Continuous flow organocatalyzed methoxycarbonylation of benzyl alcohol derivatives with dimethyl carbonate
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Article Highlights 
· Development of a continuous flow platform for the organocatalytic methoxycarbonylation of benzyl alcohol derivatives
· Use of dimethyl carbonate both as solvent and reagent, with potential for downstream recovery through distillation
· Selection of the most efficient organocatalyst balancing costs, selectivity and efficiency with a remarkable compatibility with diverse EDG and EWG substituents on the benzyl moiety
· Total selectivity toward the methoxycarbonylated product in all cases 
· Conversion of benzyl methyl carbonates into the corresponding benzyl N-hydroxycarbamates using hydroxylamine in the presence of Gd(OTf)3 as Lewis acid activator

Abstract
[bookmark: _GoBack]An organocatalytic continuous flow process is presented for the preparation of non-symmetric benzyl carbonate derivatives. The procedure relies on dimethyl carbonate as a reagent and a solvent in conjunction with an organocatalyst for the selective methoxycarbonylation of diversely substituted benzylic alcohols. The reaction is optimized with benzyl alcohol as a model substrate, which emphasizes 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane (Verkade’s base) and phosphazene base P2-Et as suitable organocatalysts. The optimized conditions are next extended to a small library of 18 structurally diverse benzylic alcohol derivatives. High conversion (66-96%) and total selectivity (>99%) are achieved under mild conditions and short residence time, which converge toward a versatile and robust continuous flow protocol. Then, we illustrate that a set of representative benzyl methyl carbonates can be considered as stable, low toxicity surrogates of the corresponding chloroformates for the preparation of valuable benzyl N-hydroxycarbamates.

Introduction
Symmetric and non-symmetric organic carbonates occupy an important place in chemistry as precursors to a wide diversity of chemical functions and value-added compounds [1–7]. Depending on their alkyl or aryl moieties, they can serve either as alkylating [8–13] or acylating agents [14,15] for functionalization or protection purposes simply by tuning the process conditions. One of the main application areas for carbonates concerns the field of polymers where applications such as suturing or drug delivery rely on their biodegradable and innocuous properties. Carbonates are also used in the lubricants industry [6], are common precursors toward phytosanitary products such as insect repellents [16] and receive an increasing attention as electrolyte carriers for Li-based batteries [17,18]. A plethora of methods have been reported for synthesizing non-symmetrical carbonates either relying on homogeneous or heterogeneous metal-based catalysts (such as Ag, Fe, Al, V or La-based catalysts) [19–28] or organic metal-free catalysts [29,30] on a variety of substrates such as alcohols [31], epoxides [32], propargylic alcohol derivatives [33], and olefins [34] to name a few. All of these substrates can be converted to the corresponding carbonates using various carbonating agents such as phosgene (and its derivatives), CO/CO2 or dialkyl carbonates (Figure 1) [35]. Over the 2 past decades, phosgene and its derivatives such as chloroformates or 1,1 carbonyldiimidazole (CDI) were slowly put aside because of their inherent toxicity [36–41], hence leading to a thrust toward low toxicity and widely available alternative carbonation reagents such as CO2 and dialkyl carbonates. Despite the huge potential behind using CO2 as carbonation reagent, its thermodynamic stability still restricts its use to niche applications with specific catalytic systems [31,33,34,42–58]. Among dialkyl carbonates, dimethyl carbonate (DMC) has been concerned with a rapidly increasing interest as a widely available, low toxicity and mildly enthalphy-actived carbonation reagent [59–75]. Though the preparation of carbonates with DMC can be carried out in the absence of a catalyst under harsh conditions [62], various organocatalysts were reported for enabling a fine tuning of the selectivity as well as the extension of the scope toward more fragile substrates under milder conditions. Representative examples include diazabicyclo(5.4.0)undec-7-ene (DBU) by De Souza [75], tetraethylammonium pipecolinate by Baxendale [63], N-heterocyclic carbenes by Sundén [76], 2-tert-butyl-1,1,3,3-tetramethylguanidine (Barton’s base) [65,77] and tetrabutylammonium bromide by Monbaliu [64]. The seminal works of Selva and Meier particularly stand out [30,60]. For instance, Meier reported a simple method relying on 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as organocatalyst [60].  In their paper, the authors rely on a very low catalyst loading (1 mol%) and mild process conditions in batch (typ. 1 h at 80 °C), which produces the coveted carbonate in good to excellent yield and selectivity with a rather diverse scope of substrates including benzyl alcohol. In a series of papers, Jain et al. likewise emphasized other organocatalysts including widely available tBuOK (20 mol%) for the carbonation of (cyclo)alkyl and benzyl alcohols under mild batch conditions (room temperature for 10 to 30 min) [69]. This process provides non-symmetric carbonates in good to excellent yields with total selectivity except for a few examples.
Diversely substituted benzyl methyl carbonates are per se useful building blocks for diverse applications in synthetic organic chemistry [78–82] and can be considered as stable and low toxicity surrogates of chloroformates. As part of a research program aiming at the preparation of a library of benzyl N-hydroxycarbamate derivatives, we became interested in studying and preparing non-symmetric benzyl methyl carbonates as key intermediates and surrogates of the more common chloroformates. Unlike their much more common hydroxamic acid analogs [83–86], the preparation of N-hydroxycarbamates is not widely documented and typically relies on toxic and unstable chloroformates, though some alternatives relying on less reactive and safer carbonates and pyrocarbonates were reported as well [87]. Benzyl N-hydroxycarbamate derivatives are versatile building blocks for the preparation of oxazine heterocycles [87–90] and other valuable compounds [91,92]. Despite major advances for the preparation of non-symmetric carbonates with DMC, remarkably, the literature still lacks protocols for the preparation of a library of structurally diverse benzyl methyl carbonates. In particular, the o-nitrobenzyl and the nitropiperonyl methyl carbonates that are easily accessible with total selectivity through this methodology are seen as novel opportunities for the preparation of photocleavable sources of acylnitroso reagents [93,94].
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Figure 1. Carbonation of alcohol derivatives. a. Overview of the carbonation processes of alcohol derivatives. b. Selva’s procedure toward symmetric dibenzyl carbonate. c. Meier’s protocol toward non-symmetric carbonates under batch conditions. d. This work provides a versatile and robust continuous flow process for the preparation of valuable non-symmetric benzyl methyl carbonates.

