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ABSTRACT: The synthesis, structural characterization,
and reactivity of the first example of a scandium
-substituted nitrilimine are presented. This unique
complex exhibits high thermal stability but shows a rich
reactivity toward a variety of unsaturated substrates,
including aldehyde, ketone, nitrile, and allene derivatives.
The versatility of the complex was further highlighted by
density functional theory mechanistic studies.

Diazoalkanes (R1)(R2)CN2 (A in Scheme 1) are important
reagents in organic synthesis, and they are widely used as

1,3-dipoles for the synthesis of carbon−nitrogen heterocycles1

and as facile source of carbenes.2 The main reaction of
hydrogen-substituted diazoalkanes (R1)(H)CN2 with metal
complexes, apart from N2 loss to give metal carbene complexes,
is deprotonation leading to metal complexes containing
[(R1)CN2]

− anions, which can coordinate to the metal centers
through the carbon atom (C) or the terminal nitrogen atom
(D). Metal complexes with N-bonded [(R1)CN2]

− ligands are

of interest as a type of metal-substituted nitrilimines (B), which
are important nitrogen-containing 1,3-dipoles in addition to
diazoalkanes.1,3 Nitrilimines substituted with main-group
metals have been known for a long time, and a considerable
number of these complexes have been synthesized, including
Li,4 Al,5 Ga,6 and Ge7 derivatives. However, to the best of our
knowledge, there are no examples of transition-metal-
substituted nitrilimines. On the other hand, C-bonded
[(R1)CN2]

− anions have been reported in a variety of
transition-metal complexes, such as Pd,8 Rh/Os,9 Ni,10 Au,11

and rare-earth-metal complexes.12 Recently, we synthesized
scandium terminal imido complexes and studied their
reactivity.13 During these studies, we obtained the first example

of a scandium-substituted nitrilimine. This unique complex
shows a rich reactivity to a variety of unsaturated substrates.
Herein we report the synthesis, crystal structure, and reactivity
of this scandium nitrilimine derivative as well as a mechanistic
study with different substrates performed using dispersion-
corrected density functional theory (DFT-D).
Reaction of the scandium terminal imido complex [LSc

N(DIPP)] (L = [MeC(N(DIPP))CHC(Me)(NCH2CH2N-
(Me)CH2CH2NMe2]

−, DIPP = 2,6-(iPr)2C6H3)
13b with

(trimethylsilyl)diazomethane, (Me3Si)(H)CN2, in toluene at
room temperature gave scandium nitrilimine complex 1 in 72%
yield (Scheme 2). Complex 1 was characterized by NMR
spectroscopy, elemental analysis, and single-crystal X-ray
diffraction (Figure 1). During the reaction of the imido
complex with (Me3Si)(H)CN2 (Scheme 2), proton transfer
from (Me3Si)(H)CN2 to the imido group yields a
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Scheme 1. Resonance Structures of Diazoalkane (A) and
Nitrilimine (B) and the Corresponding Metal-Substituted
Analogues C and D

Scheme 2. Synthesis of Scandium Nitrilimine 1

Figure 1. Molecular structure of 1 with thermal ellipsoids at the 30%
probability level. The DIPP isopropyl groups and the H atoms have
been removed for clarity.
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[Me3SiCN2]
− anion, which coordinates to the Sc center

through its terminal nitrogen atom. A DFT-D study showed
that the activation barrier for the proton transfer reaction is low
(13.6 kcal mol−1) and that the reaction is thermodynamically
favorable (32.6 kcal mol−1) [see Figure S20 in the Supporting
Information (SI)]. It is noteworthy that the [(R1)CN2]

− anion
has a strong tendency to bind two metal ions through the
terminal nitrogen atom or through the terminal nitrogen atom
and the carbon atom. Most of the reported main-group-metal-
substituted nitrilimines exist as bimetallic or multimetallic
species, and no example of crystallographically characterized
mononuclear main-group-metal-substituted nitrilimine has
been reported.14 It is also noteworthy that reactions of
[(C5Me5)2Sm][(μ-Ph)2BPh2] with Li[Me3SiCN2] and
[(C5Me5)2Sm(μ-H)]2 with (Me3Si)(H)CN2 give the bimetallic
isocyanotrimethylsilylamide complexes {(C5Me5)2Sm[(μ-N-
(SiMe3)NC]}2 as a result of 1,3-silyl migration during the
reactions.15 The existence and thermal stability of monometallic
complex 1 can be attributed to the presence of the bulky
ligands L− and [NH(DIPP)]−. In 1, the NNC unit of the
[Me3SiCN2]

− ligand is almost linear with an N6−N7−C48
angle of 176.5(5)°. The Sc−N6−N7 and N7−C48−Si angles
are 149.5(3)o and 157.4(5)o, respectively. The C48−N7 bond
[1.199(6) Å] is longer than a typical C−N triple bond (1.14 Å),
and the N6−N7 bond [1.188(5) Å] is consistent with a double
bond.16 These structural data indicate that the NNC unit of the
[Me3SiCN2]

