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Continuous-flow Fe-Zeolite catalyzed temperature directed synthesis of bioactive tetraketones and xanthenes using epoxide and cyclic-1,3-diketone via Meinwald rearrangement
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[bookmark: _Hlk121140094]An environmentally benign approach for the bioactive tetraketones using epoxides and cyclic-1,3-diketones in the presence of Fe-zeolite as a catalyst via Meinwald rearrangement has been developed under batch and continuous flow module. Further increasing the temperature to 180 oC, these tetraketones undergoes cyclization reaction in the presence of catalytic Fe-zeolite to afford xanthene derivatives. Moreover, this Fe-zeolite catalyst is also useful for the reaction of aldehyde and cyclic 1,3-diketone affording the tetraketone in high yield. Advantageously, the present approach offers gram scale synthesis in batch as well as in continuous flow. This approach is sustainable to generate many bioactive tetraketones and xanthenes, which does not produce any waste. The Fe-zeolite used in this process is easy to synthesize in multigram-scale, inexpensive, and easy to recover, and recyclable.
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Introduction
Sustainable chemistry has a pivotal role in modern chemical synthesis for the efficient syntheses of complex and high value-added molecules.1 Considering the actual environmental challenges, use of catalytic reactions towards the synthesis of various drugs and active pharmaceutical intermediates are recognized as sustainable chemical process, when it provides the better atom economy, waste minimization and recyclable properties.2 Moreover, heterogeneous catalysis plays crucial role in industrial processes because of the excellent capabilities of accelerating the rate of reactions with low cost, high conversion, and product selectivity. The recyclability nature of heterogeneous catalysts enables green and sustainable manufacturing and avoids the secondary pollution problem.3 To date, heterogeneous catalysts play an important part in manufacturing approximately 80-90% of all chemicals in the world.4 Modern catalytic/non-catalytic reactions are constrained with the chemical process safety, space and energy efficiency, selectivity and reproducibility when the application is focused towards the industry as well as academia. In this regard, applications of continuous flow chemistry have attracted significant interest as a way to implement and improve chemical processes in order to satisfy the growing demand for chemical sustainability.5 Moreover, continuous flow chemistry satisfies many of the green chemistry principles, including waste minimization, energy efficiency, and process safety. In continuous flow fixed bed reactors, catalytic reactions take place inside heterogeneous catalyst bed in a continuous manner in shorter reaction time. Here, we have drawn our interest primarily in heterogeneous catalyzed epoxide ring opening reactions with cyclic 1,3-diketones. Being highly strained molecules, epoxides are susceptible to ring opening by nucleophiles to get rid of angle strain.6 Previously, regiodivergent hydroborative ring-opening of epoxides with selective C-O bond activation7, nickel catalyzed regiodivergent opening of epoxides with aryl halides8, zirconocene and photoredox catalyzed ring opening of epoxides9 have been reported. Furthermore, various catalytic ring opening of epoxide to aldehyde (Meinwald rearrangement) was also established (Scheme 1).10-12 


















