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ABSTRACT: We report a manganese(I) complex of formula | \

NH N with C\

[Mn(NDI-CNC)(CO),](BAr",), in which NDI-CNC refers to a ‘s000 ] [T +weoon 2 1]
pincer pyridine-bis-imidazolylidene ligand functionalized with a S =
naphthalene-diimide (NDI) moiety. Due to the presence of the 2000 — nau‘“y%?:j(:;g 9
NDI fragment, the electron-donating strength of the pincer ligand . O%E’r%;) e
can be increased by producing an electrochemical reduction of the 20,00 witheut ¢
NDI moiety or by the addition of tetrabutylammonium chloride 0.00

o 2000 4000 i~ .~n 6000 8000

(TBACI). The extent of the changes produced in the electron-
donating power of the pincer ligand can be quantified by studying
the variation of the C—O stretching frequencies by infrared
spectroscopy. It is observed that the catalytic activity of the manganese complex in the reductive methylation of a series of secondary
amines with formic acid (or CO,) in the presence of PhSiHj is almost negligible, but the catalyst can be turned very active in the
presence of TBACI. This study constitutes a rare example of an anion-sensitive catalyst. Furthermore, the activity of the catalyst can
be switched on and off for several cycles by subsequent addition of TBACI or NOBEF,, respectively.

KEYWORDS: manganese, CO, reduction, methylation of amines, pincer ligands, switchable catalysts, anion-sensitive ligands

B INTRODUCTION remarkable selectivity to the N-methylated products.’” Luca
and co-workers showed that pincer Mn(I) complexes were
particularly effective in the electrocatalytic reduction of CO,,"'
and performed detailed mechanistic studies.'"™'> In a more
recent study, it was found that the introduction of electron-
donating groups at the para position of the pyridine ring
revealed a much more active catalyst for the electrocatalytic
reduction of CO,, thus highlighting that the tuning of the
electronic properties of the ligand has a large impact on the
performance of the catalyst."’

These approaches for chemical or electrochemical CO,
valorization using earth-abundant Mn complexes are heralding
the nascence of the area of catalysis with Mn-NHC
complexes.'* Indeed, a plethora of catalytic applications of
manganese complexes has been reported over the past few
years, including hydrosilylation'> and hydrogenation reac-
tions,' to name just a couple.

Naphthalene-diimides (NDIs) are known to show unique
redox and electrochemical properties.17 In addition, the
electron-deficient nature of NDIs makes them particularly
suited for engaging in anion-7 interactions,'® a property that

Due to its abundance in the earth’s crust and to the wide range
of possible available oxidation states, during the past few years,
manganese has proven to be an attractive candidate for new
catalyst development,' although some authors have recently
pointed out drawbacks because the lack of efficient recycling
methods may cause a risk in the supply chain.” Among
manganese-based homogeneous catalysts, those supported by
pincer ligands have recently proven successful in a very large
number of organic transformations.'“®® Well-defined
manganese(I) complexes supported by N-heterocyclic carbene
(NHC) ligands have been explored in the electrocatalytic CO,
reduction as well as in reactions that fall into the so-called
diagonal transformation of CO,," which involves its simulta-
neous reduction and functionalization. Agarwal et al. were the
first to describe two NHC-based manganese(I) compounds
that were used for the electroreduction of CO, to CO.> The
electronic properties of these catalysts, which contained a
pyridine-NHC ligand, were further tuned by changing the axial
bromide Iigand6 and the nature of the NHC.” Soon thereafter,
Royo and Lloret disclosed the extraordinary activity and
selectivity of a Mn-based catalyst bearing a bidentate

methylene-bridged bis-imidazolylidene ligand toward the Received:  March 25, 2024
electroreduction of CO, to CO,® and unveiled the factors Revised: APrfl 15, 2024
that govern its reactivity and selectivity.” This Mn(I)-bisNHC Accepted:  April 17, 2024

complex was also found to be active in the reductive N- Published: May 1, 2024

formylation and N-methylation of secondary amines using
either CO, or formic acid as C,; building blocks, showing
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Scheme 1. Synthesis of Mn(I) Pincer Complexes 2 and 4
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Figure 1. (a) Cyclic voltammetry of 2 (red) and 4 (blue) in dry acetonitrile and 0.1 M [N(nBu),][PF] under an Ar atmosphere. (b) Cyclic
voltammetry of 2 in dry acetonitrile and 0.1 M [N(nBu),][PF4] under Ar (black) and CO (red) atmospheres. Measurements were performed at

100 mV/s and referenced against ferrocene/ferrocenium.

turned out to be very useful in their application in the domain
of anion sensing."’

