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Abstract

Objective(s): This paper describes the synthesis of aldol adducts using nickel oxide nanoparticles with
two size distributions at room temperature.

Methods: Eleven p-hydroxyl carbonyl compounds were obtained by the aldol reaction of
cycloalkanones and various aromatic aldehydes using nickel oxide nanoparticles. Their structures were
confirmed by spectral data (IR, 'THNMR and "*CNMR). Diastereoselectivities determined by "HNMR
analysis.

Results: The results indicated that the cross aldol reaction of cycloalkanones with various aldehydes
using catalytic amount of NiO NPs proceeded smoothly at room temperature to give the B-hydroxy
ketone derivatives in moderate to good yields and good diastereoselectivities. A low annealing
temperature would be useful to gain a high specific surface area of NiO NPs, as an efficient catalytic
process.

Conclusion: The catalytic method provides access to various aldol products from modest to good yields
with good diastereoselectivity for all reported substrates. The investigation continues toward the
asymmetric version of cross aldol reaction.
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INTRODUCTION

Carbon-carbon bond formation is the essence of organic synthesis and its variants have been used
extensively in many important syntheses.” Cross-aldol reaction has been considered one of the
most powerful and efficient measures for the formation of carbon-carbon bond.** The reaction
has proven to be a powerful and general method for the stereocontrolled construction of 3-

hydroxy ketone detivatives”’

and has relevant application in the synthesis of carbohydrates, amino
sugars, steroids, natural heteroatomic molecules, fine chemicals and pharmaceuticals.' "’ There are
several methods to synthesized aldol products. Also, many efforts have been addressed towards
the synthesis of organocatalysts that have produced systems able to afford very good
stereoselectivities. Diaz-Jua'rez et al. described the use of proline for the enantioselective synthesis
of aldol adducts."* Min et al. disclosed the asymmetric cross aldol reaction of cyclic ketone with

various benzaldehydes by organocatalyst”, and Ishihara et al. developed highly stereoselective
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multi-fluorous proline catalyst for asymmetric aldol reactions.'® Genc et al. used organocatalysts
for the enantioselective cross aldol reaction of acetone with aromatic aldehydes.”” Duss et al.
demonstrated the cross aldol reaction of cyclohexanone with aldehydes by lipidic mesophases as
novel nanoreactor scaffolds for organocatalysts.'

presented herein show the catalytic role of NiO NPs at room temperature in the diastereoselective
aldol reaction between ketones and aldehydes Over the last years, seminal research have
established this venerable reaction as the principal chemical method for the stereoselective
construction of complex polyol architecture.” Since the control of stereochemistry during aldol
additions is a crucial problem, the metal catalyzed direct aldol reaction of aldehydes with
unmodified ketones still remains a challenge for synthetic chemist.” Zi-Bin Qiu et al. used
MgBr.OEt, as an efficient catalyst for the synthesis of aldol derivatives with up to 99%
diastereoselectivity at 5 °C.*' Wu et al. studied the proline functionalized pillar-layered chiral MOF
as a catalyst in the reaction of 4-nitrobenzaldehyde and cyclohexanone. They reported the products
with diastereoselectivities up to 98% for the aldol reaction at 40 °C, after 5 days.” On the other
hand, metal oxide nanoparticles (NPs) find excellent applications as catalysts for various organic
transformations.”** Choudary et al. reported direct asymmetric aldol reaction catalyzed by MgO
NPs.” Yang et al. used self-assembled bio-organometallic nanocatalysts for enantioselective direct

aldol reactions.”

Kantam et al. reported direct asymmetric aldol reaction of aldehydes with acetone
using CuO NPs to afford optically active B-hydroxy carbonyl compounds.”” Despite these reports,
it is still important to develop new efficient method for the cross aldol reactions in mild reaction
conditions.

This paper describes a successful cross coupling reaction between cycloalkanones and various
aromatic aldehydes in the presence of nano catalyst. The results presented herein show the efficient
catalytic role of NiO NPs at room temperature in the diastereoselective aldol reaction between

ketones and aldehydes.

METHODS

General

The synthesis of NiO NPs has been carried out according to literature procedure.28 Solvents,
organic and inorganic compounds were purchased from Merck and used without further
purification. The isolation of pure products was carried out via preparative thin layer
chromatography (Silica Gel 60 GFas4; Merck). IR spectra were recorded on Shimadzu FTTR-84008
spectrometer. '"H NMR spectra were obtained on a Bruker DRX-500 Avance spectrometer and
"C NMR were achieved on a Bruker DRX-125 Avance spectrometetr. Samples were analyzed in
CDClI;, and the chemical shift values are expressed relative to Me,Si as an internal standard.
Typical Procedure for Nio Nps-Catalyzed Aldol Reaction

In the presence of NiO NPs (3.8 mg), KOH (0.4 mmol) and dioxane (3 mL), a mixture of
cycloalkanone (3 mmol) and aldehyde (1 mmol) was stirred for the appropriate time at room
temperature. Completion of the reaction was indicated by TLC monitoring. After the indicated
reaction time, the reaction mixture was purified by thin layer chromatography (silica gel, petroleum
ether/ethyl acetate 12:4) in order to give the corresponding aldol.

