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Hydrazones as organometallic equivalents have emerged as a general and sustainable strategy to utilize
naturally abundant aldehydes and ketones as feedstocks while only releasing water and nitrogen gas as
byproducts. Yet the addition of these carbanion equivalents to carbonyl compounds has been limited to
the use of precious metals as catalysts and hazardous solvents under an inert atmosphere. Herein, we
report the development of a manganese-based catalyst system for the addition of aldehydes to carbonyl
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compounds producing secondary and tertiary alcohols with yields of up to 91%. Furthermore, this
method has proven robust and reproducible under aqueous and aerobic conditions to employ an earth-
abundant metal catalyst, hence advancing hydrazone umpolung chemistry to be more sustainable and
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Introduction

The use of organometallic reagents has long been a corner-
stone in organic chemistry for the construction of complex
molecules." Through controlled reactions with electrophiles,
these reagents can facilitate the formation of crucial moieties
in natural products, fine chemicals, materials, agrochemicals,
and pharmaceuticals—notably, with carbonyl electrophiles to
form alcohols (Scheme 1A).>* But despite their efficacy to
form new C-C bonds, traditional organometallic reagents
often require organic halide as feedstock and mandate stoi-
chiometric amounts of metal. Moreover, besides the report of
a few exceptions,” these methodologies are generally intolerant
to moisture and air, thus limiting their functional group com-
patibility and producing copious waste—challenges to over-
come with the help of green chemistry.

In response to these challenges, hydrazones as organo-
metallic equivalents (HOME) have emerged as a sustainable
approach to form new C-C bonds (Scheme 1B).>® The use of
catalytic amounts of a transition metal—as opposed to the
superstoichiometric addition of organometallic reagents—has
facilitated a variety of transformations such as addition
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(Scheme 1C),””® olefination,® and cross-coupling'®'" reactions,

while only generating water and nitrogen gas as benign bypro-
ducts. However, HOME chemistry still presents two critical
areas for improvement to showcase its applicability as a
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Scheme 1 Accessing alcohols through carbon nucleophiles.
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greener alternative to classical methods, first being the use of
scarce and precious metals. This not only raises concerns for
resource depletion, but also for having a higher system-wide
environmental burden than first row metals.'? Therefore, it is
crucial for the field to develop earth abundant metal (EAM)
catalysts that can achieve the same transformations with equal
or superior efficiency. The second opportunity for improve-
ment comes from developing methods that are operationally
simple, yet robust and highly tolerant to a wide diversity of
functional groups and conditions. Additionally, development
of robust chemical systems tolerant to oxygen and moisture
that are compatible with green solvents like water are highly
desirable for diverse scenarios, including medicinal chemistry
campaigns and educational settings.">™°

While previous reports in our group have explored some of
these improvements individually, there is still a gap for an
operationally simple EAM-promoted HOME methodology
capable of performing carbonyl additions in the presence of
water and oxygen. In recent years, manganese as an EAM has
become an attractive inexpensive and sustainable alternative to
precious metals, where an increasing number of Mn-catalyzed
systems have showcased their potential at promoting hydro-
genation/dehydrogenation,’® hydrosilylation,?~>°
hydroboration,>>* and C-H activation®*™*° reactions. In
addition to its versatility, manganese has proven effective at
catalyzing reactions in aqueous media,*"** making it an ideal
candidate to further explore in the context of HOME chemistry.
Herein, we report an open-flask, on-water manganese-catalyzed
nucleophilic addition of carbonyls for the synthesis of second-
ary and tertiary alcohols via hydrazone umpolung chemistry
(Scheme 1D).

Results and discussion
Reaction development and optimization

Starting our investigation, we chose benzaldehyde hydrazone
(1a) as the model nucleophile surrogate, adding to acetophe-
none (2a)—an unhindered aromatic ketone—as the model
electrophile. We initially examined our model reaction
(Scheme 2) in a controlled environment (under N,, inside a
glovebox) and in an organic solvent, with toluene being our
initial choice to allow the exploration of reaction conditions at
higher temperatures. By screening different ligands (see
Fig. S1t for full list) with Mn,(CO),, as the initial catalyst of
choice, we observed that the desired alcohol product 3a was
only present when employing PNP-type ligands with L1 result-
ing in the highest yield. Mn(CO);Br, another commonly uti-
lized Mn pre-catalyst, gave similar yields with L1 under similar
conditions but only when 12.5 mol% CsF was added to the
mixture. Since Mn,(CO),, does not need this to achieve con-
sistent desirable yields, further optimizations were carried out
with this pre-catalyst.

