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ABSTRACT: The direct synthesis of amides and nitriles from readily available aldehyde precursors provides access to functional
groups of major synthetic utility. To date, most reliable catalytic methods have typically been optimized to supply one product
exclusively. Herein, we describe an approach centered on an operationally simple iron-based system that, depending on the reaction
conditions, selectively addresses either the C=0 or C—H bond of aldehydes. This way, two divergent reaction pathways can be
opened to furnish both products in high yields and selectivities under mild reaction conditions. The catalyst system takes advantage
of iron’s dual reactivity capable of acting as (1) a Lewis acid and (2) a nitrene transfer platform to govern the aldehyde building
block. The present transformation offers a rare control over the selectivity on the basis of the iron system’s ionic nature. This
approach expands the repertoire of protocols for amide and nitrile synthesis and shows that fine adjustments of the catalyst system’s
molecular environment can supply control over bond activation processes, thus providing easy access to various products from

primary building blocks.

KEYWORDS: molecular system, bond activation, homogeneous catalysis, divergent reactivity, ion pair, aldehyde,
amide and nitrile synthesis

B INTRODUCTION regulation of the catalytic activity are possible. Accordingly,
responsive systems may modulate their activity based on
external stimuli;’ in contrast, adaptive catalysts may change
their chemical reactivity in response to the reaction conditions,
and components, to generate different products.’”® Here,
reaction parameters are combined rather than isolated, and
their function and interactions are studied within the entire
system. This way, new synergies can be identified, ultimately
creating new properties present in the system, not in its parts.
Thus, the catalyst may appear to be self-adjusting, controlled
and regulated by a specific environment for a particular set of

Nature’s biological instruments can operate countless parallel
processes with incomparable levels of efficiency.’ This
chemical machinery demonstrates that, despite a complex
reaction medium with numerous prospective reaction partners,
precise control over the bond activation processes and catalytic
sequences can be achieved, furnishing products in high
selectivity. In contrast, catalytic protocols are traditionally
designed to convert substrates, preferably or even exclusively,
into a single product.” Alternatively, one might envisage the
catalyst as a system whose activity can be comprehensively
controlled by fine adjustments of reaction conditions to convey

distinct product platforms.” The development of such dynamic Received: February 15, 2021
catalytic systems supports the concept of molecularly Revised:  April 23, 2021
controlled catalysis.” Published: June 4, 2021

In this approach, understanding and designing catalytic
systems in their full complexity are key. This may lead to
responsive or adaptive catalysts for which precise control and
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Scheme 1. Development of an Iron-Based System for Divergent Bond Activation in Aldehydes
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transformations. Self-adjustment constitutes an essential
prerequisite in the perspective of developing effective universal
catalysts. In the laboratories, efforts to conceive such systems
would advance the fundamental understanding of the
necessary requirements to control different chemical trans-
formation sequences, ultimately producing selectively different
products from a large panel of building blocks.

Here, we envisaged whether a catalyst might, depending on
the reaction conditions, open divergent reaction pathways by
engaging different intrinsic chemical bonds of a primary
functional group (e.g., aldehyde; Scheme 1, panel A).
Specifically, in the case of aldehydes, such a system would be

7177

able to separately address either the C=0 (Scheme 1, panel
A, blue) or C—H bond (Scheme 1, panel A, red) to offer
various products.

To probe the feasibility of the concept, the controlled
insertion of nitrogen moieties in the form of nitrile or amide
groups into aldehyde starting materials constitutes an attractive
scenario because nitrogen-containing motifs are found in many
life science molecules, natural products, drugs, and materials
(Scheme 1, panel B).° Conventional methods for their
preparation include, among others,” Schmidt-type reactions
that convert carbonyl functionalities (e.g., aldehydes, ketones)
in the desired products by using hydrazoic acid or organic

https://doi.org/10.1021/acscatal.1c00733
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Scheme 2. Substrate Scope of Amides and Nitriles under Optimized Protocols
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“Conversions (%) and yields (%) are based on 'H NMR relative to mesitylene (0.5 mmol) as an internal standard; isolated yields (%) are given in
brackets. ®Modified conditions: FeBr, (10 mol%), TBAB (10 mol%), TMS-N, (2 equiv), 60 °C, 4 h. “The reaction was performed for 14 h. “The
reaction was performed at 25 °C for 20 h. “Modified conditions: FeBry (10 mol%), TMS-N; (2 equiv), 80 °C, 4 h. /Modified conditions: FeBr; (20
mol%), TMS-N; (4 equiv), 60 °C, 14 h; we note the formation of mononitrile (25%).
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Table 1. Optimization of the Reaction Conditions for Amide and Nitrile Synthesis

Reaction Optimization

o HC, Fe'Br, (10 mol%) o c/// N
H o+ Hsc_/Si_N3 TBAB (10 mol%) - NH, * /@/
H;C Neat, 50 °C, 4 h
1.0 equiv. 1.0 equiv. *& Blue LEDs 2l 3q
(0.5 mmol) (0.5 mmol)

Yields (%)?