In our preliminary attempts to merge the properties of NDIs
with those of NHCs in homogeneous catalysis, we first
designed directly fused NDI-NHC ligands and demonstrated
that their related complexes could be successfully employed as
redox-switchable catalysts in the cycloisomerization of alkynoic
acids™ and in the hydroamination of acetylenes.”' Our studies
revealed that the NDI moiety behaved as a redox-switchable
tag that allowed modification of the electron-donating strength
of the ligands in a controlled and reversible manner. More
recently, we showed how a rhodium(I) complex with an NDI-
functionalized NHC-based pincer ligand could improve its
catalytic activity by adding fluoride, which turned out to
behave as a very effective redox stimulus.”

Building on these grounds, we herein report the preparation
of a Mn(I) complex supported by an NDI-functionalized
NHC-based pincer CNC ligand and the study of its catalytic
performance in the reductive N-methylation of a series of
secondary amines using formic acid or CO,. The effect of
modulating the electronic properties of the NDI-functionalized
pincer Mn(I) complex by the addition of chloride will be
described and discussed.

Bl RESULTS AND DISCUSSION

The NDI-pincer Mn(I) complex 2 was prepared by reacting
the NDI-functionalized bis-imidazolium salt [1](I),”* with
Ag,0 in CH,Cl,, and then by transmetallating the in situ
generated silver-NHC complex with [Mn(CO);Br] in the
presence of Na(BArf,), as shown in Scheme 1. For
comparative purposes and following the same synthetic
route, we also prepared complex 4, lacking the NDI
functionalization, starting from [3](Br),. Complexes 2 and 4
were characterized by NMR and IR spectroscopy and mass
spectrometry, and gave satisfactory elemental analysis. The *C
NMR spectrum of 2 shows two signals assigned to the
carbonyl ligands at 208.2 and 206.2 ppm. The resonance due
to the carbene carbon is observed at 204.1 ppm. The IR
spectrum of 2 shows the characteristic bands corresponding to
a mer arrangement of the three carbonyl ligands at 2051, 1968,
and 1914 cm™, at slightly higher frequencies than those shown
by complex 4 (2049, 1965, and 1912 cm™), as should be
expected due to the presence of the electron-deficient NDI
moiety in the pincer ligand of 2.

Electrochemistry of complexes 2 and 4 was carried out in a
0.1 M acetonitrile solution of tetrabutylammonium hexafluor-
ophosphate (TBAPF), using a glassy carbon working
electrode, a platinum wire counter-electrode, and a silver
wire pseudoreference electrode. Unless otherwise stated, all of
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Figure 2. (a) IR-SEC reduction of 2 in dry CH;CN (0.1 M [N(nBu),][PF]). The solid lines represent the IR spectra of complex 2 (black), one-
electron reduced species (red), and two-electron reduced species (blue). (b) IR spectroscopic changes in the spectrum of 2 observed upon the
addition of different amounts of chloride [0 equiv of TBACI (black), 2 equiv of TBACI (red), and 7 equiv of TBACI (blue)].

the measurements were conducted under argon at 100 mV/s,
and the potentials were referenced against the ferrocene/
ferrocenium couple (Figure 1a). As observed for other related
pincer-CNC tricarbonyl complexes of Mn(I),""" the cyclic
voltammogram of 4 shows a metal-centered one-electron
irreversible reduction event at —1.99 V. As established for
related cationic (CNC)-Mn(I) carbonyl compounds, this
species may have a radical character on the metal, but with
significant delocalization on the Iigand.Ilb It has been
hypothesized that this neutral radical may undergo incomplete
dimerization,''®** after the loss of two carbonyl ligands.llb
The slight feature observed on the return scan at —1.2 V
corresponds to oxidation of the dimetallic species formed.

