
  Chemical
  Science
rsc.li/chemical-science

ISSN 2041-6539

Volume 14
Number 16
28 April 2023
Pages 4195–4436

EDGE ARTICLE
John McCracken, Selvan Demir, Aaron L. Odom et al.
A rare isocyanide derived from an unprecedented neutral 
yttrium(II) bis(amide) complex 



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

2/
20

25
 1

2:
50

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A rare isocyanide
Michigan State University, Department of C

MI, USA, 48824. E-mail: odoma@msu.edu;

msu.edu

† Electronic supplementary information
procedures and additional characterizatio
been deposited. CCDC 2207616–2207618
CIF or other electronic format see DOI: h

Cite this: Chem. Sci., 2023, 14, 4257

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th January 2023
Accepted 11th March 2023

DOI: 10.1039/d3sc00171g

rsc.li/chemical-science

© 2023 The Author(s). Published by
derived from an unprecedented
neutral yttrium(II) bis(amide) complex†

Rashmi Jena, Florian Benner, Francis Delano, IV, Daniel Holmes,
John McCracken, * Selvan Demir * and Aaron L. Odom *

A room temperature stable complex formulated as Y(NHAr*)2 has been prepared, where Ar* = 2,6-(2,4,6-

(iPr)3C6H2)C6H3, by KC8 reduction of ClY(NHAr*)2. Based on EPR evidence, Y(NHAr*)2 is an example of a d1

Y(II) complex with significant delocalization of the unpaired electron density from the metal to the ligand.

The isolation of molecular divalent metal complexes is challenging for rare earth elements such as

yttrium. In fact, stabilization of the divalent state requires judicious ligand design that allows the metal

center to be coordinatively saturated. Divalent rare earth elements tend to be reactive towards various

substrates. Interestingly, Y(NHAr*)2 reacts as a radical donor towards tBuNC to generate an unusual

yttrium isocyanide complex, CNY(NHAr*)2, based on spectroscopic evidence and single-crystal X-ray

diffraction data.
Introduction

Stabilization of metal centers in unusual oxidation states
provides opportunities to examine new electronic structures,
metal–ligand interactions, and reactivity. While the vast
majority of Group 3 transition metals and lanthanide
compounds have the metal center in the +3 formal oxidation
state, the oxidation states of many of the rare earth metals have
been expanded to include examples where the formal oxidation
state is +2, and Evans wrote in 2016 that, “Ln2+ ions are now
known for all the lanthanides except {radioactive} Pm.”1

The rst Y(II) complex, {Y(C5H4SiMe3)3}
−, was prepared by

reduction of the neutral Y(III) complex (Chart 1), and the
stability of these complexes is closely tied to the counterion
used.2–4 Recently, an Y(II) complex using tris(aryloxide)mesity-
lene ligands was reported by Meyer and Evans that is stable for
∼48 h at room temperature in THF.5,6 In addition to cyclo-
pentadienyl and alkoxide ligands, hexamethyldisilazides have
been employed.7,8 In all cases, the currently known yttrium(II)
complexes possess very bulky and strongly donating ligands in
an approximately trigonal environment around the metal
center, and all the ligands are retained on reduction to the
anion.

The rst fully characterized example of a rare earth h6-arene
complex is Sm(h6-C6Me6)(m

2-AlCl4)3, reported by Cotton and
hemistry, 578 S. Shaw Ln, East Lansing,

sdemir@chemistry.msu.edu; mccracke@

(ESI) available: Detailed synthetic
n data. X-ray crystallographic data has
. For ESI and crystallographic data in
ttps://doi.org/10.1039/d3sc00171g

the Royal Society of Chemistry
Schwotzer in 1986.9 Cloke and coworkers prepared a host of
interesting rare earth arene complexes in the apparent zero
oxidation state.10 It is clear from these results that arenes are
adept at stabilizingmetals in low oxidation states. We wondered
if an yttrium bis(h6-arene) complex in the formal oxidation state
of Y(II) could be prepared using this arene coordination strategy
to stabilize the low oxidation state. Here, we describe the
Chart 1 Known Y(II) complexes2–7 and the complex described here
(boxed). Ad = 1-adamantyl. Ar = 2,4,6-(iPr)3C6H2.
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synthesis and properties of a neutral Y(II) bis(amide) complex
related to a recently reported U(II) system, U(NHAr*)2, where Ar*
= 2,6-(2,4,6-iPr3C6H2)C6H3.11 In this uranium complex, there is
evidence that reduction leads to increased bonding between the
metal and the arene groups of the amide, stabilizing the neutral
reduced complex. As a result, these ligands seem particularly
well suited for the stabilization of highly reducing metal centers
like yttrium(II), and Y(NHAr*)2 is relatively stable in diethyl
ether at room temperature under inert atmosphere for days.

