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Carbon–Nitrogen Bond Cleavage by a Thorium-NHC-bpy Complex
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Abstract: Actinide complexes demonstrate unparalleled reac-
tivity towards small molecules. However, utilizing these power-
ful transformations in a predictable and deliberate manner
remains challenging. Therefore, developing actinide systems
that not only perform noteworthy chemistry but also demon-
strate controllable reactivity is a key goal. We describe
a bis(NHC)borate thorium-bpy complex (1) that is capable
of reductively cleaving the R@NC bond in a series of organic
isocyanides. In contrast to most actinide-mediated bond
activations, the dealkylation event mediated by 1 is remarkably
general and yields very well-defined products that assist in
mechanistic elucidation. Synthesis of the rearranged but-3-enyl
product from the reaction of 1 and cyclopropylmethyl
isocyanide supports the notion of a radical-based mechanism.

Organometallic chemistry of the actinide elements has
blossomed over the past decade.[1–3] The rich reaction
chemistry of thorium has been most developed in metal-
locene-supported systems, outside of which relatively few
alternative supporting ligand frameworks have been
explored. Our interest in utilizing new ligand platforms[4–6]

recently led to the discovery of a useful bis(NHC)borate motif
that stabilizes reactive thorium compounds.[7] Upon also
incorporating a redox-active bipyridine ligand into the
coordination sphere, the NHC-thorium-bpy complex (1) was
found to engage in a range of chemical transformations and
support an unusual open-shell singlet electronic structure
(f1p*1). Preliminary reactivity studies with organic azides and
carbonyls established its redox non-innocence.[7]

To probe the effect of the unique electronic structure of
1 in single- and multi-electron transformations, we turned our
attention to organic isocyanides. It has been shown that highly
reducing metals (e.g., SmII and alkali metals) promote C@N
bond cleavage in isocyanides, presumably through one-
electron processes.[8–10] However, the very negative reduction
potentials of the ThIV/III and ThIII/ThII couples[11–13] often
prohibit this type of reductive behavior by thorium com-
pounds. Therefore, all previous reports discussing the inter-
action of isocyanides and thorium complexes have described
conventional redox-innocent (2e@ donor or insertion) reac-

tivity.[14,15] In this work, we utilize the redox non-innocence of
1 to expose an additional facet of thorium-bpy mediated
reactivity and report the first examples of reductive R@NC
bond cleavage by a thorium complex.

Treatment of 1 with tert-butyl isocyanide results in
reductive bond cleavage of the R@NC single bond, new
C(sp3)@C(sp3) bond formation between the tert-butyl frag-
ment and the bpy ligand, and a terminally bound dealkylated
isocyanide ligand (Scheme 1).

Evidence for this unusually bound dealkylated isocyanide
ligand is provided first by infrared spectroscopy. Dealkylation
of an isocyanide dramatically alters the electronic environ-
ment within the CN moiety.[16, 17] Indeed, comparing the strong
nCN stretch of 2 (2046 cm@1) to that of free tert-butyl
isocyanide (2125 cm@1) reveals a 79 cm@1 shift to lower energy.

Single-crystal X-ray diffraction studies support an N bind-
ing mode for the dealkylated isocyanide and a Th1@N11 bond
length of 2.494(5) c (Figure 1). This rare N-terminus binding
mode has been seen for other f-block elements[18–20] and is
rationalized by a combination of density functional theory

Scheme 1. Reaction of 1 with tert-butyl isocyanide to generate 2.

Figure 1. A ball and stick representation of 2. Hydrogen atoms are
omitted and the bis(NHC)borate ligands deemphasized for clarity.
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(DFT), X-ray crystallography, and hard soft acid base theory
(HSAB). Accordingly, DFT calculations performed on 2
agree with the experimentally determined solid-state struc-
ture, showing that the N-bound isocyanide product is
5.6 kcalmol@1 more stable than a C-bound cyanide complex
(see the Supporting Information). Additionally, refinement of
the X-ray diffraction data of 2 as a hypothetical C-bound
cyanide complex yields an ORTEP diagram with irregularly
sized and shaped thermal ellipsoids within the CN moiety
(Figure S27). In contrast, refinement as an N-bound isocya-
nide complex yields well-behaved thermal ellipsoids.