Entry Deviation from Above 21:3q
1 None 50:4
2 No Fe''Br, 0:0
3 No Fe''Br, / No TBAB 0:0
4 No Fe'Br, / No blue LEDs / CH3CN (0.3 mL) 0:0
5 CH3CN (0.3 mL) 51:5
6 Dioxane (0.3 mL) 40:4
7 No blue LEDs 39:4
8 UV (365 nm) light 38:6
9 Molecular Sieves (3 A) 36:7
10 TMS-N3 (1.5 equiv.) 60:4
11 TMS-N; (2.0 equiv.) 68:3
12 TMS-N; (2.0 equiv.) / 60 °C 70:6
13 Fe'Br, (15 mol%) / TBAB (15 mol%) / TMS-N3 (2.0 equiv.) /60 °C /2 h 67:7
14 Fe'Br, (15 mol%) / TBAB (15 mol%) / TMS-N; (2.5 equiv.) /40 °C /6 h 77:4
15 Fe"Br; (10 mol%) / No TBAB / CH5CN (0.3 mL) 0:73
16 Fe''Brs (10 mol%) / CHCN (0.3 mL) 3:15
17 Fe''Brs (10 mol%) / No blue LEDs / CH3CN (0.3 mL) 0:44
18 Fe'"Br; (10 mol%) / No TBAB / No blue LEDs / CHzCN (0.3 mL) 0:71
19 Fe"'Brs (10 mol%) / No TBAB / No blue LEDs / CH5CN (0.3 mL) / TMS-N3 (2.0 equiv.) 0:94
20 Fe''Br; (10 mol%) / No TBAB / No blue LEDs / CH;CN (0.3 mL) / TMS-N; (2.0 equiv.) / 60 °C  0:98

“Yields are based on 'H NMR relative to mesitylene (0.5 mmol) as an internal standard.

azides as nitrogen sources.” In these approaches, selectivity
remains a critical challenge, and protocols providing both
products remain elusive.”

Pursuing this idea, we set out to explore iron as a potential
catalyst and trimethylsilylazide (TMS-Nj,) as a masked source
of primary nitrogen. The choice of this specific combination of
metal/N source stems from their mutually compatible dual
reactivities. Iron has established itself as (1) a Lewis acid'’
capable of activating carbonyl units (Scheme 1, panel C1)"'
and as (2) a versatile platform for the generation, transfer, and
insertion of nitrenoid species'* into C—H bonds (Scheme 1,
panel C2)."> Reciprocally, TMS-N; can act both as a
nucleophile and as a nitrene source."*

On the basis of these considerations, we developed an
operationally simple iron-based system that, depending on the
reaction conditions, offers control over C=O0 versus C—H
bond activation in aldehydes to convert a broad substrate
scope to the desired amide and nitrile products in excellent
yields under mild reaction conditions (Scheme 1, panel D).

B RESULTS AND DISCUSSION

To assess the concept’s feasibility, we first established the
reaction conditions of the standard protocols applied in
Scheme 2 derived from a detailed screening using 4-
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methylbenzaldehyde as a benchmark substrate; an abbreviated
summary of the screening is represented in Table 1 (see the
Supporting Information for more details). A myriad of metal
precursors, reaction conditions, additives, and solvents were
investigated, which revealed iron(1I) bromide in the presence
of tetra-n-butyl ammonium bromide (TBAB) as an optimal
catalyst system for amide synthesis (Table 1, entry 14). In
contrast, anhydrous iron(III) bromide performed best for the
obtention of nitriles (Table 1, entry 20). In the case of amides,
using light (A, = 455 nm) was found to be essential (Table 1,
entries 1, 7, and 8), whereas temperature alone led to
selectivity loss (Table 1, entry 7). Among all solvents screened,
acetonitrile proved to be a valuable candidate (entry S).
However, the catalytic platform operates better under neat
conditions, resulting in higher conversions and amide (2l)
yields (see Table S4 for further information). Various tetra-n-
butyl ammonium salts were evaluated as additives with the
bromide derivative providing higher amide selectivity (Table
S3). Finally, the reduction of the operating temperature to 40
°C delivered the standard reaction protocol for amide
formation (Table 1, entry 14). Although TBAB emerged as
an essential additive for amide formation, it seemingly does not
benefit and even hampers nitrile formation (Table 1, entries 15
and 16). The nitrile product can be efficiently reached using

https://doi.org/10.1021/acscatal.1c00733
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Scheme 3. Empirical Mechanistic Investigations to Apprehend the Reaction Network
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“Similarly, when using ion pair 4 instead of a FeBr,/TBAB mixture, no amide formation could be observed (see the Supporting Information).
bConversions and/or yields (in brackets) are based on 'H NMR relative to mesitylene (0.5 mmol) as an internal standard. “Yields are based on 'H
NMR relative to mesitylene (0.5 mmol) as an internal standard. Isolated yields are given in brackets.
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Scheme 4. Proposed Reaction Pathways for Amide and Nitrile Formation