Based on EPR spectroscopy, the complex is formulated as d1

Y(II) with a signicant portion of the unpaired electron density
residing on the metal center. Despite possessing good thermal
stability, the yttrium(II) complex is quite reactive, which we
demonstrate through the synthesis and characterization of
a new isocyanide CN–Y(NHAr*)2, where the CN ligand is only
bound through nitrogen. The complex is prepared by presumed
radical cleavage of a C–C or C–N bond. Evidence for this binding
mode and discussion of when such a mode might be more
favorable than the more common C-bound cyanide are
included.
Results and discussion
Synthesis and properties of Y(NHAr*)2

Unsolvated KNHAr* was prepared in 64% yield by addition of
solid KCH2SiMe3 to H2NAr* in n-hexane.11–13 Salt metathesis of
YCl3 in diethyl ether with 2 equiv. of KNHAr* resulted in the
formation of ClY(NHAr*)2 (1) (Fig. 1). Single-crystal X-ray
diffraction on 1 revealed an h6-interaction (Ar1 in Fig. 1, red)
Fig. 1 Synthesis of ClY(NHAr*)2 (1) (top) and (bottom) the structure of 1
from single-crystal X-ray diffraction (thermal ellipsoids drawn at 50%),
where Ar is 2,4,6-(iPr)3C6H2. Hydrogen atoms on carbon and solvent
molecules (2 n-hexane) are not shown for clarity. The h6-arene (red) is
discussed as Ar1 in the text. Some selected structural parameters: Y–N
distances: 2.249(2) Å, 2.210(2) Å. Y–Ar1(centroid): 2.493(3) Å.

4258 | Chem. Sci., 2023, 14, 4257–4264
between one of the arene substituents of an NHAr* ligand and
yttrium. The h6-arene centroid to Y distance was found to be
2.493(3) Å, whereas the next closest Y-(arene centroid) distance
is 3.699(3) Å. However, 1H and 13C NMR spectroscopy suggests
all the arene rings are equivalent on the timescale of these
experiments, indicating that fast exchange occurs between the
bound and unbound aromatic groups of 1 in solution.

The centroid-(Ar1)–Y1–N1 angle is 94.9(7)°, and the centroid
(Ar1)–Y1–N2 angle is 101.8(6)°. The Y1–N1 distance is 2.249(2)
Å, and Y1–N2 is 2.210(2) Å for the two inequivalent amides. The
Y1–N1–C1(ipso) angle is 131.5(2)°, and Y1–N–C36(ipso) is
144.0(2)°, with the large disparity caused by the h6-arene coor-
dination to only one ligand.

Treatment of ClY(NHAr*)2 (1) with excess KC8 results in
a color change from light yellow to a very dark yellow within an
hour (Fig. 2). The product formed, Y(NHAr*)2 (2), retains its
color as a clear yellow diethyl ether solution at room
Fig. 2 (top) Synthesis of 2 and (middle) structure of Y(NHAr*)2 from
single-crystal X-ray diffraction (thermal ellipsoids drawn at 50%),
where Ar is 2,4,6-(iPr)3C6H2. Hydrogen atoms on carbon and solvent
molecule (THF) in the crystal lattice are not shown for clarity. The
molecule resides on a crystallographic 2-fold axis. Some selected
parameters: Y–N: 2.261(1) Å. Y–Ar(centroid): 2.468(8) Å. (bottom)
Cyclic voltammogram of 2 (1.5 mM) in Et2O with 0.1 M NBu4

