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ABSTRACT: Herein, we report the reactions of an Fe(1l) imido
complex [Ph,B(‘Bulm),Fe=NDipp]~ (1) with internal alkynes
and isobutyronitrile, affording the Fe amido allenyl complexes
[Ph,B(‘Bulm), Fe(NHDipp)((R,) C=C—=C(R,)(H))]" (R, = Et
or "Pr; R, = Me or Et, 2—5) and the Fe amido keteniminate
complex [Ph,B(‘Bulm),Fe(NHDipp)(N=C=CMe,)K(THF)],
(8-K), respectively. These transformations represent the previously
unknown ene-like reactivity of a metal-ligand multiple bond.
Stoichiometric reactions of 2 and 8-K with DippNH, lead to the
regeneration of 3-hexyne and isobutyronitrile, respectively, with
concomitant formation of the bis(anilido) complex [Ph,B-
(‘Bulm),Fe(NHDipp),]~ (9). These results provide the platform
for 1 as an efficient catalyst for the selective a-deuteration of
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nitriles and alkynes by RND,. These results demonstrate a new reaction mode for metal imido complexes and suggest new avenues

for using the imido ligand in catalysis.

B INTRODUCTION

The ene reaction is a powerful method for constructing
carbon—carbon and carbon—heteroatom bonds, with many
applications in the synthesis of complex organic molecules.' ™
The prototypical ene reaction occurs between an alkene
containing allylic hydrogen (ene) and a multiple bond
(enophile), leading to the formation of a new o-bond
concomitant with double-bond migration and a 1,5-hydrogen
shift (Scheme 1(1)).” The ene reaction is not limited to
alkenes, and unsaturated functionalities such as alkynes and
allenes may also serve as ene substrates.” The uncatalyzed ene
reaction typically requires high temperatures;” however, certain
Lewis acids have been shown to catalyze these trans-
formations.'""

While not normally considered in this context, in principle,
transition-metal imido (M=NR) complexes could be
considered as enophiles in ene reactions. However, the
reactions of imido complexes with ene substrates commonly
involve N-group transfer.'””>* For example, internal alkynes
and nitriles undergo [2 + 2] reactions with M=NR bonds to
afford four-membered metallacycle intermediates (Scheme
1(2a)) that lead to nitrene transfer.””>' However, since the
properties of the M=NR unit can be tailored through changes
to the ancillary ligands,>>™>* suitable molecular design may
allow imido complexes to be developed as enophiles. This
would provide an opportunity to develop unusual metal-
catalyzed transformations. However, to the best of our
knowledge, ene reactions of metal imido complexes have
never been proposed or observed.
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We previously reported a three-coordinate Fe(II) imido
complex [Ph,B(*Bulm),Fe=NDipp]~ (1),”> in which the
degree of iron nitrogen 7-bonding is attenuated by the high-
spin (S = 2) Fe center. Consequently, the nitrogen donor of
the imido ligand is more basic/nucleophilic than in most late
metal imido complexes. In addition, the basicity and reactivity
of the imido ligand can be modulated by alkali metal ion
coordination.”® The enhanced basicity enables the catalytic
guanylation of carbodiimides, a reaction that is more
commonly associated with early metal imido complexes.”’
We reasoned that this enhanced basicity might redirect the
reactivity of the imido ligand away from [2 + 2] reactions with
unsaturated substrates, leading to new transformations.

In this manuscript, we report on the unusual reactivity of
alkynes with 1. While a terminal alkyne reacts to afford an
amido acetylide complex, internal alkynes bearing a-C—H
groups provide amido allenyl complexes. Similarly, isobutyr-
onitrile reacts with 1 to afford an amido keteniminate complex.
These reactions can be considered as ene reactions involving
the Fe=NR unit (Scheme 1(2b)), which are without
precedent in metal—ligand multiple bond chemistry. These
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Scheme 1. Classical Ene Reactions and the Reactions of Transition-Metal Imido Complexes with Alkynes and Nitriles
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stoichiometric transformations provide a platform for the
catalytic a-deuteration of nitriles and alkynes by 1.