Initial investigations also revealed that prior mixing of the
Mn pre-catalyst and ligand with the base before addition of
the substrates was necessary to achieve reproducible results.

7358 | Green Chem., 2024, 26, 7357-7362

View Article Online

Green Chemistry

~NH; Mn,(CO)1o (5 Mol%)
| + ligand (10 mol%) Ph
)\H Ph)J\CH i ——> pn” <
3 BuOK (0.25 equiv.) HO

toluene, 120 °C, 24 h
1a 2a 3a

PNP ligands tested

SN

&

. H

P'Pr, Cy,P PCy,
L 2 L3

36% 20% 30%
A
ah -
N
tBUzP PtBuz
L4 Ph,P L5 PPh,

0% 1%

Ph,P PPh, PrP

Scheme 2 Investigation of PNP-type ligands in the nucleophilic
addition of benzaldehyde hydrazone (1a, 0.25 mmol) to acetophenone
(2a, 0.25 mmol) in 1.0 mL toluene under N, atmosphere. Mn,(CO);q
(5.0 mol%), ligand (10 mol%), and ‘BuOK (25 mol%) were pre-mixed in
0.5 mL toluene for 1.5 h before adding 1a, 2a, and additional 0.5 mL
toluene. *H NMR yield was determined using 1,3,5-trimethoxybenzene
as standard. See ESI{ for more details.

This is most likely because the base participates in the for-
mation of the active catalyst for the reaction as seen in pre-
vious related Mn-pincer catalyst systems.”>** Knowing that the
base plays an important role in the reaction, we decided to
screen a series of organic and inorganic bases (Table S2t). All
organic bases screened were ineffective, possibly because they
can also act as ligands, hindering the formation of the active
catalyst. On the other hand, inorganic bases provided better

Table 1 Investigation of reaction conditions for nucleophilic addition
of 1a with 2a to form 3a on water

~NH; Mn,(CO)4q (5 mol%)
| + L1 (10 mol%) Ph
Ph)\H Ph)J\CH > 2
3 K3POq4 (2.0 equiv.)
H,0, 50 °C, 24 h

1a 2a 3a
Entry Deviation 3ayield (%)
1 No deviations 86
2 No pre-catalyst 0
3 No ligand 0
4 No pre-catalyst and ligand 0
5 0.4 equiv. 18-crown-6 additive 86
6 2 wt% TPGS in H,0 9
7 1.5 equiv. K3P0O,, 2.5 mol% Mn,(CO);, 85 (84)°
5.0 mol% L1
8 Same as entry 7 but open-air 80

Reaction conditions: Mn,(CO);, (5.0 mol%), L1 (10 mol%), and K3;PO,
(2.0 equiv.) were pre-mixed in 0.5 mL H,O for 1.5 h (5 min for entries 7
and 8) before adding 1a (0.75 mmol), 2a (0.25 mmol), and additional
0.5 mL H,0. '"H NMR yield was determined using 1,3,5-trimethoxyben-
zene as standard. “ Isolated yield. See ESIf for more details.
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yields consistently, with K;PO, being the most beneficial to
the reaction. Further optimization allowed us to decrease the
initial reaction temperature from 120 °C to 50 °C while retain-
ing good yields (80%). However, conducting the reaction at
room temperature significantly lowered the formation of 3a to
13%.

Having several conditions optimized while in a controlled
environment, we decided to test under aerobic conditions
employing water as a solvent (Table 1, entry 1), which gratify-
ingly provided a yield of 86%. Furthermore, we observed an
increased rate of product 3a formation when employing water
versus toluene (Fig. S6f), in compliance with the “on water”
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effect described by Sharpless and co-workers.'® Similarly to
the reaction performed in organic solvents, both Mn,(CO),
and L1 are essential for the reaction to proceed after
generation of the active form of the catalyst (Table 1,
entries 2-4). However, in contrast to previously reported
Ru-catalyst systems in water,*>*> no special additives are
needed to achieve good yields using Mn (Table 1, entries 5
and 6). Finally, attempts to lower the amount of pre-catalyst,
ligand, and base needed revealed the optimized conditions
shown on Table 1, entry 7—with yields above 80% (see ESI{
for further details), even when performed under open-air
(Table 1, entry 8).

