO);(PR;),] (PR; = PMej3, PPhs,
PCy;, PCyPh,, PMePh,, P(4-C¢H,F);) and the carbenic *C NMR
signal of the ‘(‘Pr,-bimy)Aw’ fragment in complexes of the type
[(Pr,-bimy)Au-Fe(CO);(PR;),][BAr*,]. This allows for a simple
method to gauge donor strength in such Fe(0) complexes, and
we will be exploring if this concept can be extended to other
metal ligands capable of forming adducts with gold(1).
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