Furthermore, X-ray diffraction studies reveal that the
newly substituted bpy ligand is asymmetrically bound to the
thorium center as a result of the coupling event. One of the
bpy rings is re-aromatized and datively bound to the metal
center with a Th1@N10 bond length of 2.669(4) c, while the

other ring is formally monoanionic,
with a Th1@N9 bond length of 2.394-
(4) c. Notably, the substituted ring
resembles a 1,4-dihydropyridine-type
structure (Figure 2) comprised of
localized single and double bonds.

To date, thorium complexes are
only known to form simple adducts or
insertion products when treated with
isocyanides.[15, 20] Although this work is
the first example of thorium-mediated
reductive cleavage of an R@NC bond,
the bond activation by 1 advances that
seen previously in transition metals
and lanthanides.[8, 9, 21,22] Evans[9] and
Schulten[10] introduced SmII-mediated
R@NC bond cleavage and concluded

that single-electron chemistry was probable in the formation
of Sm@(CN) derivatives. Our system goes beyond that,
demonstrating that the open-shell singlet (f1p*1) electronic
structure of 1 promotes clean R@NC bond scission chemistry
and furnishes a very well-defined product in which both
fragments of the cleaved isocyanide are retained.

Notably, this bond-cleavage reactivity is not limited to
tert-butyl isocyanide. Complex 1 also reductively cleaves the
R@NC bond in benzylic, 188, and 288 alkyl isocyanides
(Figure 3). However, despite forcing conditions (72 h,
90 88C), 1 does not react with aryl isocyanides. The coupling
is highly regioselective (> 99%), affording products in which
the alkyl fragment adds to the 4’ position of the bpy ligand.
However, only moderate stereoselectivity is achieved at this
position when bulkier cyclohexyl (4) and tert-butyl (2)
isocyanides are used (d.r. 70:30 and 80:20, respectively).
When less bulky isocyanides are used (e.g., n-butyl and
benzyl) the resulting diastereomers are formed in approx-
imately equal amounts, as judged by NMR spectroscopy.
Similar to 2, the IR spectra of products 3, 4, and 5 contain
strong nCN stretching bands at 2045, 2044, and 2046 cm@1,
respectively, and are consistent with terminally bound deal-
kylated isocyanide compounds.[20] Modifications at both the
metal and the bpy ligand (i.e., Th@NC and bpy@R) as a result
of the R@NC bond activation, may point to the involvement

of metal–ligand cooperativity during the transformation.[23]

However, a dinuclear process cannot be ruled out.
Coupled products 2–5 display a characteristic set of peaks

in the centers of their 1H NMR spectra. The 4’-H of the bpy
ligand appears as a complex multiplet between 3.06–
3.81 ppm. The 5’-H resonance appears further downfield
between 3.82–4.11 ppm and shows strong cis-vicinal coupling
(3J = 7.5–7.8 Hz) to the 6’-H, which resonates consistently
between 6.85 and 6.90 ppm. Finally, the 3’-H peak appears as
a multiplet between 4.66–4.88 ppm.

The asymmetry of the products (2–5) and the formation of
two diastereomers concurrently in each coupling reaction
hamper a quantitative kinetics investigation by NMR spec-
troscopy. However, the qualitative rate of reaction is clearly
benzylic> 388 @ 288> 188. Treating 1 with benzyl isocyanide at
room temperature instantaneously causes a dramatic color
change from dark green to orange-brown, but reaction of
1 with n-butyl isocyanide requires heating to 50 88C and 48 h to
reach full conversion to 3. These qualitative observations
correlate with carbon radical stabilities and suggest a radical-
type mechanism is operative.[24] Further evidence for this
notion comes from treating 1 with cyclopropylmethyl isocy-
anide, which affords the rearrangement product 6. This
implies the formation of a cyclopropylmethyl radical, which
is known to rearrange to the but-3-enyl moiety.[25–27] As with
products 2–5, the generated radical couples to the bpy ligand
of 1 to provide 6 in 62 % yield (Figure 4).