RESULTS AND DISCUSSION
Eatlier, the aldolization of cycloalkanones and aldehydes under traditional catalyst was studied.”
As a part of our ongoing interest to develop efficient synthetic strategies for the preparation of -
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hydroxy ketone moiety units.”””!

a facile and efficient nano heterogeneous catalytic approach for
the direct one-pot synthesis of aldol adducts have been developed. In this study, NiO NPs were
successfully synthesized by sol-gol method™, and then annealed at two temperature (300 and 500
°C). The annealing temperature played an important role in controlling the particle size. NiO NPs
with two size distributions were used as the efficient catalyst for synthesis of 3-hydroxy units using
cycloalkanones and aldehydes. At first, to get the optimum conditions for the reaction, reaction of
cyclohexanone and 4-nitrobenzaldehyde for synthesis of aldol product was selected as model
reaction and different parameters such as the reaction time, amount of catalyst and temperature
were tested.

To find the most effective NiO NPs catalyst for the synthesis of aldol adduct, the NiO NPs with
two size distributions were studied. When the aldol reaction was carried out in the presence of 300
°C annealed NiO nanoparticle, yield obtained was higher (72 %) as compared to that carried out
in the presence of 500 °C (62 %). This may be due to decrease in surface area of NiO NPs. The
surface-to-volume ratio of the catalyst increases tremendously when size decreases, which are
responsible for the higher activity and enhanced yield of NiO NP at 300 °C.

The amount of catalyst was optimized for the model reaction using different quantities of NiO
NPs. It can be seen that the best yield was achieved by 3.8 mg of catalyst. Moreover, in the absence
of NiO NPs, no product was obtained after 7 h. For the optimization of the reaction temperature,
reaction was performed in different temperature. The best yield was obtained at RT. Finally, after
some preliminary experiments, we found that a mixture of cyclohexanone (3 mmol) and 4-
methoxybenzaldehyde (1 mmol) in the presence of NiO NPs (3.8 mg) afforded aldol product at
room temperature in moderate to good yields (45-73 %). The generality of the reaction was
assessed using cycloalkanones and aromatic aldehydes (Table 1).

Q o OH
0
+ )L NiO NPs R
T SE—
R H dioxane, RT
)n )n

n=1 2a la-i
n=22b

A proposed mechanism for the formation of the aldol product would be as follows. The NiO
nanoparticle facilitates the formation of enolate through Lewis acid sites (Ni*") coordinated to the

oxygen of carbonyl group.

CONCLUSION

In summary, the cross aldol reaction of various cycloalkanones with aromatic aldehydes using
catalytic amount of NiO NPs proceeded smoothly under extremely mild conditions to give the
corresponding aldol adducts in moderate to good yields. A low annealing temperature would be
useful to gain a high specific surface area of NiO NPs, as an efficient catalytic process. The reaction
can efficiently proceed at room temperature with a small excess of ketone. Also, the reactions can
be performed over a short period of time without preactivation of the donor substrates. Further
investigations focusing on the mechanism and asymmetric synthesis of this reaction are currently
underway.

Tob Regul Sci.™ 2021;7(6-2): 21-25 23



Elahe Keshavarz
Simple and Fast Cross Aldol Reation by NiO Nanoparticles as an Efficient Catalyst

REFERENCES

1. Scalambra F, Lorenzo-Luis P, de los Rios I, Romerosa A. New achievements on C-C bond formation in
water catalyzed by metal complexes. Coord Chenr Rev. 2021;443:213997. doi:10.1016/j.cct.2021.213997

2. Benallou A, El Abdallaoui HEA, Garmes H. C-C bond formation in the intramolecular Diels-Alder reaction
of triene amides. He/yon. 2018;4(2):¢00504. doi:10.1016/j.heliyon.2018.e00504

3. Hu E, Zhang X, Xu L, Li G. Neat-infrared laser—assisted CuS@mSiO,@L-proline catalyzed asymmetric
aldol reaction.
Inorg Chenr Commun. 2021;130:108718. doi:10.1016/j.inoche.2021.108718

4. Banina OA, Sudarikov DV, Nigmatov AG, et al. Carane amino alcohols as organocatalysts in asymmetric
aldol reaction of isatin with acetone. Russ Chem Bull. 2017;66:293-96. doi:10.1007/s11172-017-1730-y