B RESULTS AND DISCUSSION

Reaction of brown-red 1-[K(18-C-6)] with 1 equiv EtC=CEt
in THF leads to the formation of the yellow high-spin (S = 2)
iron(II) complex [Ph,B(‘Bulm),Fe(NHDipp)((Et)C=C=
C(Me)(H))][K(18-C-6)THF] (2), which can be isolated in
95% yield (Scheme 2). Complex 2 was characterized by single-
crystal X-ray diffraction, which establishes a tetrahedral Fe(II)
amido allenyl complex (Figure 1a). The most notable feature

(b)
1.326(5)
f 172.8(5)

2.103(3)
2.127(3)

7116.0(3) 131807

2.013(3)
123(3)

Figure 1. Molecular structure of 2 (a), as determined by single-crystal
X-ray diffraction. Thermal ellipsoids are shown at a 50% probability
level; ligand tert-butyl groups are represented as wireframes. Solvent
molecules, cations, and most hydrogen atoms are omitted for clarity.
The core structure of 2 (b) with selected bond distances (A) and
angles (°). Dark gray, light gray, pink, orange, and blue ellipsoids
represent carbon, hydrogen, boron, iron, and nitrogen atoms,
respectively.

of the structure is the new allenyl ligand, which is characterized
by adjacent C—C double bonds (1.326(5) and 1.318(7) A)
and linear C—C—C (172.8(5)°) linkage (Figure 1b). The Fe—
C(allenyl) bond distance in 2 (2.103(3) A) is in the range
observed for ¢ Fe—C(hydrocarbyl) bonds.””~*' The structure
also reveals that the imido ligand in 1-[K(18-C-6)] is
protonated to provide an amido ligand (Fe—N 2.013(3) A),
with the proton located in the Fourier difference map and
refined freely. All other bond metrics are typical for a high-spin
(S = 2) iron(II) complex.*"**

The allenyl ligand has also been spectroscopically charac-
terized. Specifically, the solution IR spectrum shows a medium
intensity band (vccc = 1882 cm™) that is comparable with
data for other allenyl complexes."”** In addition, the amido
N—H stretch was observed as a sharp band at 3630 cm™ in the
solid-state IR spectrum.

As expected for a high-spin complex, the '"H NMR spectrum
of 2 in THF-dy shows paramagnetically shifted resonances
between —60 and 120 ppm. The solution magnetic moment
(e = S.3(1) pp) is consistent with the high-spin state
assignment. This is further supported by zero-field *"Fe

Mossbauer spectroscopy, with spectral parameters (6§ = 0.70
mm/s, |AEQ| = 3.11 mm/s at 80 K) that are comparable with
other tetrahedral S = 2 Fe(II) complexae,s.d'l’%45

Similarly, the reaction of 1-K with 1 equiv "PrC=C"Pr or
"PrC=CEt in the presence of 2.2.2-cryptand affords the high-
spin Fe(Il) amido allenyl complexes [Ph,B(‘Bulm),Fe-
(NHDipp) ((R;)C=C=C(R,)(H))][K(2.2.2-cryptand)] (R,
="Pr, R, = Et, 3; R, = "Pr, R, = Me, 4; R, = R, = Et, §)
(Scheme 2). The structures of these complexes were also
confirmed by single-crystal X-ray diffraction and showed
similar structural metrics to 2 (see the SI for details).
Interestingly, the reaction of 1-K with the nonsymmetric
alkyne "PrC=CEt affords two isomers, 4 and S, with an
occupancy ratio of 1.4:1 according to single-crystal X-ray
diffraction. A similar ratio (1.2:1) is observed in solution, as
characterized by '"H NMR spectroscopy (Figure S9). The
preferential formation of 4 is likely determined by steric effects,
where a-C—H deprotonation on the less hindered ethyl end of
"PrC=CE:t is slightly favored.