+ B(3,5-
(CF3)2C6H3)4

− as electrolyte, 100 mV s−1 scan rate, with a glassy
carbon working electrode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EPR spectra of Y(NHAr*)2 (2) in Et2O at 60 K (top) and 295 K
(bottom). The black traces are the experimental spectra collected
using the following conditions: microwave frequency, 9.3972 GHz
(top), 9.3270 GHz (bottom); microwave power, 5 mW (top), 0.125 mW
(bottom); field modulation amplitude, 0.1 mT (top), 0.4 mT (bottom).
The red traces are spectra simulations offset for visualization purposes.
Simulations were done with EasySpin15 using the spin Hamiltonian
parameters given in the text.
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temperature for at least 1 week. We observed dilute ether
solutions at room temperature for >100 h, and decomposition
seemed have a rate of ∼3% per day under these conditions (see
the ESI† for more details.)

X-ray diffraction quality crystals of 2 were obtained from n-
hexane, and the geometries of 1 and 2 vary signicantly in the
solid-state. Complex 2 crystallizes on a 2-fold rotation axis
bisecting the N–Y–N angle, Fig. 2 and S28.† In this case, ortho-
aromatic rings from both amide groups are h6-coordinated to
the metal center, similar to previously reported U(NHAr*)2.11

In this lower oxidation state, the Y1–Ar1(centroid) distance
shortened slightly (but not signicantly relative to three times
the e.s.d.) relative to 1 from 2.493(3) Å to 2.468(8) Å in 2.
Naturally, the expectation is that the radius of the metal will
increase on reduction, which is observed in the Y–N distance in
1 vs. 2 of 2.230(2) vs. 2.261(1) Å, respectively. The apparent
contraction in Y–Ar(centroid) distance in 2 vs. 1 is consistent
with additional yttrium to arene bonding between the formally
reduced metal center to the arene in the reduced complex, an
effect observed in the related U(NHAr*)2 complex as well.11

Y(II) complex 2 was examined by cyclic voltammetry (Fig. 2)
using NBu4

+ B(3,5-(CF3)2C6H3)4
− as the electrolyte in diethyl

ether with a glassy carbon working electrode. A reversible
feature was observed at E1/2 = −1.16 ± 0.01 V in the voltam-
mogram (see the ESI†) vs. FeCp2

+1/0 under these conditions,
which is assigned to the Y(NHAr*)2

+1/0 couple (Fig. 2, bottom).
For comparison, a recent report listed the quasi-reversible
Y(C5H4SiMe3)3

−/0 potential as E1/2 = −3.06 V in THF with
NBu4

+ BPh4
− as electrolyte.14 One can readily see the extreme

difference in the two metal environments. Complex 2 contains
aromatic groups that we believe act as acceptors, making the
complex more stable and much more readily reduced, while
Y(C5H4SiMe3)3 contains anionic (presumably strongly donating)
cyclopentadienyls that make the metal quite difficult to reduce.

EPR spectra collected for Y(NHAr*)2 (2) in Et2O at 60 K and
295 K are shown in Fig. 3. The frozen solution spectrum (top,
black trace) shows an axial lineshape with hyperne splitting
that arises from an I = 1/2 nucleus, consistent with an 89Y-
centered paramagnet. Analysis of this spectrum shows that it
can be well-simulated (top, red trace) using an axial g-tensor
with g‖ = 1.985 and gt = 2.004, an axial 89Y hyperne coupling
with A‖ = 38.9 MHz and At = 40.9 MHz, and an intrinsic
Gaussian lineshape with an average width of 1.06 mT (FWHM).
The solution spectrum of 2 in Et2O (bottom, black trace)
features a broad intrinsic lineshape with a modest inection,
also consistent with hyperne splitting from an I = 1/2 nucleus.
This spectrum was simulated using both fast- and slow-motion
calculation models (bottom, red trace). The results of both
approaches yield isotropic g- and 89Y-hyperne coupling values
of 1.995 and 49 MHz, respectively.15 For these simulations,
a broad Lorentzian intrinsic lineshape of 2.5 mT was required,
casting greater uncertainty on the spin Hamiltonian values
obtained from the solution spectrum.

