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hydrazones with CO2†
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The first ruthenium-catalyzed umpolung carboxylation of hydrazones with CO2 to generate important aryl

acetic acids is reported. Besides aldehyde hydrazones, a variety of ketone hydrazones, which have not been

successfully applied in previous umpolung reactions with other reactive electrophiles, also show high

reactivity and selectivity under mild conditions. Moreover, this operationally simple protocol features

good functional group tolerance, is readily scalable, and offers easy derivation of important structures,

including bioactive felbinac and adiphenine. Computational studies reveal that this umpolung reaction

proceeds through the generation of a Ru-nitrenoid followed by concerted [4 + 2] cycloaddition with CO2.
Introduction

Carbon dioxide (CO2) has attracted signicant attention as an
ideal C1 source due to its high abundance, low cost, low toxicity
and renewability.1 In numerous chemical transformations
involving CO2,2 the synthesis of carboxylic acids through C–C
bond formation is highly promising.3–5 Given that aryl acetic
acids are present in myriad natural products, agrochemicals
and drugs (Fig. 1),6 great effort has been devoted to the
synthesis of this motif following various strategies.7,8 Notably,
the transition metal-catalyzed reductive carboxylation of benzyl
(pseudo)halides with CO2 has been well documented by Martin
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and He (Scheme 1a).8 However, the Ru-catalyzed carboxylation
with CO2 has rarely been investigated and very limited success
has been achieved.9 Herein, we report a novel Ru-catalyzed
umpolung carboxylation of hydrazones with CO2 under mild
conditions (Scheme 1b). This reaction features good functional
group tolerance, high selectivity, broad substrate scope and
facile scalability.

An umpolung strategy creates new reactivity by reversing the
inherent polarity of common functional groups and conse-
quently allowing for new reactions with distinct bond forma-
tions.10 Recently, transition-metal-free umpolung carboxylations
of imines and derivatives with CO2 have been well developed by
Sato, Radosevich and Zhang to generate a-amino acids.11 In
2015, an elegant base-promoted Shapiro-type carboxylation of
N-tosylhydrazones to generate acrylic acids was reported by
Cheng (Scheme 1b).12 However, there is no report to generate
important aryl acetic acids via the cleavage of C]N double
bonds with a catalytic system. As part of our continuing interest
in advancing sustainable organic synthesis with CO2,13 we
wondered whether transition metal-catalysis could resolve such
Scheme 1 Synthesis of aryl acetic acids with CO2.
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a challenge with different reactionmechanisms. Recently, one of
us has developed Ru-catalyzed umpolung reactions with
carbonyls as carbanion equivalents.14 Considering that hydra-
zones are easily prepared from carbonyl compounds, which
widely exist in nature and industry, this new strategy promises to
be more sustainable and efficient for the synthesis of phenyl-
acetic acids, especially for complex examples. At the outset of our
investigations, however, it was unclear whether such a procedure
could ever be implemented, since Ru-assisted Wolff–Kishner
reduction15 takes place smoothly under mild reaction condi-
tions. The azine byproduct could also be easily generated from
the hydrazones. Moreover, a possible side reaction of base-
promoted Shapiro-type carboxylation of ketone hydrazones to
acrylic acids may occur to compete with our designed
reactions.12

Results and discussion

With these challenges in mind, we began our study by evalu-
ating the reaction of benzaldehyde hydrazone 1a with CO2

(Table 1). To our delight, we found that many diphosphine
ligands could promote this reaction (entries 1–3) and dppf gave
the best result (entry 3), which might arise from higher nucle-
ophilicity of the in situ generated Ru-complex. We also tested
a variety of bases and found that inorganic bases were superior
to organic bases in this reaction (entries 3–6). Increasing or
decreasing the amount of base gave a lower yield (entries 7 and
8). CsF served as an efficient additive to enhance the yield (entry
11), which might arise from enhanced nucleophilicity with the
uoride anion as a strong hydrogen bond acceptor. Control
experiments demonstrated that the Ru-catalyst was vital to this
Table 1 Optimization of the reaction conditionsa

Entry Ligand Base Yieldb (%)

1 dppp Cs2CO3 44
2 dppe Cs2CO3 19
3 dppf Cs2CO3 85 (83)
4 dppf K3PO4 51
5 dppf KOtBu 80
6 dppf DBU 27
7c dppf Cs2CO3 73
8d dppf Cs2CO3 72
9 No Cs2CO3 13
10 dppf No 31
11e dppf Cs2CO3 78
12f dppf Cs2CO3 N.D.
13g dppf Cs2CO3 N.D.

a Reaction conditions: 1a (0.4 mmol). b Yields were determined by crude
1H NMR using dibromomethane as an internal standard, and the
isolated yields are given in parentheses. c Base (0.4 mmol). d Base (0.6
mmol). e No CsF. f No [Ru(p-cymene)Cl2]2.

g N2 instead of CO2. DBU ¼
1,8-diazabicyclo[5.4.0]undec-7-ene. N.D. ¼ not detected.