Figure 1. Biologically active tetraketones and xanthene derivatives



























Scheme 1. Literature precedents and this work
Tetraketones are an important class of bioactive compounds that are used as tyrosinase inhibitor13, laser dye14 and mainly as a lipoxygenase inhibitor and antioxidant agent15 and amastigote growth inhibitiors16 (Figure 1). Synthetically, all these tetraketones have been accessed by the Lewis acid catalysed reaction of aldehyde as the source of electrophile and 1,3-diketone as a nucleophile. Condensation between aldehyde and cyclic-1,3-dione to produce tetraketones has been exploited using nano ZnAl2O4, dendridic copper nanopowder as Lewis acid 17-18 and piperidine as organocatalyst11 (Scheme 1). Furthermore, tetraketones are useful intermediates for the synthesis of biologically important xanthenes via cyclisation reactions in the presence of acid catalyst. In general, xanthene possesses different biological activity that includes antibacterial19, antifungal20, antimalarial21, leishmanicidal22, and anti-inflammatory23 effects, potential anti-cancer agent, selective positive allosteric modulator of the d-opiod receptors and selective oestrogen receptor modulator24 respectively (Figure 1). Previously, several approaches have been adopted to synthesize xanthene derivatives either from corresponding tetraketones using p-toluenesulphonic acid25, natural phosphate 26 and directly from aldehyde and cyclic-1,3-diketone using Fur-imine-functionalized-graphine oxide immobilized-copper oxide nanoparticle, ammonium chloride, ([Hmim]TFA ionic liquid and ZnO nanoparticles as catalyst27-30(Scheme 1). All the reported methods have used aromatic aldehydes and cyclic-1,3-diketones to afford the phenyl substituted tetraketones and xanthene derivatives. However, it has been less explored for the alkyl and benzyl substituted tetraketone and xanthene derivatives. In general, aliphatic aldehydes are less stable under the experimental condition, which makes it difficult to form the relevant tetraketones and xanthenes derivatives. To avoid this, catalytic insitu generation of aldehyde and subsequent reaction with nucleophile is highly desirable. Furthermore, in many of the reported methods, selective formation of the tetraketone and large-scale synthesis were also not studied. In addition, only few catalytic systems were recyclable. Therefore, a general catalytic and gram-scale approach for the selective formation of alkyl and benzyl-substituted tetraketone and xanthene is required. In modern catalysis, integration of continuous flow fulfils the challenges in catalysis toward the industrial applications.5 
Previously, our group has reported iron zeolite catalyzed transformation of aromatic nitro group to carbonyl under continuous flow.31 We have also reported magnetic iron oxide nanoparticles catalysed C-H peroxidation32 and MnO2@Fe3O4 magnetic nanoparticle catalysed oxidation of benzylic sp3 C−H group under continuous flow process.33 
Herein, we report direct synthesis of tetraketone from epoxide and cyclic-1,3-diketone using environmentally benign Fe-zeolite catalyst for first time. In addition, the same Fe-zeolite catalyst facilitate the cyclisation reaction of tetraketone under high heating to form the bioactive xanthene derivatives in high yield. This reaction proceeds via the ring opening of epoxides into transient aldehyde via Meinwald rearrangement and consecutively attacked by two cyclic 1,3-diketone molecules to form the tetraketone. The advantage of the present method involves environmentally benign and recyclable catalyst, selective to form the tetraketone and xanthene derivatives and demonstrated with aliphatic and aromatic substituted derivatives in moderate to high yield.   Interestingly, this protocol is integrated into continuous flow and demonstrated with the broader substrate scope and gram-scale application. This method has better green chemistry metrics.  
Results and discussion
 We started the optimization for the formation of tetraketone taking dimedone and styrene oxide as model substrates (Table 1). At first, the reaction was subjected to temperature optimization by using the substrates 2a and 1a in 1:2 ratio in 1,4-dioxane as a solvent in the presence of Fe-zeolite (2.63%) as a catalyst. It was observed that the yield of the product increases with the rise of temperature and the highest yield (71%) was obtained at 160 oC temperature (Table 1, entries 1-7). A control experiment was performed by heating the reaction mixture containing styrene oxide and 5,5-dimethyl cyclohexane-1,3-dione at 160 oC in absence of any catalyst that resulted no reaction. Reaction with 10 mol% of FeCl3.6H2O led to the tetraketone in 58 % yield. This reaction in the presence of Zeolite H-beta afforded the tetraketone in 66% yield. 
Then keeping the optimum temperature fixed, we moved towards the solvent optimization (Table 1, entries 8-14). From the solvent studies, it was found that polar solvents gave less yield and non-polar solvents provided much better yield. In DMSO trace amount of product was formed. Best yield (84%) was obtained in toluene and DCE. As DCE is halogenated solvent, we have chosen toluene as the optimum solvent. Initially experiments have been carried out by keeping the reaction for longer time (16 h). After time optimization (Table 1, entries 15-19), it was found that reaction occurs even after 1 h giving 62% yield.
Table 1. Optimization for the synthesis of tetraketone 3a in batch






	[bookmark: _Hlk116551702]Entry
	Temp. (oC)
	Solvent
	Time (h)
	Yield (%)