Complexes 2—5 are unique examples of open-shell metal
allenyl complexes. While allenyl complexes are typically
synthesized by oxidative addition of propargyl halides at low-
valent metal centers,"™*° they can also be accessed through
the deprotonation of coordinated alkyne and allene ligands by
an external base.’®™” The synthesis of 2—5 is conceptually
similar to the latter route, except that the imido ligand acts as
an internal base.

In contrast to internal alkynes, the reaction of 1-K with 1-
hexyne in the presence of 2.2.2-crypt and provides the high-
spin Fe(II) amido alkynyl complex [Ph,B(‘Bulm),Fe-
(NHDipp)(C=C(CH,);CH;)][K(2.2.2-cryptand)] (6)
which has also been characterized by single-crystal X-ray
diffraction (Scheme 2). Similar reactivity with terminal alkynes
has been observed for other metal imido complexes.”*** The
preferential formation of 6 over isomeric allenyl complexes is
likely dictated by the greater acidity of the C(sp)—H bond in
1-hexyne.

We also investigated the reactivity of 1-[K(18-C-6)] toward
diphenylacetylene, which lacks an a-C—H group. While no
new complexes could be isolated, a new set of resonances is
observed in the "H NMR spectrum of an equimolar solution of
1-[K(18-C-6)] and PhAC=CPh (Figures S12 and S13). These
resonances are tentatively assigned to the 7*-alkyne imido
complex [Ph,B(‘Bulm),Fe(NDipp)(PhC=CPh)][K(18-C-
6)THF,] (7), which is in equilibrium with 1-[K(18-C-6)]
and PhC=CPh in solution (Keq ~ 0.2 mol/L). This result
suggests that the formation of the amido allenyl complexes 2—
§ is initiated by alkyne coordination to the Fe center, followed
by intramolecular proton transfer from the acidic -C—H bond
to the basic imido ligand. This proposal is supported by the
high basicity of 1-[K(18-C-6)], with the estimated pK,(THF)
= 42.2 for its conjugate acid, Ph,B(‘Bulm),Fe(NHDipp); see
the SI for details.

The ene-like reactivity of the Fe(1l) imido complex can be
extended to nitriles, where the acidic @-C—H bond facilitates
the formation of keteniminate complexes.”> For example, the
reaction of 1-K with 1 equiv isobutyronitrile results in the
formation of the orange amido keteniminate complex [Ph,B-
(‘Bulm),Fe(NHDipp) (N—=C=CMe,)K(THF)], (8-K) in
87% yield (Scheme 2).>* Structural characterization of this
complex reveals a one-dimensional polymeric chain in which
K" is coordinated to the keteniminate nitrogen atom, a
bis(carbene)borate ligand phenyl group and the Dipp group of
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a neighboring complex (Figure 2a). The keteniminate ligand is
characterized by a linear N—C—C (178.9(3)°) linkage and

(a)

(b)

178.9(3)
1.201(4) [

128.2(2) 3294

Figure 2. Molecular structure of the repeating unit of 8-K (a), as
determined by single-crystal X-ray diffraction. Thermal ellipsoids are
shown at a 50% probability level; ligand tert-butyl groups and
coordinating THF molecule are represented as wireframes. Most
hydrogen atoms are omitted for clarity. The core structure of 8-K (b)
with selected bond distances (A) and angles (°). Dark gray, light gray,
pink, orange, blue, and purple ellipsoids represent carbon, hydrogen,
boron, iron, nitrogen, and potassium atoms, respectively.

short C-N (1.201(4) A) and C—C (1.329(4) A) distances that
are consistent with double bonds (Figure 2b). The Fe—
N(keteniminate) bond distance (2.030(2) A) is similar to
those observed in high-spin iron(II) amido complexes.>’
Interestingly, the keteniminate Fe—N—C angle (128.2(2)°)
shows a large deviation from linearity, in contrast to other
keteniminate complexes.’®~%