− ligand in 1 adopts an allenic structure rather than
a propargylic one.17 The Sc−Nnitrilimine bond [2.075(3) Å] is
similar in length to the Sc−Namido single bond [2.088(4) Å] and
much longer than the Sc−Nimido double bond in the scandium
terminal imido complex [1.859(2) Å].13b In contrast to organic
nitrilimines,3 1 is thermally stable and shows less than 5%
decomposition over 12 h in C6D6 at 75 °C.
Lithium nitrilimines have been extensively used as reagents in

organic synthesis.18 However, they are multimetallic species
and coexist with their lithium diazoalkane isomers in solution,
and therefore, a deeper understanding of their reactivity is
difficult to eluicidate.4 Bertrand and co-workers synthesized a
mononuclear aluminum nitrilimine and found that it reacts with
a 1,3-dipolarophile (Lawesson’s reagent) to give a [3+2]
addition product, but its reactivity toward other substrates was
not reported.5 The high thermal stability of 1 allowed a detailed
investigation of its reactivity. Complex 1 is very reactive with a
variety of unsaturated substrates and displays interesting
reaction patterns (Scheme 3). The reaction of 1 with 1 equiv
of benzaldehyde in toluene at −35 °C for 2 h gave scandium
alkoxide complex 2 in 68% yield. The molecular structure of 2
is shown in the SI. After coordination of the substrate, the
carbon atom of the nitrilimine ligand in 1 undergoes
nucleophilic attack at the carbon atom of benzaldehyde,
yielding a 2-diazo-1-phenyl-2-(trimethylsilyl)ethoxide ligand,
which leads to cleavage of the Sc−N σ bond with subsequent
formation of a Sc−O bond. The C−N [1.289(4) Å] and N−N
[1.145(4) Å] bonds in the 2-diazo-1-phenyl-2-(trimethylsilyl)-
ethoxide ligand in 2 are consistent with double bonds, showing
a typical structural feature of diazoalkanes.19 It should be noted
that (trimethylsilyl)diazomethane does not react with benzal-
dehyde in C6D6 at room temperature or even at 75 °C, as
monitored by 1H NMR spectroscopy.20 The aforementioned
reaction is also different from those of organic nitrilimines with
benzaldehyde, which give 1,3,4-oxadiazolines.1a The reaction of
1 with the unsaturated ketone but-3-yn-2-one was subsequently
investigated. In contrast with the reaction of (trimethylsilyl)-

diazomethane with but-3-yn-2-one, which yields a pyrazole
compound via a 1,3-cycloaddition to the CC triple bond of
but-3-yn-2-one, the reaction of 1 with this substrate gave
scandium alkoxide complex 3 in 89% yield (similar to the
reactivity with benzaldehyde). The structural features of 3 are
similar to those of 2, and the C−N and N−N bond lengths of
the 1-diazo-2-methyl-1-(trimethylsilyl)but-3-yn-2-ol ligand in 3
are 1.311(4) and 1.138(3) Å, respectively (see the SI).
Complexes 2 and 3 offer the possibility of further reactivity
at the diazo moiety.
Complex 1 can also react with several other unsaturated

substrates such as allene derivatives and nitriles. 1H NMR
monitoring of the reaction of 1 with phenylallene in C6D6 at 75
°C showed that 1 was almost fully converted into the new
complex 4 in 2 days. A subsequent scaled-up reaction in
toluene provided 4 in 59% isolated yield. 4 is a scandium 1,2-
diazolato complex, as shown in Scheme 3, and its molecular
structure is shown in the SI. The formation of 4 implies a [3+2]
cycloaddition followed by a 1,3-hydrogen shift. Complex 1
reacted rapidly with benzonitrile. The reaction was complete
within 15 min at room temperature and afforded scandium
1,2,3-triazolato complex 5 in 87% yield. It is worth mentioning
that reactions of organic nitrilimines with benzonitrile give
1,2,4-triazoles4 while that of diazomethane with cyanic bromide
gives 1,2,3-triazole.21 Therefore, the reaction of 1 with
benzonitrile is similar to those of diazoalkanes rather than
those of organic nitrilimines. In 5, the 1,2,3-triazolato ligand
coordinates to the Sc center through two nitrogen atoms with
two nonequivalent Sc−N bonds [the Sc−N6 and Sc−N7 bond
lengths are 2.180(2) and 2.281(2) Å, respectively] (Figure 2),
which is consistent with the different electronic donating
abilities of these two nitrogen atoms.
The reaction of 1 with diphenylcarbodiimide (heteroallene)

was also rapid, and scandium 3-amino-1,2,4-triazolato complex
6 was obtained in 84% yield. Unlike the reactions of 1 with