Complex 2 shows two well-separated reversible reduction
waves at —0.89 and —1.35 V, which correspond to the
sequential one- and two-electron reductions of the NDI core.
A third irreversible reduction wave observed at —2.07 V is
associated with the reduction of the manganese center, with
the concomitant loss of two carbonyl ligands. The cathodic
shift of about 70 mV of this reduction peak with respect to that
shown by complex 4 indicates that the 2-electron reduction of
the NDI core has a small but non-negligible influence on the
reduction of the metal center. A cyclic voltammogram of 4
under a CO atmosphere makes the feature attributed to the
reduction of the Mn center become quasi-reversible, strongly
indicating that the irreversibility of this event is due to CO loss
(see Figure 1b).

In order to evaluate the influence of the reduction of the
NDI moiety on the electron-donating character of the NDI-
pincer ligand in 2, we decided to perform infrared spectro-
electrochemical (IR-SEC) studies. The experiment was
performed in acetonitrile by applying progressively more
negative potentials to a solution of 2 while recording the
corresponding IR spectra. As can be observed from the series
of spectra shown in Figure 2a, upon one-electron reduction of
the NDI moiety, all three CO stretching bands reduce their
frequencies by 3 cm™'. Further reduction at more negative
potentials produced a further 3 cm™' decrease in the C—O
frequencies. This experiment indicates that the reduction of
the NDI moiety at the CNC ligand can be used for increasing
the electron-donating power of the pincer ligand. We also
performed the same experiment using complex 4 and observed
that the application of potentials between 0—(—1.5 V) did not
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produce any detectable effect on the CO stretching frequencies
of this complex (Figure S13 in ESI).

Given the ability of NDI-containing compounds to engage
anion-7 interactions,'” we decided to study the effect of adding
tetrabutylammonium chloride (TBACI) on the IR spectrum of
2. As can be observed in the series of spectra shown in Figure
2b, the addition of increasing amounts of TBACI (0—7 equiv)
to a CH;CN solution of 2 has the same exact effect as the
electrochemical one-electron reduction (2 equiv of TBACI)
and two-electron reduction (7 equiv of TBACI) of the
complex, as the same shifts on the C—O stretching bands
were observed. This experiment indicates that the addition of
chloride anion to a solution of 2 has an effect on the electron-
donating character of the NDI-pincer ligand similar to that of
the electrochemical reduction of the NDI core. On the other
hand, we observed that the addition of TBACI did not produce
any changes on the CO stretching frequencies of complex 4
(Figure S16 in ESI), thus indicating that the interaction of the
chloride anion was produced only on the NDI moiety of
complex 2, and not on the metal.

We also monitored the addition of TBACI to a CD;CN
solution of 2 by '"H NMR spectroscopy and observed that the
addition of increasing amounts of chloride resulted in the
gradual disappearance of the signals due to the protons of the
NDI core of the pincer ligand (see Figure S18 in the ESI),
strongly suggesting the formation of a paramagnetic species
with one electron located at the NDI moiety. This experiment
indicates that the interaction of the chloride anion with the
complex is capable of producing one-electron reduction of the
NDI core, forming an anionic NDI" radical. In order to give
further support to this conclusion, we also performed a UV—
vis spectro-electrochemical study of complex 2. The experi-
ment was performed in acetonitrile by applying negative
potentials to a solution of 2 while recording the corresponding
UV—vis spectra (see Figure S14 in ESI). In a parallel
experiment, we studied the UV—vis changes produced in a
CH;CN solution of 2 upon the addition of increasing amounts
of TBACI (see Figure S17 in ESI). The comparison of the
UV—vis spectra of the species formed upon producing the one-
electron reduction of 2 and the one formed upon the addition
of § equiv of TBACI clearly indicates that the product formed
by these two methods is the same, thus indicating that the
addition of TBACI produces the one-electron reduction of 2.

https://doi.org/10.1021/acscatal.4c01812
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This observation is in agreement with the studies performed by
Saha and co-workers, who demonstrated that the addition of
ClI” can generate the NDI" radical anion,* although the
mechanism for this type of electron-transfer process is still a
matter of strong debate.