Building upon our previous work on the development of low environmental footprint flow processes for accessing value-added chemicals with DMC as a sustainable and low toxicity carbonation reagent, a solution was sought for the preparation of non-symmetric benzyl methyl carbonates as surrogates of chloroformates. Inspired by Selva’s and Meier’s work on organocatalytic carbonation protocols, the approach presented herein relies on a careful selection of a suitable organocatalyst balancing costs, selectivity and efficiency. Furthermore, the presented approach also relies on a straightforward continuous flow process based on DMC both as reagent and solvent. Among the 14 different organocatalysts tested, 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane (Verkade’s base) and phosphazene base P2-Et afforded both high selectivity and conversion with a timeframe compatible with flow conditions (10 min of residence time) under mild conditions (80 °C, 100 psi of counter pressure). The combination of an efficient organocatalyst as well as the use of a large excess of DMC under flow conditions afforded very favorable conditions to shift the equilibrium toward high conversion and selectivity, while the recycling of the excess DMC through downstream batch distillation maintains a favorable environmental footprint. A library of 18 non-symmetric benzyl methyl carbonates was obtained accordingly, featuring a remarkable compatibility with diverse EDG and EWG substituents on the benzyl moiety, hence providing a convenient and versatile flow protocol towards benzyl methyl carbonates. Upon optimization, a small yet representative set of benzyl methyl carbonates was converted into the corresponding benzyl N-hydroxycarbamates using hydroxylamine in the presence of Gd(OTf)3 as catalyst.