NMR spectroscopy verifies the identity of the rearranged
but-3-enyl product (6). The distinctive upfield 1H (0.0–
0.7 ppm) and 13C resonances (0–10 ppm) characteristic of

Figure 2. A representa-
tion of the 1,4-dihydro-
pyridine structure of
the substituted bpy
ligand in 2.

Figure 3. A general representation of coupled products 2–5.

Figure 4. Rearrangement of the cyclopropylmethyl radical to the but-3-
enyl radical and formation of 6.
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the cyclopropyl moiety are not observed in the NMR spectra
of 6.[28, 29] Rather, along with the diagnostic multiplet pattern
seen in products 2–5 (see above), the 1H NMR spectrum of 6
contains multiplets with strong vicinal coupling (3J = 17.1 and
10.2 Hz) corresponding to the alkenyl protons of the but-3-
enyl substituent. Additionally, 2D NMR studies corroborate
the connectivity of the but-3-enyl fragment to the 4’-C of the
bpy ligand (Figures S16 and S17 in the Supporting Informa-
tion).

X-ray diffraction studies unambiguously confirm the
structure of 6 (Figure 5). The terminal C61@C62 bond

length, at 1.35(2) c, falls in the range expected for a C-
(sp2)@C(sp2) bond and supports the assignment of a but-3-
enyl substituent. As seen for 2, the bpy ligand is asymmetri-
cally bound to the metal center, with a Th1@N10 bond length
of 2.62(5) c and a Th1@N9 bond length of 2.38(6) c.
Remaining metrical parameters of 6 are similar to those
found in 2 (Figure 1), 3, and 4 (Figures S25 and S26,
respectively).

Although 1 demonstrates consistent bond cleavage reac-
tivity towards alkyl isocyanides, no such trend is observed
with organic nitriles. Instead, the interaction of 1 with benzyl
cyanide immediately leads to an intractable mixture of
products, while treatment of 1 with pivalonitrile yields no
reaction (determined by NMR spectroscopy). Furthermore,
screening the reactivity of 1 with different nitriles (benzoni-
trile, propionitrile, acetonitrile) still did not provide a con-
gruent mode of reactivity. We believe that competing
insertion chemistry,[14, 15] along with the more endergonic
bond cleavage event required for nitriles (C@C vs. C@N),
prevents 1 from effecting similar dealkylation chemistry to
that observed for isocyanides.

In conclusion, the ability of 1 to perform reductive R@NC
bond cleavage highlights the role of metal–ligand synergism
in accessing new reactivity in the organoactinide regime. The
unique electronic structure of 1 allows the complex to behave
like a highly reducing metal. However, unlike transformations
by such metals, the dealkylation mediated by 1 is controlled,
predictable, and remarkably general across a series of

isocyanides. The interaction of 1 with R@NC affords well-
defined products (2–6), which assists mechanistic elucidation.
The isolation of 6 provides additional evidence for a radical-
based mechanism. Moreover, the uncommon N binding mode
of the dealkylated isocyanide fragment is consistently
observed among the coupled products 2–6 and is supported
by X-ray diffraction experiments (Figures S24–S27) and DFT
calculations. Incorporating redox-active moieties not only
leads to unique electronic structure, but also underscores the
importance of metal–ligand cooperativity as a means to
control remarkable chemical transformations. Efforts to
expand the ability of 1 to mediate single- and multi-electron
transformations, as well as activate other C@X bonds, are
underway.
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