	1
	rt
	1,4-dioxane
	16
	28

	2
	60
	1,4-dioxane
	16
	35

	3
	100
	1,4-dioxane
	16
	40

	4
	120
	1,4-dioxane
	16
	55

	5
	140
	1,4-dioxane
	16
	60

	6
	160
	1,4-dioxane
	16
	71

	7
	180
	1,4-dioxane
	16
	70

	8
	160
	THF
	16
	10

	9
	160
	MeOH
	16
	12

	10
	160
	DCE
	16
	84

	11
	160
	Toluene
	16
	84

	12
	160
	Xylene
	16
	60

	13
	160
	DMF
	16
	18

	14
	160
	DMSO
	16
	Trace

	15
	160
	Toluene
	1
	62

	16
	160
	Toluene
	3
	66

	17
	160
	Toluene
	4
	66

	18
	160
	Toluene
	6
	68

	19
	160
	Toluene
	8
	84



[bookmark: _Hlk116477937]Further with increasing time, yield of the product was improved and the optimum reaction time is 8 h. Next the reaction was further subjected to stoichiometry variation of starting materials and it was observed that 1 equivalent styrene oxide reacts with 2 equivalent dimedone at 160 oC in toluene solvent for 8 h to give the best yield of product. The same reaction with 1:3 equivalent ratio of starting materials gave 84% yield whereas 1:1 ratio of starting materials afforded 55% yield. Structure of the molecule 3a was confirmed by single crystal X-ray analysis (Figure 2).
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Figure 2. X-ray crystallography structure of compound 3a (CCDC 2193476)
Next, we investigated this strategy for tetraketone formation with other substrates (Scheme 2). Thus, the reaction of 5,5-dimethylcyclohexane-1,3-dione with 4-methyl styrene oxide, 4-bromo styrene oxide and alfa-methyl styrene oxide afforded the tetraketones 3b, 3c and 3d in 41%, 67% and 58% yields, respectively.  The reaction of 4,4-dimethyl cyclohexane-1,3-dione with styrene oxide and 4-methyl styrene oxide led to the formation of product 3e and 3f in 70% and 48% yields. Moreover, the reaction of 5-methylcyclohexane-1,3-dione with styrene oxide results 3g in 80% yield.  The unsubstituted cyclohexane 1,3-dione upon reaction with styrene oxide and 4-methyl styrene oxide forms the teraketone 3h and 3i in 62% and 62% yields, respectively. Next, this reaction was performed with aliphatic epoxides to validate the generality of this methodology. The reaction of 5,5-dimethylcyclohexane-1,3-dione upon reaction with propylene oxide, 1,2-epoxyhexane and 1,2-epoxyoctane afforded the corresponding tetraketones 3j, 3k, and 3l in 22%, 27% and 31% yields, respectively. In case of aliphatic epoxides, most of the starting materials were unreacted in the reaction mixture. The bond connectivity of the tetraketone shows that two diketone moieties are joined at the same carbon which indicates that the reaction is not simple ring opening of epoxide rather it is possible only when the diketone reacts with aldehyde. Therefore, epoxide must have been converted into aldehyde in-situ.













Scheme 2. Substrate scope for the sequential reaction of epoxides with cyclic-1,3-diones
Interestingly, when the reaction of dimedone was carried out with epoxycyclohexane, cyclopentyl substituted tetraketone 3m has been formed in 44% yield (Scheme 3). The product 3m was obtained by the initial ring contraction of epoxycyclohexane via Meinwald rearrangement reaction to form the transient cyclopentane carbaldehyde, which upon reaction with the 2 molecules of dimedone resulted the product 3m.


Scheme 3. Ring contraction of epoxycyclohexane with dimedone
Next, we studied the cyclization reaction of the tetraketone to form biololgically active xanthene derivatives under high temperature condition in the presence of Fe-zeolite as a catalyst (Scheme 4). When the non-cyclic product 3a was heated in presence of Fe-Zeolite at 160 oC, the starting material was recovered with very little conversion. Subsequently, the compound 3a was subjected for high temperature condition at 180 oC, we found that the complete conversion of starting material to form the xanthene 4a in 85% yield. This reaction failed to form the xanthene 4a in the absence of Fe-zeolite catalyst at 180 oC. Therefore, optimal condition for cyclization requires both the catalyst and high temperature condition. Next, we attempted cyclization of other tetraketones using Fe-zeolite catalyst at 180 oC in toluene solvent. This annulation reaction with 3b afforded the product 4b in 83% yield. Similarly, cyclization reaction with 3c and 3g gave products 4c and 4d in 47% and 61% yield, respectively. Similar reaction with 3h and 3i produced products 4e and 4f in 65% and 76% yield respectively.
