N’NH2 o Mn,(CO)4q (2.5 mol%), L1 (5.0 mol%) JR1 s
| A K3PO, (1.5 equiv. R : N
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Scheme 3 Substrate scope of electrophiles and hydrazones. Reaction conditions: Mn,(CO);0 (2.5 mol%), L1 (5.0 mol%), and KzPO,4 (1.5 equiv.) were
pre-mixed in 0.5 mL H,O for 5 min before adding 1 (0.75 mmol), 2 (0.25 mmol), and additional 0.5 mL H,O. ? Condition variation for aldehydes:
Mn,(CO);p (5.0 mol%), L1 (10 mol%). Isolated yields are reported. See ESI{ for more details.
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Substrate scope and limitations

With the optimized conditions in hand, we decided to explore
the scope and limitations of this reaction (Scheme 3). All reac-
tions for the scope were performed in the span of 16-24 hours
to ensure completion. First, we started by probing the effects
of substituents in aryl ketone electrophiles. Electron-withdraw-
ing groups (3b-3e) proceeded with good to excellent yields
while electron-donating substituents lowered the yield (3f and
3g), including trace amounts of product for 4-hydroxyaceto-
phenone—likely due to the phenolate’s increased solubility in
water, inhibiting its contact with the catalyst in the organic
phase (3n). Interestingly, an aromatic heterocycle like furan
(3h) proved compatible with this method. Next, we aimed to
elucidate the steric limitations of aryl ketones. Generally, aryl
ketones performed greatly as electrophiles even after increas-
ing the chain length slightly (3i). However, the presence of a
tert-butyl substituent (3m) revealed a limitation towards bulky
substituents. Additionally, aliphatic ketones (3j) worked in
moderate yields—if ring strain is present to drive the reaction
forward. Switching to aldehydes revealed that aromatic alde-
hydes (31) are too reactive in the presence of the hydrazone
partner, predominantly forming the azine byproduct, even
after performing the reactions at lower temperatures—room
temperature and 0 °C to 23 °C. Such decrease in the yield for
aldehyde-containing electrophiles was also previously reported
for both Fe- and Ru-systems in organic solvents.”®
Nonetheless, a less reactive aliphatic aldehyde (3k) proceeded
with a moderate yield after increasing the catalyst loading.

Subsequently, we shifted our focus to the exploration of
hydrazone partners. For aromatic hydrazones, both electron-
withdrawing and electron-donating groups (30-3r) performed
well under standard conditions. Additionally, there is a strong
preference towards more electron-deficient aromatic aldehydes
(like 30) which may be due to better stabilization of the partial
carbanion formed from its hydrazone precursor. In fact, this
can also be observed by having the same substituent in
different positions (3p and 3q). Consequently, aliphatic hydra-
zones (3u), having no aromatic ring to stabilize it, yielded no
product. Furthermore, the presence of an amino substituent
(3t) was not tolerated, possibly due to the combination of its
weaker hydrazone carbanion stabilization and the affinity of
nitrogen for metal coordination. Nevertheless, the reaction
also proceeded with good yields in the presence of a pyridine-
based substrate (3s). Like with the Ru-system,” a ketone-
derived hydrazone (1v) yielded its corresponding alcohol
product (3v) poorly even under an elevated temperature (80 °C)
to bypass steric limitations. However, the currently described
method is still compatible with both aldehydes and ketones as
substrates, with the first being more suitable as hydrazone car-
banions, and the latter as electrophiles.

Proposed mechanism

A plausible mechanism is proposed (Scheme 4) based on pre-
viously reported hydrazone umpolung reactions”***” and Mn-
pincer catalyzed reactions.*"?>***® Grounded on reported
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Scheme 4 Proposed mechanism for the Mn-catalyzed hydrazone
umpolung addition.

literature,®®*°~>* it is known that Mn,(CO),, undergoes homo-
lytic cleavage and subsequent oxidation reactions, therefore we
propose the pre-activation step is required to form Mn(i)
species A. The Mn-PNP complex (A) generated is then deproto-
nated by the base to form the active amido-Mn complex B.
Hydrazone 1 adds to B, forming Mn-complex C which then
undergoes a Zimmerman-Traxler-like transition state (D) to
give the nucleophilic addition product (3) of 1 to 2 by releasing
N, as a byproduct, and regenerating the active species B.