When we monitored the addition of increasing amounts of
TBACI to a CD;CN solution of 4, we did not observe changes
in the '"H NMR spectrum of the complex, thus confirming that
all changes observed when 2 was used should be assigned to
the interaction of the anion with its NDI moiety.

We next wanted to study whether the enhancement of the
electron-donating properties of the NDI-pincer ligand in 2
upon the addition of chloride could be translated into a
modification of the catalytic properties of the complex. We first
decided to study the N-methylation of secondary amines using
formic acid as the C, building block and a silane as a reducing
agent. This reaction, first reported by Beller and co-workers in
2014 using Karstedt’s catalyst,” allows the preparation of
tertiary amines under relatively mild conditions. This reaction
is mechanistically related to the reductive formylation and
methylation of amines with CO,,*® which was reported for the
first time in 2012 by Cantat and co-workers who showed that
the process can proceed by both, an organometallic or organo-
catalytic pathway.”” During the past few years, several
manganese-based catalysts have proven to be highly effective
for this type of transformation.'””® The N-methylation
reaction involves two steps. First, formylation of the secondary
amine is produced to form a formamide, which is further
reduced to form a methyl amine in the second step. The
second step is more challenging than the first one,”” thus
providing a good opportunity for studying the selectivity of the
process.

We first studied the reaction between N-ethylaniline and
formic acid in the presence of six equivalents of PhSiH; as the
reducing agent. We chose this model substrate because we
found that the reaction outcome could be very easily
monitored by '"H NMR spectroscopy, as all of the products
and starting reagents were easily identified in the spectra. The
reactions were carried out in CH3;CN at 80 °C, and the
analysis of the reaction products was performed by 'H NMR
spectroscopy after three h of reaction. As can be observed from
the results shown in Table 1, both catalysts 2 and 4 show
almost identical activities, as they both provided moderate
conversions, with a very poor selectivity toward the methylated
amine S5b (see entries 1 and 2). The addition of
tetrabutylammonium chloride (TBACI, 20 mol %) as a
chloride source produced a clear enhancement of the catalytic
performance of the NDI-functionalized catalyst 2. As can be
observed from the data shown in Table 1, when 5 mol % of 2
was used, the addition of TBACI provided full conversion and
almost quantitative production of the methylated amine Sb,
and only traces (<5%) of the formylated amine Sa were
detected (entry 4). The reduction of the catalyst load to 2.5
and 1 mol %, provided a decrease in the conversion and
selectivity toward 5b, although the methylated amine was still
obtained as the major product. Interestingly, when TBACI was
added to the reaction catalyzed by 4, the conversion increased
significantly compared to the reaction performed using the
same catalyst in the absence of TBACI, but the reaction was
still selectively producing the formylated amine Sa, with a very
poor production of Sb (compare entries 2 and 7). For the
reaction performed using TBACI alone, a high conversion of
88% was achieved, but only traces of methylated product Sb
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Table 1. Formylation/Methylation of N-Ethylaniline®

NH
[cat]
+ HCOOH ——>
6eq. PhSiH;

80°C, MeCN 5a 5b
entry cat/load additive ~ conv/%  5a (%)  Sb (%)

1 2 (5 mol %) none S8 45 13

2 4 (5 mol %) none 59 49 10

3 none TBACI 88 84 4

4 2 (5 mol %) TBACI 100 6 94

5 2(25mol %)  TBACI 92 17 75

6 2 (1 mol %) TBACI 79 37 )

7 4 (5 mol %) TBACI 88 80 8

“Reaction conditions: In a thick-walled glass tube fitted with a Teflon
cap, the catalyst was added to a 0.081 M solution of N-ethylaniline
(0.081 mmol), phenylsilane (0.486 mmol), formic acid (0.243 mmol)
in CH;CN (1 mL). For entries 3—7, the amount of TBACI used was
20 mol %. The reaction mixture was allowed to react at 80 °C for 3 h.
The products were analyzed by "H NMR spectroscopy taking aliquots
(20 uL) at the desired times using 1,3,5-trimethoxybenzene as
integration standard. The results shown are the average between two
runs.