Scheme 4. Substrate scope for the cyclisation of tetraketones
[bookmark: _Hlk116126993]As batch reaction requires high temperature reaction condition for the formation of tetraketone 3, this put forward to the safety hazard in the large-scale reaction. Moreover, the heterogeneous catalyst was stirred with the magnetic bead, resulting in the change of the surface activity and also difficult in recyclability. Considering these aspects, next we performed tetraketone synthesis under continuous flow. To execute the continuous flow synthesis, we initially optimized the reaction condition under continuous flow34 For the initial optimization, we have chosen the reaction of dimedone and styrene oxide as a model reaction (Table 2).
As diketones 3 were found to be insoluble in toluene, we performed all the reaction in 1,4-dioxane as a solvent. Fe-zeolite catalyst was filled in the Omnifit packed bed reactor and the temperatures were varied during the course of optimization study. To check the effect of solvent, flow rate, and concentration various experiments were performed, and results are summarized in Table 2 (entries 1-6). For instance, with 2 cm bed height of Fe-zeolite at 100 oC temperature by flowing 0.2 M:0.1 M solution of 1a:2a in 1,4-dioxane solvent at 0.1 mL/ min flow, the product 3a was obtained in 30% yield (Table 2, entry 1).
Table 2. Continuous flow optimization for the synthesis of tetraketone 3a




	Entry
	Catalyst bed (cm)
	Temp. (oC)
	Solvent
	Flow rate (mL/min)
	Yield (%)

	1
	2
	100
	1,4-dioxane
	0.1
	30

	2
	2
	130
	1,4-dioxane
	0.1
	36

	3
	3
	130
	1,4-dioxane
	0.1
	40

	4
	5
	130
	1,4-dioxane
	0.1
	53

	5
	6
	130
	1,4-dioxane
	0.1
	60

	6
	6
	140
	1,4-dioxane
	0.1
	79



Next at the same bed height when temperature was increased to 130 oC, product yield was found to increase to 36% (Table 2, entry 2). Then keeping the temperature fixed at 130 oC, when the bed height was increased to 3 cm, the product yield was found to increase to 40%. At 5 cm and 6 cm bed height, yield of the product 3a was 53% and 60% respectively (table 2, entries 3-5). Finally at 140 oC temperature and 6 cm bed height, 79% yield of the product 3a was obtained (entry 6).
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Reaction condition: 0.1M solution of epoxides 2 and 0.2M solution of cyclic-1,3-diketone 1 in 1,4-dioxane were mixed and flown through   the 6.6 × 150 mm Omnifit packed bed reactor (1g of Fe-zeolite, 6cm bed height) (Vapourtec R-series) with 0.1 mL/min flow rate at 140 oC; The mentioned yields are isolated yields.
Scheme 5. Substrate scope for tetraketone in continuous flow
Further, this optimized continuous flow condition was subjected with other substrates (Scheme 5). Various combination of epoxide and cyclic-1,3-diketone afforded the respective xanthenes 3b, 3e, 3g and 3h in 40%, 58%, 61% and 52% yields, respectively. Interestingly, all the products were obtained by using single 2.63% Fe-Zeolite packed bed reactor.
Having these results, we extended the scope of the Fe-zeolite catalysis in continuous flow by taking aldehyde directly as a electrophile and cyclic-1,3-diketone as a nucleophile under same reaction condition as previously described with epoxide (Scheme 6). We found that the tetraketone has formed as a sole product in the reaction. Thus, the reaction of 5,5-dimethyl-cyclohexane-1,3-dione reacts with 4-cyanobenzaledhyde, 4-nitrobenzaldehyde, 3,5-dimethoxybenzaldehyde, 4-benzyloxybenzaldehyde and 4-fluorobenzaldehyde under continuous flow to afford 6a to 6e in 87%, 90%, 70%, 59% and 65% yields, respectively (Scheme 6). Similarly, the reaction of cyclohexane-1,3-dione with 4-methylbenzaldehyde and benzaldehyde afforded the respective tetraketone 6f and 6g in 74% and 64% yields (Scheme 6).
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Reaction condition: 0.1M solution of aldehyde 5 and 0.2M solution of cyclic-1,3-diketone 1 in 1,4-dioxane were mixed and flown through   the 6.6 × 150 mm Omnifit packed bed reactor (1 g of Fe-zeolite, 6 cm bed height) (Vapourtec R-series) with 0.1mL/min flow rate at 140 oC; The mentioned yields are isolated yields
Scheme 6.  Substrate scope for the synthesis of tetraketones using aldehydes and diketones in continuous flow
Next cyclization of 6 was performed using Fe-zeolite under high temperature reaction condition (Scheme 7). Thus, the reaction of 6a under the experimental condition produced 7a in 93% yield. Similarly, 6b, 6c, 6d and 6f afforded 7b, 7c, 7d and 7e in 85%, 81%, 77% and 71% yields respectively (Scheme 7).
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Scheme 7. Cyclization of the tetraketones under batch