The spin Hamiltonian values obtained from analysis of the
solid state spectrum of 2 are most similar to those reported for
the Y(C5H4SiMe3)3

− complexes reported by Evans and
coworkers.4 These complexes also showed a modest g-
© 2023 The Author(s). Published by the Royal Society of Chemistry
anisotropy, g‖ = 2.00 and gt = 1.99, but with g‖ > gt. For 2, our
analysis shows g‖ < gt, most likely reecting the different
coordination geometry of the ligands about the metal center.16

For both 2 and Y(C5H4SiMe3)3
−, the presence of at least one g-

value below 2.0023 and a resolved I = 1/2 isotropic hyperne
coupling is indicative of a d1-centered paramagnet. The
isotropic hyperne coupling attributed to 89Y of 2 (40.2 MHz) is
40% of that reported for Y(C5H4SiMe3)3

−, consistent with more
of the unpaired spin being delocalized onto the NHAr* ligands.
This picture of 2's electronic structure is supported by the lack
of detectable 14N hyperne coupling in both liquid and solid
state EPR spectra. Still, it is worth noting that in single crystal
EPR studies of Y(II) in SrCl2,

89Y isotropic hyperne couplings of
80.8 MHz were resolved.17 DFT calculations on 2 are consistent
with this EPR analysis, showing extensive unpaired spin on the
metal and coordinated rings with little on the nitrogen atoms
(see the ESI† for more details).

The compound was examined in the solid-state using SQUID
magnetometry (Fig. 4 and additional information in the ESI†).
The ts of the cMT vs. T data engendered slightly lower g values
than the expected g value of 2.0023 for an unpaired electron that
is unaffected by spin–orbit coupling. Hence, the isothermal
eld-dependent magnetization (M vs. H) data were collected
between 2 and 10 K up and at elds up to 7 T. The resulting
experimental data was t to a set of Brillouin functions to afford
Chem. Sci., 2023, 14, 4257–4264 | 4259
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Fig. 4 Variable-temperature dc magnetic susceptibility data for a restrained polycrystalline sample of Y(NHAr*)2 (2) collected under 0.1 T, 0.5 T
and 1.0 T applied dc fields and at temperatures from 2 to 300 K (top left). Corresponding Curie–Weiss plots (1/cM vs. T) for 2 at 0.1 T, 0.5 T and 1.0
T (top right). Explementary fits for cMT vs. T (bottom left) and 1/cM vs. T plots at 0.5 T. Parameters for the cM vs. T fit: g= 1.7334(14), TIP= 9.586(51)
× 10−4 and g = 1.7521(19), TIP = 9.297(45) × 10−4, zJ′ = −0.1195(102) cm−1. Parameters for the 1/cM vs. T fit: C = 0.338(22) cm3 K mol−1, Q =

−1.298 K.
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g values near the expected value (1.9938(19)–2.3163(36)), which
are in excellent agreement with the values attained from EPR
spectroscopy. The magnetic properties of 2 were also probed
through measuring a toluene solution of 2 employing Evans's
method between temperatures of 183 and 298 K, Fig. S17.†
Similar to the determined cMT values on the solid sample,
a higher magnetic moment meff = 2.39mB was obtained relative
to the spin-only value of 1.73mB for an unpaired electron, which
is likely ascribed to a TIP contribution.

The absorption spectrum of 2 in the UV-Vis-NIR was ob-
tained in diethyl ether. The yellow–brown complex has large,
intense bands at 752 nm (3 = 605 cm−1 M−1), 244 nm (3 =

7300 cm−1 M−1), and 297 nm (3 = 1040 cm−1 M−1), all assigned
to charge transfer transitions. Similar absorptions occur in the
previously reported U(II)(NHAr*)2 (ref. 11) (see the ESI† for more
details.)
An yttrium isocyanide: CN–Y(NHAr*)2

The reactivity of Y(NHAr*)2 (2) was explored as well. The
compound is expected to be a high energy metallaradical, and it
4260 | Chem. Sci., 2023, 14, 4257–4264
was anticipated that the complex would react with CNtBu to
liberate (presumably) a tert-butyl radical. This was found to be
the case; however, instead of producing the more common
cyanide (M–CN) the isocyanide (M–NC) complex is isolated
(Fig. 5).18,19 The same reaction with NCtBu provided the same
product by 1H NMR spectroscopy.