5. Ogasawara A, Reddy UVS, Seki Ch, et al. 2-Azanorbornane-based amine organocatalyst for enantioselective
aldol  reaction of isatins  with  ketones.  Tetrabedron — Asymmetry.  2016;27(20):1062-68.
doi:10.1016/j.tetasy.2016.08.013

6. Zlotin SG, Banina OA, Sudarikov DV, et al. Asymmetric aldol reaction of isatins with acetone in the presence
of terpene amino alcohols. Mendeleev Commun. 2020;30(2):147-49. doi:10.1016/j.mencom.2020.03.005

7. Li L, Gou Sh, Liu F. Highly stereoselective direct aldol reactions catalyzed by a bifunctional chiral diamine.
Tetrabedron Asymmetry. 2014;25:193-97. doi:10.1016/j.tetasy.2013.11.017

8. Itoh S, Tokunaga T, Kurihara M, Aoki Sh. Asymmetric aldol reactions between cyclic ketones and
benzaldehyde catalyzed by chiral Zn?" complexes of aminoacyl 1,4,7,10-tetraazacyclododecane: effects of
solvent and additives on the stereoselectivities of the aldol products. Tezrabedron Asymmetry. 2013;24:1583-
90. doi:10.1016/j.tetasy.2013.10.009

9. Schober LS, Ratnam Sh, Yasunobu Y, et al. An asymmetric organocatalytic aldol reaction of a hydrophobic
aldehyde in aqueous medium running in flow. Synshesis. 2019;51:1178-84. doi:10.1055/5-0037-1610404

10. Alcobertro S, Gémez-Palomino A, Sola R, et al. Stereoselective titanium-mediated aldol reactions of a chiral
lactate-derived ethyl ketone with ketones. Org Lett. 2014;16(2):584-87. doi:10.1021/01403461b

11. Hazra S, Hajra S. Chapter 11 - Asymmetric synthesis of butyrolactones by aldol reactions. S#ud Nat Prod
Chem. 2021;71:401-25. doi:10.1016/B978-0-323-91095-8.00009-X

12. Nazari A, Heravi MM, Zadsitjan V. Oxazolidinones as chiral auxiliaries in asymmetric aldol reaction applied
to natural products total synthesis. J Organomet Chem. 2021;932:121629.
doi:10.1016/j.jorganchem.2020.121629

13. Kurniawan YD, Tuck KL, Castillén S, Robinson AJ. Toward the stereoselective synthesis of zaragozic acid
framework: A desilylation-aldol reaction approach. Tet I ett. 2021;85:153493.
doi:10.1016/j.tetlet.2021.153493

14. Diaz-Juarez V, Reyes-Escobedo CE, Pérez-Venegas M, et al. Proline and 1-(2-(benzoxazole-2-yl)phenyl)-3-
phenylthiourea supramolecular organocatalyst in asymmetric aldol reactions. Ter Lerz. 2021;79(31):153301.
doi:10.1016/j.tetlet.2021.153301

15. Min H, Tack K, Kim H. Isothiouronium salt based chiral proline amide as efficient bifunctional
organocatalyst for direct asymmetric aldol reactions in aqueous medium. Ter Lert. 2021;80(14):153324.
doi:10.1016/j.tetlet.2021.153324

16. Ishihara K, Obayashi R, Gotoh M, et al. A recyclable and highly stereoselective multi-fluorous proline
catalyst for asymmetric aldol reactions. Tes Lest. 2020;61(13):151657. doi:10.1016/j.tetlet.2020.151657

17. Nevin Genc H, Ozgun U, Sirit A. Chiral tetraoxacalix|2]arene|2]triazine-based organocatalysts for
enantioselective aldol reactions. Tez Lett 2019;60(27):1763-8. doi:10.1016/j.tetlet.2019.05.051

18. Duss M, Salvati Manni L, Moser L, et al. Lipidic mesophases as novel nanoreactor scaffolds for
organocatalysts: Heterogeneously catalyzed asymmetric aldol reactions in confined water. ACS App/ Mater
Interfaces 2018;10(5):5114-24. doi:10.1021 /acsami.7b19740

19. Dai Y, Zhang ], Jiang B, et al. New strategy for rare sugars biosynthesis: Aldol reactions using
dihydroxyacetone  phosphate  (DHAP)-dependent aldolases.  Food — Biosei.  2021;44:A101377.
doi:10.1016/j.fbio.2021.101377

Tob Regul Sci.™ 2021;7(6-2): 21-25 24



Elahe Keshavarz
Simple and Fast Cross Aldol Reation by NiO Nanoparticles as an Efficient Catalyst