Results and Discussion 
This investigation started with a preliminary set of experiments in batch to identify a suitable organocatalyst for the methoxycarbonylation of benzyl alcohol (1a) as a model substrate with DMC. A preliminary set of organocatalysts was considered including 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4-diazabicyclo[2.2.2]octane (DABCO) and sodium methoxide to assess the boundaries of the reaction of 1a and DMC. DABCO and DBU are known to activate carbonates and are often considered as reference catalysts for the methoxycarbonylation of various substrates [74,95–97]. Preliminary experiments relied on the use of 3 mol% of catalysts as well as DMC being used as both solvent and reagent (66 equivalents). The reaction was performed in refluxing DMC (90 °C) overnight (12 h). Regarding the potential side products, 3 additional compounds are expected besides the desired benzyl methyl carbonate (2a), namely, dibenzyl carbonate (3), benzyl methyl ether (4) and dibenzyl ether (5). While dibenzyl carbonate (3) is expected to become a competitive side-product with a lower excess of DMC [12], the formation of compounds 4 and 5 is typically observed at higher process temperatures [8–13]. Commercial samples of compounds 2-5 were purchased and used as analytical references. DABCO and sodium methoxide gave after 12 h a conversion of 98% and 96%, respectively, and a high selectivity (>99%), though dibenzylcarbonate (3) was detected in the experiment with NaOMe. DBU gave a less favorable conversion (80%), yet a total selectivity was maintained. It is however interesting to point out that benzyl methyl ether (4) and dibenzyl ether (5) were not detected in these trials. Based on these preliminary results, DABCO was selected for further optimization of the reaction parameters including the excess DMC, the reaction time and the catalyst loading. The results clearly emphasized that a larger excess in DMC had a positive impact on both the conversion and selectivity, while a higher loading of DABCO had a deleterious effect on the conversion. Selectivity remained well above 95% in all cases and dibenzyl carbonate (3) was the only byproduct observed with DABCO as a catalyst.
However, the timeframe to access high conversion still seemed out of reach for a flow application. Especially since the usual temperature leverage could not be activated here to speed up the process given that high temperatures would inexorably increase the likelihood of decarboxylation and methylation competitive processes, leading to compounds 4 and 5. Therefore, the screening of catalysts was extended to a total of 14 different organocatalysts (Figure 2). The temperature had to be decreased down to 80 °C to prevent the deactivation of some organocatalysts and the reaction output was analyzed after 2 h, though maximal conversion was already reached for some organocatalysts after 10 min. Among the 14 different organocatalysts tested, 1,4-diazabicyclo[2.2.2]octane (DABCO), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 2,8,9-trimethyl-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane (Verkade’s base) and phosphazene base P2-Et afforded both high conversion and selectivity within a timeframe compatible with a flow application. Based on a subtle balance taking into account costs and efficiency, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) emerged as the best compromise for further optimization in flow.
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Figure 2. Catalyst screening for the dimethyl carbonate-mediated carbonation of benzyl alcohol 1a towards model benzyl methyl carbonate 2a under batch conditions. Typical condition: DMC = 66 equiv., 1a = 1 equiv., catalyst = 3 mol%, 80 °C, 2 h. Conversion and selectivity were determined by GC/FID.
A simple exploratory microfluidic setup was constructed from PFA coils and PEEK connectors to enable the fast screening of flow conditions while using minimal amounts of chemicals. PFA coils with various internal volumes were utilized when appropriate for assessing the effect of the residence time on the reaction. In a typical experiment, two distinct liquid feeds were prepared: one containing model substrate 1a dissolved in DMC (0.36 M) and the second one containing the organocatalyst TBD (0.011 M, 3 mol%) dissolved in DMC. The organocatalyst was segregated from substrate 1a to avoid any reaction upon standing in the feed solutions. Both liquid feeds were mixed through a PEEK static T-mixer and reacted in a thermostatized PFA coil under 100 psi of counter pressure (Table 1) and the conditions were reoptimized to reach the best conversion in flow. The best conversion (96%) with a selectivity >99% was obtained within 10 min of residence time at 80 °C with 3 mol% (Table 1, entry 6). Increasing the loading of catalyst or the residence time did not improve the conversion. 
Table 1. Results of the optimization of the continuous flow carbonation towards model benzyl methyl carbonate 2a.
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	Entry
	TBD
(mol%)
	Time
(min)
	T
(°C)
	Conversion
(%)a