Within the rich chemistry of isonitrile (CNR) reactions with
metal complexes,20 there are a few other instances where nitriles
and isonitriles have been used to add a CN (cyanide or iso-
cyanide) ligand to a metal center. Carmona, Andersen, and
coworkers showed that tris(cyclopentadienyl)uranium(III)
complexes will react with CNtBu to give cyanide uranium(IV).21

Jones and coworkers have extensively studied the isonitrile (and
related nitrile) cleavage reactions with nickel(0), ruthenium(0),
and iron(0).22–27 Co(I),28,29 Sm(II),30,31 and V(II)32 complexes have
exhibited such reactions, as well. Maron, Arnold, and coworkers
used the same reaction to add a CN ligand to a low oxidation
state thorium complex.33

A couple of different avenues were readily available to
determine experimentally that 3 is indeed an isocyanide. The
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00171g


Fig. 5 Synthesis of CN–Y(NHAr*)2 (3) (top) and structure from single
crystal X-ray diffraction (thermal ellipsoids at 50%), where Ar is 2,4,6-
(iPr)3C6H2. (bottom) Hydrogen atoms on the carbon atoms and solvent
molecules in the crystal lattice are not shown for clarity. Selected bond
distances (Å) and angles (°): Y1–N1: 2.348(2), Y1–N2: 2.221(2), Y1–N3:
2.221(2), C1–N1: 1.039(4), Y1–N1–C1: 170.4(2)°.

Fig. 6 (top) Excerpt of the 13C NMR spectrum for 3 showing the iso-
cyanide resonance coupled to yttrium. (bottom) The isocyanide
resonance is compared with Y–C one- and two-bond coupling
constants for some representative alkynyl complexes from Teuben
and Evans.34,36,37 The coupling constant observed for 3 is in the typical
range for a two-bond coupling, much smaller than a typical one-bond
coupling constant. Ar = 2,4,6-(iPr)3C6H2.
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rst is to examine the X-ray diffraction data (Fig. 5) modelled as
both the isocyanide and cyanide to see which conguration
gives better statistics for the structure. The assigned isocyanide
Y–NC structure has R1 = 4.11% and wR2 = 9.53%, while the
cyanide has R1 = 4.37% and wR2 = 10.61%. In addition, the
isocyanide structure has improved thermal parameters over the
cyanide isomer. More details can be found in the ESI.†

As a second method of determining the relative position of
the carbon in the CN ligand, we turned to NMR spectroscopy.
First, we were able to account for every observable proton and
carbon in the 1H and 13C spectra, which was consistent with the
structure shown in Fig. 5. There were no observable couplings
between the protons and the carbon assigned to the CN ligand,
which argues against a “Y–NCH” structure. The 89Y–13C
coupling constant was found to be 9.8 Hz in the 13C NMR
spectrum (Fig. 6). Perhaps the best method for relating this to
cyanide vs. isocyanide couplings is to look at the 89Y–13C
coupling constants for the a- and b-carbon atoms of alkynyls,
and a few examples are shown in Fig. 6.34–40 The typical range for
the one-bond coupling constant to the a-carbon atom of an
alkynyl is 50–75 Hz. While the two-bond couplings to the b-
carbon atom of an alkynyl are typically 5–15 Hz. As a result, 3
falls in the middle of the two-bond coupling range, consistent
with an isocyanide and is quite distinct from the typical one-
bond coupling.

Yttrium features 100% abundance of an NMR active nucleus,
89Y with I = 1/2, and 89Y NMR chemical shis can be obtained
for 1 and 3. Experimental determination of the chemical shi of
2 was inhibited, as would be expected, by the paramagnetic
nature of the Y(II) ion. The 89Y NMR spectra were recorded in
toluene-d8 solutions for 1 and 3 (Fig. S3, S8 and S9†). While
© 2023 The Author(s). Published by the Royal Society of Chemistry
ClY(NHAr*)2 (1) has a chemical shi for the metal center at
+427.7 ppm, the resonance in CN–Y(NHAr*)2 (3) is observed at
+350.0 ppm. For comparison, the 89Y NMR chemical shis for
the metal centers in Y{N(SiMe3)2}3 and Y(C5H4Me)3(THF) were
found at +570 (CDCl3) and −371 ppm (THF), respectively.41,42

As an addition to the experimental investigations, we
examined the cyanide and isocyanide computationally using
DFT. It was found that the N-bound isocyanide is indeed
∼4 kcal mol−1 lower in energy than the cyanide for this Y(II)
system (see ESI† for more details.)