This complex has also been spectroscopically characterized.
The ketimininate ligand is characterized by absorption in the
solution IR spectrum (vycc = 2016 cm™"), which is shifted by
ca. 230 cm™" from isobutyronitrile (vyc = 2244 cm™') and is
comparable with other metal keteniminate complexes.’®
Unfortunately, we do not observe the amido N—H stretch in
either the solid-state or solution IR spectra. The solution
magnetic moment (5.0(1) ug) in combination with *"Fe
Maossbauer metrics (6 = 0.67 mm/s and |AEq| = 2.94 mm/s at
80 K) confirm the high-spin nature of 8-K.

The formation of Fe(Il) amido allenyl and Fe(Il) amido
keteniminate complexes can be viewed as ene reactions of the
Fe(Il) imido complex with internal alkynes and nitriles,
respectively. To the best of our knowledge, this type of
reaction has never been observed on metal—ligand multiple
bonds. We attribute the unusual outcome of these reactions to
the combination of strongly basic imido ligand and the
coordinately unsaturated Fe center in 1.

Based on these results, we propose a mechanism for the
formation of these complexes (Scheme 3). Alkyne and nitrile
coordination to the Fe center affords intermediates A and A’,
respectively. Subsequent internal proton transfer from the
alkyne and nitrile ligands to the basic imido is accompanied by

Scheme 3. Proposed Mechanism for the Formation of the
Fe Amido Allenyl and Fe Amido Keteniminate Complexes
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isomerization, yielding the final allenyl and keteniminate
products.

DFT calculations were performed to probe the electronic
structures of 2 and 8. Structural optimization provides bond
metrics that reproduce those found in the solid-state structures
(Tables S1 and S2). Notably, the optimized structure of 8
reveals a bent keteniminate Fe—N—C angle (131.0°), which is
similar to that observed in the solid-state structure
(128.2(2)°). This bending suggests that the keteniminate
ligand is unable to act as a s-donor to iron, which is expected
to increase the basicity of this ligand.

Analysis of the frontier molecular orbitals supports this
hypothesis. Specifically, the highest doubly occupied non-
metal-based molecular orbitals (HOMO — 5) reveal a
significant contribution from the A-carbon f—orbital of the
keteniminate ligand in 8 (Figures 3 and $64).°" Similarly, there
is a significant contribution to the corresponding orbital from
the y-carbon p-orbital of the allenyl ligand in 2 (Figures 3 and

4
3 L &
‘J
,;} )

b
)
,
e

9
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)

HOMO-5

Figure 3. Computed HOMO — § for 2 (a) and 8 (b). Natural orbitals
shown with isodensity = 0.0S.
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Scheme 4. Reactions of 2 and 8-K with RNH, (R = Dipp or ‘Bu); Catalytic Cycle for the @-Deuteration of Nitriles and Alkynes
with ‘BuND,.
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Table 1. Catalytic @-Deuteration of Nitriles”
R 2 mol% 1-[K(18-C-6)] R
Ne—K NC—
H H 20 eq. 'BuND, p D
1 12
D D 89%
CN NC D 92%
CN K7 NG
D D g7% D D g3, /i
12a, 84% 12b, 80% 12¢, 94%" 12d, 93%°

“Reaction conditions: 0.5 mol/L nitrile in THF with 20 equiv ‘BuND, in the presence of 2 mol % catalyst at room temperature for 12 h, isolated
yields reported; * NMR vyield using mesitylene as the internal standard.