Comparison with existing HOME-chemistry methods

Finally, we present a comparative table highlighting the poten-
tial for this catalytic system to fulfil the areas of opportunity
outlined at the beginning of this article. In contrast to pre-
viously reported Ru- and Fe-based nucleophilic additions via
hydrazone umpolung,”®*> the advantages of the currently
reported Mn-system are outlined in Table 2. Major advantages
include the use of a non-precious metal catalyst and a greener
solvent, with our method working in aqueous conditions even
without the use of a phase-transfer catalyst. Previous methods
were also all conducted in inert atmospheres whereas the cur-
rently reported method works even under open air, making it
more practical and accessible.

In terms of scope, the systems observed similar general
trends. Poor to no-yielding substrates for Mn on water such as
aldehyde-based or bulky electrophiles, and ketone-based or ali-
phatic hydrazones also resulted in poor to moderate yields for

This journal is © The Royal Society of Chemistry 2024
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Table 2 Comparison of this work (Mn) with other methods (Ru and Fe)
for the nucleophilic addition of 1a to 2a via hydrazone umpolung

Benchmark Ru*’ FeP ® Ru¢* Mn?
Earth-abundant metal X v X v
Pre-synthesized catalyst X v X X
Solvent THF THF H,0 H,0
Temperature (°C) 45 r.t. 70 50
Atmosphere N, N, Ar Air
Additive® CsF CsF TBAC None
Yield (%) 94 99 71 84
AE (%) 88 88 88 88
RME (%) 73 80 50 66
PMI (x10°%) 2.8 2.6 4.4 3.4

Catalysts used and 1a equivalences: ® [Ru(p-cymene)Cl,], (0.75 mol%)/
dmpe (1.5 mol%)/1.25 equiv. 1a; ® Fe(dmpe),Cl, (5 mol%)/1.25 equiv.
1a; ‘[Ru(p-cymene)Cl,], (1.5 mol%)/PPh; (6 mol%)/1.50 equiv. 1a;
4 Mn,(CO)10 (2.5 MoI%)/L1 (5 Mol%)/1.25 equiv. 1a. “ Chemicals used
aside from the catalyst system and base. TBAC: tetrabutylammonium
chloride (a phase-transfer catalyst). AE: atom economy. RME: reaction
mass efficiency. PMI: process mass intensity (including purification).

Ru- and Fe-systems done in organic solvents.”® However, the
Mn-promoted reaction allows for a wider scope than Ru-cata-
lyzed reactions in water,*® with the latter having only moderate
yields for electrophilic aromatic ketones.

Aside from these, the atom economy (AE), reaction mass
efficiency (RME), and process mass intensity (PMI) were calcu-
lated for the model reaction of each methodology. All methods
being compared has an 88% AE with the remaining atoms
being extruded as benign byproducts—a major advantage of
HOME-chemistry over using traditional organometallic
reagents. Additionally, by lowering down the reaction volume
(from 1.0 mL to 0.2 mL) of the Mn method, we were still able
to achieve 84% yield of 3a even with just 1.25 equivalence of
1a. Thus, the currently described Mn-aqueous method has a
higher RME than its Ru-aqueous counterpart. A feature worth
mentioning is the capacity of this catalytic system to provide
product in neat conditions (Table S47). Although an increased
1a loading was needed to facilitate better mixing in this neat
reaction, it provides an avenue for potential mechanochemis-
try adaptations in the future. Lastly, to capture all mass-based
inputs including product isolation, we also computed the PMI
of each method. It was found that the Mn method has a lower
PMI than Ru- and Fe-organic systems, mainly due to the
inherent work up involved in aqueous reactions. However, it
was found to have a higher PMI than the Ru-aqueous method.

Conclusions

In summary, we have described the first earth-abundant metal
catalyzed nucleophilic addition of hydrazones to carbonyls on
water. By eliminating the use of organic solvents during the
reaction and proceeding without the need for special additives
or inert atmosphere, this method provides a platform for
greener and more accessible HOME chemistry.

This journal is © The Royal Society of Chemistry 2024
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