	1
	1
	10
	40
	24

	2
	1
	10
	60
	31

	3
	1
	10
	80
	56

	4
	3
	10
	40
	42

	5
	3
	10
	60
	55

	6
	3
	10
	80
	96

	7
	5
	10
	40
	56

	8
	5
	10
	60
	85

	9
	5
	10
	80
	89

	10
	10
	10
	40
	84

	11
	10
	10
	60
	93

	12
	10
	10
	80
	93

	13
	3
	1
	80
	24

	14
	3
	5
	80
	76

	15
	3
	15
	80
	94


Typical condition: DMC = 66 equiv., 1a = 1 equiv., TBD = 3 mol%, 100 psi. Selectivity was >99% in all cases. aConversion was determined by GC/FID.
With the optimized conditions in hands, the robustness and the scope of the process were assessed transposing the conditions to a library of benzyl alcohol derivatives featuring diverse electron withdrawing groups (EWG) or electron donating groups (EDG). The method withstands a large variety of benzyl alcohol derivatives bearing either EDG or EWG moieties with conversions ranging from 66 to 93% and selectivity >99% in all cases, which enable to devise a simple yet efficient flow system for the elaboration of a library of non-symmetric benzyl methyl carbonate derivatives 2a-r simply by changing the nature of the feed containing substrate 1a-r and operating the same reactor setup under 80 °C (100 psi of counter pressure).  Regarding the electronic effect of the substituents on the overall reactivity, there are no clear-cut trends that emerged. EWG bearing derivatives lead to a slightly lower conversion compared to their EDG counterparts regardless of their relative position on the aromatic ring (Figure 3).
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Figure 3. Scope of the carbonation of benzyl alcohol derivatives under microfluidic conditions; DMC = 66 equiv., 1a-r = 1 equiv., TBD = 3 mol%, 10 min of residence time, 80 °C, 100 psi. The conversion and isolated yield (in parentheses) are indicated. Conversions were determined by GC/FID. aConversion was determined by HPLC/DAD (processed at 355 nm).
With now a convenient and straightforward access to a library of structurally diverse benzyl methyl carbonates 2, their use for the preparation of valuable benzyl N-hydroxycarbamates using hydroxylamine in the presence of Gd(OTf)3 as Lewis activator (0.5 equiv.) was envisioned. The addition of a nucleophile onto a non-symmetric carbonate raises concerns regarding the selectivity of the addition, which was discussed by Selva and others [98]. The competition between the elimination of the benzyloxy moiety vs the elimination of the methoxy group gives at best a 50% selectivity toward the desired benzyl N-hydroxycarbamates, though the competitive elimination leading to the release of the benzyloxy moiety can be adapted for recycling benzyl alcohol derivatives 1. To showcase the applicability and interest of our methodology, photocleavable benzyl N-hydroxycarbamates 6o,p were prepared under continuous flow conditions from their methoxycarbonate precursors. Benzyl hydroxycarbamate 6a, which is commercially available (CAS 3426-71-9) and used a classical Cbz-protected source of reactive nitrosocarbonyl derivatives [89,99–101], was prepared likewise as a comparison. It is noteworthy that the preparation of derivatives 6o,p according to the most common protocol relies on the corresponding chloroformates, the preparation and handling of which are cumbersome due to their high moisture sensibility [102,103]. Starting from compounds 2a and 2o,p obtained from the TBD-catalyzed flow process described above, a simple flow system was devised to enable their conversion into benzyl N-hydroxycarbamates 6a and 6o,p (Figure 4).
[image: ]
Figure 4. Optimized hydroxylamination process towards the preparation of a small scope of valuable hydroxycarbamate synthons under continuous flow conditions; 2 = 1 equiv., Gd(OTf)3 = 0.5 equiv., NH2OH = 5 equiv., 30 min of residence time, 80 °C, 130 psi. For the full optimization details see Supporting Information sections 2.2.5 – 2.2.6. The conversion and selectivity (in parentheses) are indicated. Conversion and selectivity were determined by HPLC/DAD processed at (6a = 193 nm, 6o = 355 nm, 6p = 267 nm).

Conclusion
A simple organocatalyzed flow process is reported for the selective methoxycarbonylation of a library of benzyl alcohol derivatives. The process relies on dimethyl carbonate both as solvent and reagents and uses TBD (3 mol%) as a homogeneous organocatalyst, providing unprecedented selectivities toward the desired benzyl methyl carbonate derivatives. The excess dimethyl carbonate is recycled through downstream distillation. The protocol is amenable to the preparation of a library of valuable non-symmetric benzyl carbonates with a remarkable compatibility with diverse EDG and EWG substituents as potential surrogates of the corresponding chloroformates toward benzyl N-hydroxycarbamates.