While rare, isocyanides are known, especially for the main
group and f-block elements. For example, there is the well-
characterized Mg(dipyrrolylmethene)isocyanide reported by
Harder and coworkers in 2019,43 and a report of a thallium
porphyrin complex.44 In the f-block, thorium and uranium iso-
cyanide complexes have been well-established.33,45–49 One
obvious conclusion from the extensive work of Ephritikhine and
coworkers on uranium CN complexes is that small changes in
structure can change a cyanide ligand into an isocyanide.47

Indeed calculations on a large number of cyanide vs. isocyanide
energies suggest that increased covalency favors the cyanide M–

CN conformation and ionic structures can slightly favor the
isocyanide M–NC structure (vide infra).43 Well-characterized
examples of isocyanides of the transition metals seem rarer
Chem. Sci., 2023, 14, 4257–4264 | 4261
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Fig. 7 (top) Natural population analysis gives the anion chargewhich is
75% on the nitrogen atom, and MO analysis gives that both the HOMO
and the LUMO are centered on the carbon. In covalent systems and/or
systems with significant backbonding, binding through the carbon is
expected based on the MOs; however, very polar systems may bind to
the nitrogen of cyanide. (bottom) Plot of the enthalpy difference57–61

between the cyanide (e.g., HCN) and isocyanide (e.g., HNC) structures
vs. the percentage of ionic bonding from Natural Resonance Theory
(NRT).62
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than of the f-block metals and main group. Structurally char-
acterized, terminal cyanides of Group-3 elements seem to be
quite rare in general.

The IR spectrum for 3 shows an intense band at 2053 cm−1 in
n-hexane at room temperature assigned to the isocyanide
stretch. The CN-triple bond stretches in the CNtBu and NCtBu
starting materials appears at 2125 and 2250 cm−1, respectively.
The cyanide stretch in NBu4

+ CN− is found at 2050 cm−1.47 The
isocyanide stretch here is quite similar to other reported metal
isocyanides such as Arnold and coworkers' thorium complex
(2046 cm−1),33 along with Ephritikhine and coworkers' CN–U
{N(SiMe3)2}3 (2044 cm−1) and NEt4

+ (CN)2U{N(SiMe3)2}3
−

(2058 cm−1).47 In Harder's magnesium complex, both cyanide
and isocyanide are observable in equilibrium with stretching
frequencies of 2162 and 2085 cm−1, respectively.43

The ∼100 cm−1 difference in stretching frequency when
a substituent is bound to the carbon vs. nitrogen atom of the CN
triple bond fragment is likely due to the expected difference in
alleviating lone pair bond weakening on those atoms.50 In CN−,
both atoms contain a lone pair of electrons. A lone pair will
require more s-character than the only other orbital using s-
character in the ligand—the C–N s-bond (Bent's Rule).51,52

However, the more electronegative nitrogen atom will be able to
4262 | Chem. Sci., 2023, 14, 4257–4264
support the lone pair of electrons with less s-character than the
carbon atom. All of this is borne out by Natural Bond Orbital
calculations on the cyanide anion (M06L, def2-tzvp, NBO7),
which gives that the nitrogen and carbon lone pairs are held by
sp1.1- and sp0.55-hybrids, respectively. The C–N s-bond is
calculated by NBO to be comprised of overlapping carbon-based
sp1.5- and nitrogen-based sp0.9 orbitals. When another atom
binds to the lone pair, some or all the lone pair bond weakening
is alleviated, and more s-character can be used in the C–N s-
bond, oen strengthening the bond.