4874 | Chem. Sci., 2018, 9, 4873–4878
transformation (entry 12) and that both the ligand and the base
were important (entries 9 and 10). No desired product was
detected in the absence of CO2 (entry 13).

With the optimized reaction conditions in hand, we then
tested the scope of aldehyde hydrazones (Table 2), most of
which were prepared from the corresponding aldehyde in one
step and used without further purication, thus representing
a signicant advantage from a practical standpoint. Both
electron-donating and electron-withdrawing groups on the
phenyl ring were compatible. Different substituents at various
positions on the arenes, including a bulky triuoromethyl
group at the ortho position (2r), did not hamper the reaction.
Remarkably, a variety of functional groups, such as uoro (2b),
chloro (2c and 2l), bromo (2d, 2m and 2p), iodo (2e and 2q),
ether (2g, 2j and 2k), ester (2i), nitro (2n), and cyano (2o), were
all tolerated, providing a possibility for further transformations.
Moreover, different kinds of fused rings (2s, 2t and 2u) and
heterocycles, such as thiophene, benzothiophene and indole
(2v, 2w and 2x), were compatible in this reaction. It is worth
noting that a pharmaceutical agent felbinac (2f) and a known
plant growth stimulant (2w) were both prepared readily and in
a good yield with our strategy.

Given that a-substituted phenylacetic acids are present in
a large collection of bioactive molecules, we wondered whether
our procedure could be extended to ketone hydrazones, which
have not been successfully applied in previous umpolung
reactions with other reactive electrophiles.14 Although Wolff–
Kishner reduction was anticipated, we were delighted to
discover that benzophenone hydrazone reacted smoothly to
give the diphenylacetic acid 4a in 72% or 86% yield with minor
modication of the reaction conditions (Table 3). Furthermore,
the substrates with different substituents, including uoro,
chloro, and methoxyl, afforded the desired products in
Table 2 Substrate scope of (hetero)arylaldehyde hydrazonesa

a Reaction conditions: 1 (0.4 mmol), 1 atm of CO2, [Ru(p-cymene)Cl2]2
(0.008 mol), dppf (0.016 mmol), Cs2CO3 (0.52 mmol), CsF (0.16
mmol), DMF (2 mL), 80 �C, and 24 h; isolated yields.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Substrate scope of ketone hydrazonesa

a The same reaction conditions as given in Table 2; isolated yields.
b Using KOtBu (1.5 equiv.) instead of Cs2CO3 (1.3 equiv.) as a base.
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moderate to good yields (4b–4h). Besides the benzophenone
hydrazones, readily-available ketone hydrazones 3i and 3j fur-
nished the corresponding a-alkylphenylacetic acid products in
synthetically useful yields, showing the further utility of this
process.

To further demonstrate the utility of this umpolung
carboxylation, we conducted a gram-scale synthesis of 3-bro-
mophenylacetic acid 2m in 83% yield (Scheme 2). An anti-
hyperlipidemic drug, fenobrate 3k0, could be subjected to this
method to produce the acid 4k in 60% isolated yield. Moreover,
the product 4a was readily converted in one step to adiphenine
(5), an inhibitor of the nicotinic receptor.16a The anti-
proliferative agent 6 and the known histone deacetylase inhib-
itor 7 were efficiently accessed by respective amidations in good
yields (see the ESI† for details).16b–d

On the basis of preliminary mechanistic studies and
previous reports,14 a plausible mechanism is proposed to
Scheme 2 Gram-scale synthesis and transformations.

This journal is © The Royal Society of Chemistry 2018
account for this transformation. As shown in Fig. 2, catalyst A
could be generated (see the ESI† for details) which undergoes
ligand exchange with hydrazone and Cs2CO3 to give complex B,
which then undergoes two step deprotonation to generate a Ru-
nitrenoid complex D.17 Aer a concerted hetero-[4 + 2] cyclo-
addition with CO2, a six-membered Ru-cycle E can be formed.
Then the release of N2, a driving force for this reaction, and the
following protonation-ligand exchange provide the desired
product and regenerate the active catalyst B. Alternatively, the
intermediate F could also be generated from D via sequential
isomerization, carbenation, and CO2 insertion (Path-B).

To further identify the proposed mechanism, a density
functional theory (DFT) method M06-L was employed to inves-
tigate this reaction.18 The reactant 1a coordinated Ru carbonate
species B was considered as a starting complex (see the Fig. S1†
for details). The rst N–H bond cleavage proceeds via a transi-
tion state 8-ts (Fig. S2†), with a free energy barrier of
23.9 kcal mol�1, to generate the amino-Ru intermediate C.
Subsequently, the second step deprotonation occurs rapidly
with the assistance of Cs2CO3, leading to the formation of the
Ru-nitrenoid intermediate D.