Scheme 8. Gram scale synthesis in batch
Thereafter, we have explored this catalytic reaction under gram scale synthesis (Scheme 8). Thus, 1 gm of styrene oxide and 2.33 g of dimedone were subjected to the optimized reaction condition to afford the tetraketone 3a in 72 % yield (2.31g) under batch condition after silica-gel column chromatography purification.







Scheme 9. Gram scale synthesis in continuous flow
Similarly, we have performed a gram scale synthesis of the tetraketone 3a in continuous flow (Scheme 9). For gram scale synthesis, we have performed the reaction of dimedone and styrene oxide by using 1,4-dioxane as a solvent. The solution of 6 mmol styrene oxide and 12 mmol dimedone were flown with 0.1 mL/min flow rate at 140 oC with 6 cm bed height of Fe-zeolite catalyst for 10 hrs which led to 1.03 g of corresponding tetraketone 3a in 62 % yield. Furthermore, this Fe-zeolite catalyst bed is still active to produce the product 3a.
In order to confirm the role of the catalyst, a control experiment was performed in absence of the Fe-zeolite catalyst (Scheme 10). It was observed that the product 3a is not formed under the optimized reaction condition. Therefore, it is clear evidence that Fe-zeolite has significant role for the reaction. Another reaction was carried out in absence of dimedone. Then, the reaction mixture was filtered to get a clear solution, which was analyzed by 1HNMR. The crude 1H NMR of the reaction mixture shows aldehyde peak at 9.6 ppm (See SI). The presence of aldehyde peak further confirmed that the reaction proceeds through transient aldehyde formed in-situ via Meinwald rearrangement. 












Scheme 10. Experiments for the mechanism
In order to confirm the ring contraction product, an experiment was performed by taking the 1,2-epoxycyclohexane and heating it in presence of Fe-zeolite at 160 oC temperature in toluene solvent. The filtered solution of the reaction mixture was subjected to GC-MS and indicates the formation of cyclopentane carbaldehyde (See SI). Based on above experimental evidences, we have proposed plausible mechanism for the Fe-Zeolite catalysed formation of tetraketone 3 and xanthene 4 and 7.
The mechanism has been depicted in two cycles (Scheme 11). In the first cycle aldehyde is generated from epoxide under the catalytic influence of Fe-zeolite. First epoxide oxygen lone pair coordinates with Fe-zeolite. This facilitates 1,2-hydride shift (Meinwald Rearrangement) giving rise to the formation of aldehyde A. Then, the cycle-2 initiates the Knoevenagel condensation with the cyclohexane-1,3-dione and the transient aldehyde to form hydroxy compound B, which subsequently eliminates the water to form conjugated ketone C. Next, the intermediate C undergoes Michael addition with another equivalent of cyclohexane-1,3-dione to give the tetraketone 3. 