were obtained (entry 3). It needs to be mentioned that halides
are known to be able to catalyze the reductive formylation of
amines with formic acid and silanes, although only fluoride is
able to produce the targeted methylated product.’® In our case,
the observation that TBACI alone shows almost identical
activity to the combination of 4 and TBAC], indicates that
there is no synergistic benefit in mixing these two cocatalysts
together. On the contrary, the quantitative production of Sb
upon mixing 2 and TBACI is a clear indication that the NDI
moiety present in 2 plays a crucial role in the improvement of
the catalytic outcome of this manganese catalyst and that the
metal catalyst is key in the reduction of the formylated amine
to the methylated amine. It needs to be mentioned that the
addition of larger amounts of chloride (>4 equiv with respect
to 2), did not produce any further enhancement of the activity
of 2.

In order to check if the catalytic enhancement produced by
the addition of TBACI could also be influenced by the
employed amine, we performed a screening of the reaction
using different secondary amines using 2 as catalyst. As can be
observed from the results shown in Table 2, in all cases,
catalyst 2 alone produced mainly the formylated product, while
the combination of 2 and TBACI greatly improved the
selective formation of the final methylated product.

Aiming to provide a better insight into the beneficial effect
of the addition of TBACI to the catalytic activity of 2, we
decided to perform some further experiments. First, we
decided to determine the reaction rate order with respect to
the catalyst using the variable time normalization analysis,
which consists of the visual cornEarison of the variably
normalized concentration profiles.”’ The reactions were
performed using three catalyst loadings (1, 2.5, and S mol
%) while maintaining a constant concentration of the TBACI
additive (20 mol %), so that the combined analysis of the
profiles provided us with information about the changes in the
concentration of the metal catalyst alone. The normalized
profiles matched with first order in 2 (see Figure S22 in ESI),
thus indicating that the production of the methylated amine Sb

https://doi.org/10.1021/acscatal.4c01812
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Table 2. Formylation/Methylation of Different Amines
Using 2

Formylated Methylated
Conversion

Entry Amine Additive %) product product
’ (%) %)
1 H none 58 45 13
N v
2 TBACI 100 6 94
3 H none 95 80 15
N ~
4 TBACI 93 20 73
5 H none 47 36 11
N \/
6 TBACI 85 0 85
7 H none 63 58 5
o
8 al TBACI 49 0 49
9 H none 76 74 2
N \/
10 ~ OO TBACI 77 0 77

“Reaction conditions: In a thick-walled glass tube fitted with a Teflon
cap, the catalyst was added to a 0.081 M solution of the secondary
amine (0.081 mmol), phenylsilane (0.486 mmol), formic acid (0.243
mmol) in CH;CN (1 mL). The amount of TBACI used was 20 mol
%. The reaction mixture was allowed to react at 80 °C for 3 h.
Products were analyzed by 'H NMR spectroscopy taking aliquots (20
uL) at the desired times using 1,3,5-trimethoxybenzene as integration
standard. The results shown are the average between two runs.

is related to the amount of metal catalyst used. This result is
important because some recent studies in the field of
electrochemical reduction of CO, using [Mn(CNC)(CO),]*
complexes seem to suggest that the active catalytic species has
a dimetallic nature.'”” In our case, the results support the
monometallic nature of the active catalyst. On the basis of our
observations and previous literature reports,’” a tentative
catalytic mechanism should involve a neutral hydride complex
[(CNC)MnH(CO),] (A in Scheme 2), formed by the reaction
of the cationic [(CNC)Mn(CO);]* complex in the presence of
phenysilane, with the concomitant formation of a silyl cation.
Such types of Mn-hydrido complexes have been proposed as
intermediates for the reduction of CO, and C=0 bonds by
Mn(I) tricarbonyl complexes supported by pincer ligand-
5.2%3%33 However, this process is generally slow as it requires
the irreversible loss of one CO ligand. We tried the ex-situ
reaction of complex 2 with PhSiH; in dry acetonitrile, but the
results were inconclusive, and the corresponding 'H NMR
spectra did not show signals at negative chemical shift values,
as should be expected for Mn-hydrido complexes. The
negligible activity of 2 in the reduction of formylated amine
Sa is likely due to its lack of ability to form the required Mn—H
intermediate. In the case of the experiments performed with 2
with PhSiHj in the presence of TBAC], the formation of the
paramagnetic complex resulting from the reduction of 2
prevented us from detecting the formation of the Mn—H
complex by '"H NMR spectroscopy. However, this Mn—H
intermediate is very likely produced as it is generally
considered a prerequisite for entering the reductive catalytic
cycle.'9*?%%3233 Ag shown in Scheme 2 this manganese hydride
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Scheme 2. Tentative Reaction Mechanism for the Mn(I)-
Catalyzed Hydrosilylation of Formamides