Scheme 3. Reactions of 1 with Unsaturated Substrates
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benzaldehyde and benzonitrile, nucleophilic attack of the
terminal nitrogen atom of the nitrilimine ligand at the carbon
atom of diphenylcarbodiimide occurs. This is similar to the
reactions of organic nitrilimines but different from those of
diazoalkanes.1a In 6, the 3-amino-1,2,4-triazolato ligand
coordinates to the Sc center through one amino nitrogen
atom and one nitrogen atom of triazolato ring, and the distance
from the Sc center to the amino nitrogen atom [2.252(2) Å] is
shorter than that to the nitrogen atom of triazolato ring
[2.309(2) Å] (Figure 2). The reaction pattern of 1 with phenyl
isothiocyanate was very similar to that with diphenylcarbodi-
imide, giving scandium 2-amino-1,3,4-thiadiazolato complex 7
in 85% yield. The reaction of 1 with methyl diazophenylacetate
provided scandium tetrazolato derivative 8 in 93% yield.
Apparently, the 1-methoxy-2-phenyl-2-(5-trimethylsilyl-2H-tet-
razol-2-yl)ethenoxide ligand of 8 is formed through [3+2]
cycloaddition of the nitrilimine ligand of 1 to the NN double
bond of methyl diazophenylacetate followed by an electronic
rearrangement. The molecular structures of 7 and 8 were both
determined by single-crystal X-ray diffraction (see the SI).
To gain further insight into the reactivity of 1, DFT-D

calculations were carried out at the B3PW91-D2 level of
theory.22 The reactions with diphenylcarbodiimide and
benzonitrile were chosen as representative examples (see the

SI). In the case of diphenylcarbodiimide, two plausible
pathways were investigated (Figure 3). The first leads to the
experimentally observed complex 6 and the second to the 1,2,3-
triazolato complex 6′. In the first case, the reaction proceeds
through insertion of the CN double bond of diphenylcarbo-
diimide into the Sc−Nnitrilimine bond of 1 to form the
metallacyclic intermediate int2. The activation barrier for this
step is 11.3 kcal mol−1, and the step is exoergic by 18.3 kcal
mol−1. The reaction continues via TSint2−6 corresponding to
heterocyclic ring closure with an activation barrier of only 6.6
kcal mol−1. Overall, the reaction is strongly exoergic by 58.2
kcal mol−1, which is the driving force for this transformation.
The computed low barrier, especially in view of the well-known
problem of entropy overestimation by calculations, is in line
with a rapid reaction. We also examined a second possibility in
which, instead of the insertion, nucleophilic attack of the
diphenylcarbodiimide at the nitrilimine carbon occurs. The
activation barrier required for this step is higher than that for
the insertion step (13.4 kcal mol−1 free energy difference). Also,
the intermediate int2′ is less stable by 33.1 kcal mol−1 relative
to int2. In this pathway, the hypothetical 1,2,3-triazolato
complex 6′ is formed after heterocyclic ring closure. Moreover,
the formation of 6′ is exergonic by only 28.5 kcal mol−1,
making this pathway also less thermodynamically favored than
the first one. The products arising from other regioisomeric
insertions were found to be less favored than int2 by 58 kcal
mol−1, ruling out the possibility that these complexes would be
formed. For benzonitrile, the reaction is proposed to proceed
through an inner-sphere 1,3-dipolar addition transition state to
allow the formation of 5. This reaction is predicted to be
kinetically accessible (ΔG⧧ = 13.3 kcal mol−1) and
thermodynamically strongly exergonic (ΔG0 = −42.3 kcal
mol−1). This reaction is controlled by electrostatic repulsion
between the incoming substrate and the nitrilimine ligand (see
the SI for details of the mechanism).
In summary, the synthesis, structural characterization, and

reactivity of the first example of a scandium-substituted
nitrilimine have been presented. The high thermal stability of
this scandium derivative allowed a detailed analysis of its
reactivity toward several unsaturated substrates, including
aldehyde, ketone, nitrile, and allene derivatives.23 In the two

Figure 2.Molecular structures of 5 and 6 with thermal ellipsoids at the
30% probability level. Trimethylsilyl methyl groups, DIPP isopropyl
groups, and H atoms have been removed for clarity.

Figure 3. Gibbs free energy profile for the formation of 6. In the structures shown, the ligands of Sc have been removed for clarity.
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latter cases, the versatility of the nitrilimine ligand coordinated
to the scandium center was demonstrated by analogy with
organic nitrilimines. Indeed, with the nitrile substrate, the
nitrilimine ligand reacted more like a diazoalkane, whereas with
the heteroallene, the reactivity was closer to that of an organic
nitrilimine. This versatility was investigated by computing the
reaction pathways for the diphenylcarbodiimine and benzo-
nitrile substrates using DFT. It has been shown that the
formation of the 1,2,4-triazolato ring is both thermodynamically
and kinetically driven. In the case of benzonitrile, the difference
in the barrier is associated with repulsion between the
negatively charged carbon and nitrogen atoms in the 1,3-
dipolar addition transition state. To date, the present work is
the only joint experimental/theoretical study that deals with a
transition-metal nitrilimine complex, and it exhibits the unique
and rich chemistry of such a complex.
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