Scheme 11. Proposed mechanism for Fe-zeolite catalyzed tetraketone formation
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Scheme 12. Proposed mechanism of intramolecular cyclisation to form Xanthenedienone
Next we have proposed the mechanism for the Fe-zeolite catalyzed xanthene formation from the tetraketone 4 and 7 (Scheme 12). The tetraketones 3 and 6 can exist in keto-enol tautomeric form. Initially, coordination of Fe-zeolite with the carbonyl of the tetraketone 3 or 6 and followed by intramolecular nucleophilic attack by enolic OH affords the hemiacetal moiety D. Subsequently, the intermediate D undergoes elimination of H2O under high heating to furnish the xanthene derivative 4.
Then, we have proposed a mechanism for the Fe-zeolite catalyzed ring contraction to form the cyclopentanecarbaldehyde (Scheme 13). The oxygen atom of epoxy cyclohexane coordinates with the Fe-zeolite to form the intermediate E. Subsequently, 1,2-bond migrates resulting the ring contraction to form cyclopentanecarbaldehyde F. Then, similar to the cycle-2 (Scheme 11), two molecules of dimedone reacts with the aldehyde to generate the tetraketone moiety 3m.






Scheme 13. Mechanism of ring contraction of epoxy cyclohexane
Recyclability test: Next, the recyclability of this robust heterogeneous Fe-zeolite catalyst was checked for the model reaction of styrene oxide and dimedone to form tetraketone 3a (Figure 3). After completion of each cycle, the catalyst was separated with the help of filter paper, washed with toluene, dried at 100 oC for 2 hrs and then the catalyst was used directly for the next cycle. This procedure is repeated for another three more cycles. In this way the catalytic cycle was continued upto 5 cycles with slight decrease in yield of 3a. 

Figure 3. Recyclability test of Fe-zeolite catalyst
Hot filtration test: In order to check whether the reaction proceeds in homogeneous or heterogeneous manner, a hot filtration test was carried out for the synthesis of the tetraketone 3a. The reaction was stopped at 30 min and yield was found to be 38%. Then another reaction was performed for 30 minutes and the reaction mixture was filtered through a filter paper to remove insoluble Fe- zeolite. Then, the filtered solution was allowed for heating at 160 oC for 8 h without addition of external catalyst. After the stipulated time of 8 h, the product was isolated in 38% yield. This indicates that no active catalyst leaches out during the course of this catalytic transformation and proves the heterogeneity of the catalyst used in this reaction.
Table 3. Green chemistry metrics (GCM) for the model reaction:
	GCM
	E factor
	Process Mass Intensity (PMI)
	Reaction Mass Efficiency (RME)
	Carbon Efficiency (CE)

	Jin et al.36
	0.60
	1.61
	62.13%
	65%

	Qin et al.37
	0.26
	1.26
	79.5%
	83%

	This work
	0.25
	1.25
	80.12%
	83.6%


In order to check the sustainability of this process, the green chemistry metrics have been calculated for the model reaction to form 3a based on the literature (Table 3).35 Besides high recoverability of the catalyst up to 5 cycle, this present approach was found to be associated with the better green chemistry metrics such as low E-factor (0.25), low PMI (1.25), high RME (80.12%), and high CE (83.6%) (See SI).  This E-factor and PMI are relatively higher and RME and CE values are comparatively lower (See SI for calculation) for the other methods.36,37
Conclusion
In conclusion, we have demonstrated batch/continuous-flow synthesis of biologically active tetraketones from epoxide and cyclic-1,3-diketone using Fe-zeolite heterogeneous catalyst through in-situ formation of aldehyde (Meinwald rearrangement) at 160 oC. This reaction was demonstrated with good substrate scope in high yield and better green chemistry metrics. Moreover, this tetraketones generated the xanthene derivatives when heated in toluene solvent in the presence of Fe-zeolite at 180 oC and was supported with good number of examples. This  Fe-zeolite was also useful catalyst for the reaction of aldehyde and the 1,3-diketones to form tetraketones and xanthenes under continuous-flow module. Furthermore, a gram scale application was demonstrated for the tetraketone formation under batch/continuous-flow process. Advantageously, this catalyst is inexpensive, easily synthesizable and recyclable. A single catalytic system performed the multiple reaction applications and avoided the hazardous byproduct formation. Moreover, this continuous flow temperature directed Fe-catalyzed reaction is highly sustainable to minimize the safety hazard of the high temperature reaction. 
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Recyclability Test

Yield(%)	1	2	3	4	5	84	76	75	71	65	No. of cycles


%  Yield
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