S65). Consequently, the calculated Mulliken atomic charges on
these carbon atoms are —0.4S5 and —0.58 (Figure S$66),
respectively, suggesting these atoms as the locus of
nucleophilic reactivity."”>' Confirming these predictions, the
reaction of 2 and 8-K with the weak acid DippNH, results in
the regeneration of 3-hexyne and isobutyronitrile, respectively,
along with the formation of the previously reported bis-

(anilido) complex [Ph,B(‘Bulm),Fe(NHDipp),]~ (9)
(Scheme 4, top).”>> These reactions show no evidence for the
formation of free allene and ketenimine. The less acidic amine
‘BuNH, reacts similarly, in this case providing the
spectroscopically characterized complex [Ph,B(‘Bulm),Fe-
(NH'Bu)(NHDipp)]~ (10) (Figures S17 and S18).”
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Table 2. Catalytic a-Deuteration of Alkynes”
5 mol% 1-[K(18-C-6)]
R—==—CH, — CD,
13 20 eq. 'BuND,, or "PrND, 14

88% 88%
@%003 @%003

14a, 70% 14b, 80%

21% 89%
CI—@%CD\@ c:D3

14e, 84% 14f, 86%

87% 85%
Q%C% F@%CD3

MeO 14¢,79% 14d, 76%
66%
—=—CD, =
149, 96%” 13h, NR

“Reaction conditions: 0.5 mol/L alkyne in THF with 20 equiv ‘BuND, in the presence of S mol % catalyst at S0 °C for 4 d, isolated yields reported;
" "PrND, was used with C¢Dy as the solvent, NMR yield using mesitylene as the internal standard.

Complexes 9 and 10 are in equilibrium with 1 and DippNH,
and ‘BuNH, in the THF solution, respectively.”

Based on these results, we hypothesized that 1 would
catalyze the a-deuteration of alkynes and nitriles using ‘BuND,
as the deuterium source (Scheme 4, bottom). In a preliminary
demonstration of this reactivity, we observe the a-deuteration
of a series of aliphatic nitriles in the presence of excess ‘BuND,
using a 2 mol % 1-[K(18-C-6)] catalyst at room temperature
(Table 1).° High levels of enrichment are observed, with
deuteration being highly selective, as evidenced by the
deuteration of 3-ghenylpropionitrile, which occurs exclusively
at the I-position.”* While a small number of metal complexes
have been reported to catalyze a-deuteration of nitriles,>%°
the mild conditions for catalysis by 1-[K(18-C-6)] are notable.
Heating is required to drive most of the other catalytic nitrile
a-deuteration reactions.

More interestingly, 1-[K(18-C-6)] is also a catalyst for the
selective a-deuteration of alkynes (Table 2), albeit with a
slightly higher catalyst loading. Deuteration is remarkably
selective, exclusively occurring at the terminal methyl group of
the alkyne. The lack of activity for a-methylene deuteration
likely the result of greater steric hindrance at this position.
Deuteration is observed for a range of substituted phenyl-
alkynes, although substrates with electron-donating groups are
better tolerated in the reaction. Moreover, the selectivity can
be controlled through the appropriate amine deuterium source.
Thus, while deuteration of phenylalkynes can be achieved
using ‘BuND,, alkyl-substituted alkynes require the less
sterically hindered amine "PrND, for deuteration, likely due
to the greater steric constraints of the alkyl chain. To the best
of our knowledge, this is the first example of the catalytic a-
deuteration of alkynes. These compounds are usually accessed
by homologation of terminal alkynes under basic conditions.®”

B CONCLUSIONS

In summary, we have found that the imido ligand in 1
deprotonates coordinated alkynes and nitriles to form the Fe
amido allenyl and Fe amido keteniminate complexes,
respectively. These are the first ene-like reactions involving
metal—ligand multiple bonds. As predicted by DFT, the y-
carbon of the allenyl ligand and the p-carbon of the
keteniminate ligand can be protonated by primary amines to
regenerate the alkynes and nitriles with the concomitant
formation of a bis(anilido) complex. This reactivity enables the
selective and efficient @-deuteration of nitriles and alkynes

using 1 as the catalyst. These results suggest that there are
avenues beyond nitrene transfer for metal imido complexes in
catalysis.
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