Proposed Mechanisms for Amides and Nitriles
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Lewis acidic FeX; salts (X = Cl, Br, OTf; see Table S2 for
further information) without any additives or a light source
(Table 1, entries 18—20). The final set of the reaction
conditions for both products is functional under an argon
atmosphere, leading to the completion of the reactions in 4—6
h, and can be set up in minutes using a commercially available
photoreactor (see Figure S1 for details about the setup).

With the optimized reaction conditions in hand (Table 1,
entries 14 and 20), we investigated the substrate scope to
assess this protocol’s generality (Scheme 2). Substrates
embedded with different functionalities endured the reaction
efficiently, demonstrating the viability of the procedure. For
both amides and nitriles, aliphatic and aromatic derivatives
could be employed. Aliphatic aldehydes supplied better results
for amides when reducing the catalyst loading (10 mol %). In
contrast, aromatic derivatives required slightly increased
amounts of catalyst (15 mol %) and TMS-N; (2.5 equiv).
Interestingly, olefinic substituents were well-tolerated and
supplied the targeted amides selectively (2i—j). Also,
heteroarenes (2s) and heteroatoms (20—p, 2r) containing
substrates were amenable to amide formation. Similarly, in the
case of the nitriles, heteroarenes (30, 3s, 3v) and substrates
featuring alkoxy (3a, 3c—d, 3m), carbonyl (3j—k), amide (31),
or hydroxy (3e, 3m) functionalities underwent the reaction
efficiently. Aldehydes embedded with two formyl substituents
also produced the corresponding dinitrile product (3z)
selectively. Notably, substrates holding electron-donating
groups (e.g, aliphatic, methoxy) offered higher selectivities
and yields for amides. Oppositely, in the case of nitrile
synthesis, compounds presenting electron-withdrawing func-
tionalities showed better performances.

From a mechanistic standpoint, the developed iron-based
system accomplishes the formal addition of a nitrogen atom to
aldehydes supplying two different product platforms. In the
case of amides, the reaction may proceed by inserting a metal-
nitrenoid species into the aldehyde C—H bond. Similar
intermediate species generated from azides under irradiation
have been disclosed previously'” and found competent to
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undergo C—H insertion reactions.'® In contrast, the formation
of nitriles may proceed through (1) activation of the aldehyde
by the Lewis acidic iron(III) bromide; (2) nucleophilic attack
of TMS-N3; (3) hydrolysis. Several control experiments were
designed and evaluated to supply empirical support for the
proposed mechanisms (Scheme 3, panel A to N). First, the
hypothesis of a putative iron—nitrenoid was tested by
subjecting the catalyst system to tetracyanoethylene
(TCNE), a nitrene trapping agent.'” Under the established
protocol for amide synthesis, with 4-methylbenzaldehyde as a
substrate, the addition of TCNE led to a prohibition of
product formation (Scheme 3, panel A). In contrast, TCNE
presented no significant impact when applied to the nitrile
protocol with 3q forming in 63% instead of 71% yield (Scheme
3, panel B). These observations support that both products are
generated through different mechanistic pathways. Next, the
electrophilic nature of the putative nitrenoid species was
verified by adding PPh; to the reaction mixture, a potent
nucleophile capable of quenching electrophilic nitrenes
(Scheme 3, panel C)."® This led to an inhibition of amide
formation along with the formation of Ph;P=NH (5) as
detected by high-resolution mass spectrometry.'” When
performing the reaction in the presence of 2,2,6,6-tetrame-
thylpiperidinyloxyl (TEMPO), no amide product was
observed, further indicating the possible involvement of an
iron—nitrene radical intermediate (Scheme 3, panel D1, top).”’
Additionally, TEMPO (Scheme 3, panel D1, bottom) and
radical clock experiments (Scheme 3, panel D2)***"?! have
not given any evidence regarding the implication of an acyl
radical in the mechanistic picture. Finally, the evaluation of the
structure—yield relationships among the amide products
revealed that substrates embedded with electron-donating
functionalities more efficiently endured the reaction (Scheme
3, panel E). This observation corroborates with a favored
insertion of a putative electrophilic nitrenoid intermediate into
electron-rich aldehyde C—H bonds.”