There is very little difference in hybridization between the
lone pair and s-bonding orbital on the nitrogen atom (sp0.9 vs.
sp1.1), while there is a larger difference for the carbon atom
(sp1.5 vs. sp0.55). Consequently, very little additional C–N
bonding is gained by the metal bonding to the nitrogen atom,
and the CN stretching frequency does not change a great deal
from free CN− for isocyanide systems (assuming no signicant
backbonding). In contrast, the CN bond can strengthen more
signicantly when a non-backbonding metal is attached to the
carbon atom, and the stretching frequency increases over free
cyanide anion. This effect to increase the bond strength and
stretching frequency, which occurs in CO chemistry as well, is
sometimes referred to as “nonclassical” bonding for the ligand
since the CO (or CN−) increases in stretching frequency and
bond strength instead of weakening, as would be expected in
systems where backbonding to the diatomic occurs.53–56 As
a result, the slightly lower frequency of the isocyanide stretch
relative to related cyanide complexes is not likely to be due to
increased backbonding but is instead due to differences in lone
pair bond weakening in the two bonding modes of the ambi-
dentate ligand.

Conclusions

Using a triarylamide ligand (NHAr*), we were able to prepare
a thermally stable Y(II) complex, Y(NHAr*)2 (2). The compound
exhibits a geometry similar to previously reported U(NHAr*)2
with an aryl ring of each amide h6-bound to the metal center to
give a sandwich structure (Fig. 2). The complex was prepared by
chemical reduction of ClY(NHAr*)2 (1), a half-sandwich
complex, with the strong reductant KC8, potassium graphite.
Cyclic voltammetry on 2 shows a reversible feature at −1.16 ±

0.01 V relative to FeCp2
+/0 in Et2O assigned to the Y(NHAr*)2

+/

0 couple. By EPR, the unpaired electron-density in 2 is delo-
calized with signicant yttrium character, and we assign the
complex as Y(II) d1.

The strongly reducing radical 2 is quite reactive despite
being relatively stable under inert atmosphere at room
temperature in diethyl ether. Reaction of 2 with CNtBu or NCtBu
results in supposed loss of tert-butyl radical and formation of
the unusual isocyanide, CN–Y(NHAr*)2 (3), a half-sandwich
complex. The isocyanide structure was assigned based on
single-crystal X-ray diffraction and the 89Y–13C coupling
constant in the 13C spectrum, which is consistent with a two-
bond coupling in relation to known yttrium acetylides (Fig. 6).
Further, the IR stretching frequency for isocyanide metal
complexes are expected to be somewhat lower (∼100 cm−1) than
© 2023 The Author(s). Published by the Royal Society of Chemistry
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cyanide stretching frequencies (negligible backbonding in all
cases), and 3 is similar to other known isocyanide complexes in
CN stretching frequency. DFT calculations on CN–Y(NHAr*)2 (3)
and hypothetical NC–Y(NHAr*)2 suggest the isocyanide is more
stable by ∼4 kcal mol−1.

As mentioned, well-characterized examples of transition
metal isocyanides seem to be quite rare; however, there are well
established examples for the main group and f-block elements.
Their existence anywhere in the periodic table as stable species
is somewhat surprising based on a molecular orbital analysis of
the cyanide ion, which has both the HOMO and LUMO
predominantly on carbon (Fig. 7), something that is obvious
from the orbital pictures (M06/def2-tzvp). However, Natural
Population Analysis gives that about 75% of the anionic charge
of cyanide resides on nitrogen. Consequently, metal centers
that are very electropositive and with little or no ability to
backbond to CN− may favor the isocyanide structure. Put
another way, highly polar systems may give the charge-
controlled structure (as opposed to frontier orbital controlled
structure) with the nitrogen bound to the metal center.63–66

The structural effects of a highly polar bond were discussed
by Harder and coworkers on their article regarding a Mg–CN
complex, where they pointed out that more X–CN (where X–CN
= MeCN, HCN, (F3C)3BCN

−, Me3SiCN, and LiCN)57–61 covalency
leads to thermodynamically favored carbon-bonding, as
opposed to nitrogen in the cyanide unit, and higher barriers to
generating the isocyanide.43 Natural Resonance Theory (NRT)
can be used to determine the ionic character in these main
group systems, which is plotted against the enthalpic favor-
ability of the ground state cyanide (X–CN) structure in Fig. 7.62

Clearly, the more covalent systems, e.g., H3C–CN, favor binding
through carbon, while bonding to nitrogen only becomes
favorable for very polar systems like LiCN, where HCN–HNC =

−2 kcal mol−1.
Currently, we are examining related f-block systems using

these intriguing ligands.
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