cO
N k)
—Mn—CO
[Si]/o\[Si] (C/,
* RN—
/NR2 [Si]-H [Sil* H
H=C
o ﬁ
Mn—CO
[Si]-H | [Mn]
[si]-0— C A Sil|
s, + NR2 o)
“o— Cw RoN—<X
| H H
RDS —Mn—co
(favored by strong
electrondonating ligands) C Cg

(A) can catalyze hydride transfer from PhSiH; to the silyl-
activated substrate (formed by the reaction of the silyl cation
with the formylated amine) yielding the reaction intermediate
D (Scheme 2). This intermediate can be further reduced via a
second Mn-catalyzed hydride transfer to form the final
methylated amine and a siloxane. While the exact nature of
the catalytically active manganese-hydride A and how it
enables the hydride transfer still needs to be elucidated, the
proposed mechanism is in line with the currently available
experimental data and previous mechanistic studies performed
with similar cationic pincer Mn(I) carbonyl complexes and
thus may serve as a working hypothesis for future studies.””***

While the cycle shown in Scheme 2 is redox-neutral on the
manganese catalyst, combined experimental and computational
calculations performed by Lan and Liu,** showed that
manganese catalysts with more powerful electron-donating
pincer ligands have a lower activation barrier for the hydrogen
transfer from the metal hydride to the carbonyl group of the
substrate (B in Scheme 2). In accordance with this, the greater
electron-donating power of the NDI-functionalized pincer-
CNC ligand in 2 was achieved upon the addition of the
chloride anion (as a consequence of the one-electron reduction
of the NDI moiety to form a NDI~ radical monoanion),
facilitates the hydrogen transfer step to the silyl-activated
substrate (step B-to-C in Scheme 2). This justifies the better
performance of catalyst 2 upon the addition of TBACI and
suggests that this step is the rate-determining step (RDS) of
the catalytic cycle.

We also performed another set of experiments aiming to
compare the time-dependent reaction profiles of the catalytic
reactions catalyzed by 2 alone, and by 2 in the presence of
TBACI. As can be observed from the reaction profiles shown in
Figure 3a, the reaction performed with 2 + TBACI was
significantly more effective in the production of Sb than that
performed using 2 alone. In fact, the combination of 2 and
TBACI produced Sb quantitatively, while 2 alone was only
capable of producing 8% of Sb after 3 h of reaction.
Interestingly, for the reaction catalyzed by the mixture of 2 +
TBAC], no formylated product Sa was detected all along the
reaction process, indicating that the conversion of 5a to Sb by
the catalyst in the presence of the silane is very fast. In a
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Figure 3. (a) Time-dependent reaction profiles of the methylation of
N-ethylamine with formic acid in the presence of 6 equiv of PhSiH;
catalyzed by 2 (blue dots) and 2 + TBACI (red squares). The
reactions were performed in CH;CN at 80 °C, using a 5 mol % of
catalyst (2) loading. The amount of TBACI used was 20 mol %. The
reaction profile depicted with the yellow triangles in (a) refers to a
reaction that was initiated with 2 alone, and then TBACI was added
after 30 min of reaction. The profile shown in (b) refers to a reaction
initiated with 2 (5 mol %) and then subsequently activated and
deactivated by addition of TBACI (4 equiv with respect to catalyst)
and NOBF, (4 equiv with respect to catalyst), respectively.