20. Mutiah M, Rochat S, Amura I, et al. Immobilisation of L-proline onto mixed-linker zirconium MOFs for
heterogeneous  catalysis  of the aldol reaction. Chem  Eng  Process.  2021;161:108315.
doi:10.1016/j.cep.2021.108315

21. Qiu ZB, Chen LY, Ji J, et al. Highly diastereoselective aldol reactions of 3-Fluorooxindoles promoted by
MgB1*OEt,/Pr:Net. | Fluor Chem. 2020;236:109594. doi:10.1016/j.jfluchem.2020.109594

22.Wu D, Chen J, Tu D, et al. L-proline functionalized pillar-layered MOF as a heterogeneous catalyst for aldol
addition reaction. Inorg Chemr Commun. 2020;119:108052. doi:10.1016/j.inoche.2020.108052

23.1LiY, Wang Y, Lu H, Li X. Preparation of CoFe204eP4VP@Ag NPs as effective and recyclable catalysts
for the degradation of organic pollutants with NaBH4 in water. Inz | Hydrog Energy. 2020;45(32):16080-93.
doi:10.1016/j.ijhydene.2020.04.002

24. Hongteng Zh, El-Kott A, Ezzat Ahmed A, Khames A. Synthesis of chitosan-stabilized copper nanoparticles
(CS-Cu NPs): Its catalytic activity for C-N and C-O cross-coupling reactions and treatment of bladder
cancet. Arab | Chem. 2021;14(10):103259. doi:10.1016/j.arabjc.2021.103259

25. Choudary BM, Chakrapani L, Ramani Th, et al. Direct asymmetric aldol reaction catalyzed by
nanocrystalline magnesium oxide. Tetrabedron. 2006;62(41):9571-76. doi:10.1016/j.tet.2006.07.091

26. Yang X, Zhang I, Liang Y, et al. Self-Assembled bio-organometallic nanocatalysts for highly
enantioselective direct aldol reactions. Langmuir. 2020;(36,46):13735-42. doi:10.1021 /acs langmuir.0c01485

27. Kantam ML, Ramani Th, Chakrapani L, Kumar KV. Direct asymmetric aldol reactions catalyzed by
nanoctrystalline copper(Il) oxide. Tez Lett. 2008;49(9):1498-1501. doi:10.1016/j.tetlet.2007.12.119

28. Nazir Kayani Z, Zaheen Butt M, Riaz S. Synthesis of NiO nanopatrticles by sol-gel technique. Mater Sci -Pol.
2018;36(4):547-52. doi:10.2478/msp-2018-0088

29. Tabatabaeian Kh, Keshavarz E, Mamaghani M, Mahmoodi NO. An efficient Ru™/BINAP catalytic system
for the aldol reactions of ketones with various aldehydes. _Arkivoc.  2010;(9):155-62.
doi:10.3998/ark.5550190.0011.914

30. Tabatabaecian Kh, Mamaghani M, Mahmoodi NO, Keshavarz E. Ruthenium-catalyzed cross aldol reaction
with aldehydes and ketones. Arkivoc. 2009;2:68-75.

31. Keshavarz E, Tabatabacian Kh, Mamaghani M, Mahmoodi NO. Simple and fast microwave-assisted
ruthenium-catalyzed direct aldol reactions. Curr Chem Lett. 2012;1:91-94. doi:10.5267 /j.cc1.2012.4.001

Table 1. Aldol reaction of cycloalkanones with aldehydes by NiO NPs* (annealed at 300 °C).

Entrye R Product® Yield (%)¢ Time (h) Dr (syn:anti)d
1 4-CIC¢H4- a 3ba 65 5 80:20
2 3-CIC¢Hy4- b 3bb 66 4 81:19
3 2-CIC¢Hy4- c 3bc 60 3 70:30
4 4-BrCeHy- d 3bd 58 3 65:35
5 4-FCsHy- e 3be 62 1 62:38
6 4-O2NCHy f 3bf 72 2 80:20
7 4-OoNCHy f 3af 73 2 72:28
8 2-O,NCsHy g 3bg 70 2.5 75:25
9 2-O,NCeHy g 3ag 71 2 67:33
10 4-CH3CsH4- h 3bh 50 5.5 72:28
11 4-CH50CsHs4- i 3bi 45 3.5 71:29

aReaction conditions: aldehyde ( 1 mmol), cycloalkanone ( 3 mmol), KOH ( 0.4 mmol), NiO NPs catalyst, solvent,
RT.

PAll products were characterized by 'THNMR, 3CNMR and IR data. <Yields after purification by chromatography.
dDetermined by "THNMR analysis. <Identified by compatison with authentic samples.?’
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