Aer the formation of Ru-nitrenoid D, in Path-A (Fig. 3), the
six-membered Ru-cycle complex E was obtained through an
intermolecular hetero-[4 + 2] cycloaddition with CO2, with a free
energy barrier of 22.4 kcal mol�1.19 The subsequent C–N bond
cleavage leads to the generation of the benzylruthenium inter-
mediate F, which is exergonic by 34.1 kcal mol�1 as a result of
N2 release. The phenylacetate 14 was then released aer the
following protonation-ligand exchange, and the active catalyst B
was also concomitantly regenerated. Meanwhile, the calculation
of activation free energy of Path-B has also been conducted. The
Fig. 2 Proposed mechanism.

Chem. Sci., 2018, 9, 4873–4878 | 4875
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Fig. 3 Free energy profiles of Path-A (plain) and Path-B (dashed) for ruthenium-catalyzed carboxylation. The distances are represented in
angstroms.
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isomerization of the Ru-nitrenoid intermediate D could afford
the diazoalkane-coordinated Ru complex G, which is ender-
gonic by 13.0 kcal mol�1. The subsequent carbenation could
proceed rapidly to afford the Ru-carbenoid H with an energy
barrier of 1.8 kcal mol�1. CO2 insertion via a transition state 17-
ts then generates the common benzylruthenium intermediate
F. The overall activation free energy of Path-B is determined to
be 26.6 kcal mol�1, which is 4.2 kcal mol�1 higher than that of
the [4 + 2] cycloaddition step in Path-A. Therefore, the carbe-
nation pathway (Path-B) turns out to be unfavorable in
comparison with Path-A.

Moreover, Fig. 4 shows the variation of the natural bond
orbital (NBO)20 atomic charges on benzylic carbon during the
catalytic cycle. It demonstrates that the increasing of the electron
density on benzylic carbon is accompanied by the two step N–H
cleavage, which clearly indicates the umpolung of the reactants.
Thus, the Ru-nitrenoid D exhibits enhanced reactivity with CO2.
Fig. 4 Calculated NBO atomic charges on benzylic carbon during the
catalytic cycle.

4876 | Chem. Sci., 2018, 9, 4873–4878
Conclusions

In summary, we have realized the rst Ru-catalyzed umpolung
carboxylation of hydrazones with CO2 for synthesizing important
aryl acetic acids under mild conditions. The only byproduct in
this reaction is N2 while overall a high atom efficiency is realized
displaying signicant advantages in carboxylations. Besides
aldehyde hydrazones, a variety of ketone hydrazones, which have
not been successfully applied in previous umpolung reactions
with other reactive electrophiles, also show high reactivity and
selectivity in this reaction. This methodology displays a broad
substrate scope, functional group tolerance, scalability and easy
derivation of important structures. With a deeper understanding
of this reaction, DFT calculations reveal the fundamental of this
transformation with the generation of a Ru-nitrenoid and inter-
molecular [4 + 2] cycloaddition with CO2.
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Int. Ed., 2011, 50, 8510; (d) Y. Tsuji and T. Fujihara, Chem.
Commun., 2012, 48, 9956; (e) M. He, Y. Sun and B. Han,
Angew. Chem., Int. Ed., 2013, 52, 9620; (f) L. Zhang and
Z. Hou, Chem. Sci., 2013, 4, 3395; (g) M. Aresta,
A. Dibenedetto and A. Angelini, Chem. Rev., 2014, 114,
1709; (h) C. Maeda, Y. Miyazaki and T. Ema, Catal. Sci.
Technol., 2014, 4, 1482; (i) C. S. Yeung and V. M. Dong,
Top. Catal., 2014, 57, 1342; (j) Q. Liu, L. Wu, R. Jackstell
and M. Beller, Nat. Commun., 2015, 6, 5933; (k) Z. Zhang,
T. Ju, J.-H. Ye and D.-G. Yu, Synlett, 2017, 28, 741.

3 For reviews, see: (a) M. Börjesson, T. Moragas, D. Gallego and
R. Martin, ACS Catal., 2016, 6, 6739; (b) S. Wang, G. Du and
C. Xi, Org. Biomol. Chem., 2016, 14, 3666; (c) Q. Zhu, L. Wang,
C. Xia and C. Liu, Chin. J. Org. Chem., 2016, 36, 2813; (d)
Q.-W. Song, Z.-H. Zhou and L.-N. He, Green Chem., 2017,
19, 3707; (e) W. Zhang, N. Zhang, C. Guo and X. Lu, Chin.
J. Org. Chem., 2017, 37, 1309; (f) X.-F. Wu and F. Zheng,
Top. Curr. Chem., 2017, 375, 4; (g) J. Luo and I. Larrosa,
ChemSusChem, 2017, 10, 3317; (h) Y.-Y. Gui, W.-J. Zhou,
J.-H. Ye and D.-G. Yu, ChemSusChem, 2017, 10, 1337; (i)
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