parallel experiment, we started the reaction using 2 alone and
then added TBACI after 30 min of reaction. As can be seen
from the resulting reaction profile shown in Figure 3a (yellow
triangles), the activity of the catalyst was greatly enhanced after
the addition of the halide additive. This experiment is a clear
indication that the activity of the catalyst can be “switched on”,
and that the “dormant” (or inactive) state of 2 can be “awoken”
once the reaction has started by the addition of the chloride
additive. It is also important to point out that once TBACI is
added, the activity of the “activated” catalyst becomes exactly
the same as the one shown when 2 + TBACI were used from
the beginning, as the two lines defining the reaction profiles
become parallel. In order to determine if we could toggle
between the active and inactive forms of catalyst 2 several
times along the reaction course, we performed a third
experiment in which we followed the evolution of the reaction
of methylation of N-ethylamine with formic acid using catalyst
2, and then subsequently added four equivalents of TBACI and
NOBF, after periods of 20 min. As can be observed in the
reaction profile shown in Figure 3b, the first addition of TBACI
produces activation of the catalyst, which can be further
deactivated by the addition of NOBF,. The subsequent
addition of four equivalents of TBACI reactivates the catalyst
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until the completion of the reaction. This experiment shows
that the catalyst can be “switched on” upon the addition of
TBAC], and then “switched off” upon the addition of a mild
oxidant such as NOBF,. This observation provides clear
evidence of the stability of the catalyst in both active/reduced
and inactive/oxidized states and that the extended durations in
the inactive form still allow the recovery of the activity upon
oxidation. In addition, this experiment gives further support to
our hypothesis that the rate-determining step of the catalytic
cycle depicted in Scheme 2 is the hydrogen transfer step to the
silyl-activated substrate (step B-to-C), as this step is known to
be favored for pincer-Mn complexes with strong electron-
donating ligands.g’C In our case, the switching of the electron-
donating power of the NDI-functionalized pincer ligand is
effectively produced by the addition of chloride (catalyst ON,
as a consequence of the one-electron reduction of the NDI
moiety) and subsequent addition of NOBF, (catalyst OFF,
oxidation of the NDI" anionic radical).

With these results in hand, we finally performed a series of
catalytic reactions in which we used CO, as a carbon source.
The reactions were carried out with N-ethylaniline in the
presence of 6 equiv of PhSiH; using S mol % of 2 at 110 °C
under 10 atm of CO, during 12 h. Under these reaction
conditions, catalyst 2 alone produced 85% conversion of the
substrate, with very little production of the methylated amine
5b (8%). For the reaction performed with 2 + 4 equiv of
TBAC], full conversion was obtained, with §b formed in 81%
yield. Under these reaction conditions, the control experiment
performed with 20 mol % of TBACI only produced 11 mol %
of the targeted product Sb.

B CONCLUSIONS

In summary, we prepared an Mn(I)-carbonyl complex with a
pincer-CNC ligand functionalized with a naphthalene-diimide
(NDI) moiety. The reduction of the NDI group results in an
increase of the electron-donating strength of the pincer ligand,
as was observed by the spectroelectrochemical experiments.
We also observed that the addition of chloride anion produces
the reduction of the NDI moiety attached to the pincer ligand,
with the concomitant increase of the electron-donating power
of the ligand, as reflected by the red-shift of the C-O
stretching bands of the complex. This effect is translated into
an important modification of the catalytic properties of the
complex in the reductive N-methylation of several secondary
amines with formic acid and CO,. While the catalyst alone
performs poorly, the combined action of the metal catalyst
with tetrabutylammonium chloride results in a very effective
catalyst that is able to selectively produce the methylated
amine under relatively mild conditions. This catalytic enhance-
ment is very likely due to the increase of the electron-donating
power of the pincer ligand upon chloride addition, which
facilitates the hydride transfer to the carbonyl group of the
substrate, also reflecting that this step is the rate-determining
step of the catalytic cycle. Furthermore, the activity of the
catalyst can toggle between the activated and inactivated form
for several cycles by adding subsequently TBACI and a mild
oxidant such as NOBF,.

Although we are aware that there are examples in the
literature where more effective Mn-based catalysts for this
process have been reported,m’ng our results highlight how the
properties of a simple catalyst can be boosted by using anion-
sensitive ligands as our NDI-functionalized pincer ligand, thus
offering a new and simple way for tuning the catalytic activity
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of homogeneous catalysts. We are confident that in the near
future, anion-sensitive ligands will find a place in homogeneous
catalysis similar to that already found for redox-, photo-, or pH-
adaptive catalysts.
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