To probe the role of TBAB in amide formation, efforts were
allocated to access the molecular identity of active species
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forming under operative conditions. When equimolar concen-
trations of Fe"Br, and TBAB were mixed in an acetonitrile
solution at 60 °C, the formation of an ion pair 4 was observed
(Scheme 3, panel F).”” The molecular identity of 4 could be
confirmed by X-ray structure analysis (Scheme 3, panel I) and
high-resolution mass spectrometry measurements as tetra-n-
butylammonium iron tetrabromide (i.e., [Fe''Br,][N-
(C4Hy),4]). Similar species have been reported in the
literature** and may result from the facile oxidation of iron(II)
bromide in solution to a thermodynamically stable
tetrabromoferrate(1Il) anion. Its formation may be influenced
by various parameters such as solvent polarity, temperature,
the excess of halide anions, or other coordinating function-
alities.”” Ton pair 4 can also be prepared in 90% yield by mixing
equimolar amounts of Fe"Bry and TBAB (Scheme 3, panel
G). The catalytic relevance of ion pair 4 in the established
protocol for amide synthesis was first examined using 4-
methylbenzaldehyde as a substrate in the absence of added
TBAB (Scheme 3, panel H). As expected, the exposure of the
reaction mixture to light (i.e., blue LEDs) led to the formation
of the corresponding amide 2l in 32% yield after 2 h and
further extending the reaction time to 4 h produced 77% of the
product. Likewise, other substrates could also be converted by
4 to the expected products in yields similar to those obtained
when using a mixture of FeBr, and TBAB (Scheme 3, panel L).
In contrast, employing ion pair 4 as a catalyst for nitrile
synthesis failed to produce 3q (Scheme 3, panel J), thus
confirming disparities in terms of reactivity and product
selectivity between [Fe""Br,][N(C,H,),] 4 and parent neutral
Fe'"X, salts, which were all found to produce the desired nitrile
under similar reaction conditions (Scheme 3, panel K).
Complementarily, using equimolar quantities of 4 and FeBr;
in the protocol for nitrile synthesis also hampered product
formation (Scheme 3, panel M). This may be attributed to a
decreased Lewis acidity of the tetravalent iron center. Finally,
an implication of Fe''Br; and Fe''Br, salts in the
interconversion of amides to nitriles and vice versa could be
excluded (Scheme 3, panel N).

Therefore, it is postulated in Scheme 4 that the formation of
amides and nitriles proceeds through two different reaction
networks consistent with the preliminary control experiments
(Scheme 3) and the temporal conversion profiles of the
reactions (see the Supporting Information for more details).
For amide formation (Scheme 4, panel A), FeBr, is proposed
to first react with TBAB to produce the ion pair catalyst 4. This
species then activates TMS-N; with the contribution of an
external stimulus such as light (4,,,, = 455 nm) to provide a
reactive iron—nitrene radical intermediate.”*"*® Subsequently,
its insertion into the aldehyde C—H bond generates an N-
silylamide derivative, which offers the corresponding primary
amide after hydrolysis. In contrast, when subjected to the
standard set of reaction conditions for nitrile formation, FeBr;
may react with the Lewis basic aldehyde O-donor center,
which increases the electrophilicity of the adjacent carbon
center (Scheme 4, panel B). This induces the nucleophilic
attack of TMS-N; at the electron-deficient carbon atom,
resulting in an intermediate species A, conceivably of
iminodiazonium character,”” which provides the corresponding
nitrile after the liberation of N, and Me;Si—OH.

B CONCLUSION

In summary, we have developed an iron-based catalyst system,
allowing for unique molecular control over product formation
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depending on the nature of the active species (i.e., neutral vs
ion pair), which can be purposely generated and made
operative under finely adjusted reaction conditions. The
reported system demonstrates that primary functional groups
can be controlled by specifically targeting their intrinsic
chemical bonds to open divergent reaction pathways. More
specifically, in the case of aldehydes, we have shown that
addressing either the C=0 or C—H bond can provide nitriles
and amides in high yields and selectivities under mild reaction
conditions. On the basis of preliminary mechanistic inves-
tigations, we propose that nitrile formation involves a neutral
Fe'Br; species acting as a Lewis acid that activates the
aldehyde. This promotes the nucleophilic attack of TMS-N;
and leads to the desired product after hydrolysis. In contrast,
amide synthesis involves an in situ generated ion pair
[Fe"Br,][N(C,H,),]. This species may then operate as a
molecular platform capable of generating and transferring an
electrophilic nitrene radical to the aldehyde C—H bond en
route to the desired product. Further studies aiming to obtain
more in-depth mechanistic information and extend this
protocol to other functional groups are currently underway.
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