Experimental section
General information
Conversion and selectivity were determined by gas chromatography coupled to a flame ionization detector (GC/FID) or by high performance liquid chromatography coupled to Diode-Array Detection (HPLC/DAD). Structures were confirmed by 1H and 13C NMR spectroscopy (400 MHz Bruker Avance spectrometer) in CDCl3 (Supporting Information). The chemical shifts are reported in ppm relative to TMS as internal standard or to solvent residual peak. Solvents were used as received, unless otherwise stated. Benzyl alcohol, 4-(trifluoromethyl)benzyl alcohol, 4-fluorobenzyl alcohol, 4-chlorobenzyl alcohol, 4-bromobenzyl alcohol, 4-iodobenzyl alcohol, 3,4-difluorobenzyl alcohol, 3-chlorobenzyl alcohol, 3,4-dichlorobenzyl alcohol, 4-methylbenzyl alcohol, 2-methoxybenzyl alcohol, 3-methoxybenzyl alcohol, 4-methoxybenzyl alcohol, 3,4-dimethoxybenzyl alcohol, (6-nitrobenzo[d][1,3]dioxol-5-yl)methanol, 2-nitrobenzyl alcohol, 3-nitrobenzyl alcohol, 4-nitrobenzyl alcohol, benzyl methyl ether, dibenzyl carbonate, dimethyl carbonate, benzyl methyl carbonate, dibenzyl ether, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4-diazabicyclo[2.2.2]octane (DABCO), morpholine, bis(dimethylamino)naphtalene (Proton Sponge), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 1,1,3,3-tetramethylguanidine (TMG), 2-tert-butyl-1,1,3,3-tetramethylguanidine (Barton’s Base), 2,8,9-trimethyl-2,5,8,9-tetraza-1-phosphabicyclo[3.3.3]undecane (Verkade’s Base), tert-butylimino-tris(dimethylamino)phosphorane, (P1-t-Bu), tetramethyl-(tris-(dimethylamino)phosphoranylidene)phosphorictriamid-ethyl-imine (P2-Et), tert-butylimino-tri(pyrrolidino)phosphorane (BTPP), potassium tert-butoxide, sodium methoxide (25 wt-% in methanol), hydroxylamine free base (50 wt-% in water), zinc triflate, copper triflate, erbium triflate, europium triflate, gadolinium triflate, hafnium triflate, lanthanum triflate, neodymium triflate, scandium triflate and silver triflate were obtained from commercial sources and used as received.
Experimental setup
Microfluidic setup for the dimethyl carbonate-mediated carbonation of benzyl alcohol derivatives. The reactor for the dimethyl carbonate-mediated carbonation of benzyl alcohol derivatives consisted of a modular continuous flow assembly made of high purity PFA capillary coils (1.58 mm outer diameter, 750 µm internal diameter) equipped with Super Flangeless nuts and ferrules (IDEX/Upchurch Scientific). Feed and collection lines consisted of PFA tubing (1.58 mm outer diameter, 750 µm internal diameter) equipped with PEEK/ETFE connectors and ferrules (IDEX/Upchurch Scientific). High force Chemyx Fusion 6000 syringe pumps (with SS syringes and Dupont Kalrez O-rings) equipped with check valves (IDEX/Upchurch Scientific) were used for handling the liquid feeds. Thermoregulation was operated with a Heidolph MR Hei-Tec® equipped with a Pt-1000 temperature sensor. Downstream pressure was regulated with a spring-loaded back pressure regulator (100 psi, IDEX/Upchurch Scientific) embedded in a cartridge holder.
Microfluidic setup for the hydroxylamination of non-symmetrical carbonates towards benzyl N-hydroxycarbamate derivatives. The reactor for the hydroxylamination of non-symmetrical carbonate derivatives consisted of a modular continuous flow assembly made of high purity PFA capillary coils (3.17 mm outer diameter, 1.65 mm internal diameter) equipped with Super Flangeless nuts and ferrules (IDEX/Upchurch Scientific). Feed and collection lines consisted of PFA tubing (3.17 mm outer diameter, 1.65 mm internal diameter) equipped with PEEK/ETFE connectors and ferrules (IDEX/Upchurch Scientific). High force Chemyx Fusion 6000 syringe pumps (with SS syringes and Dupont Kalrez O-rings) equipped with check valves (IDEX/Upchurch Scientific) were used for handling the liquid feed. Thermoregulation was operated with a Heidolph MR Hei-Tec® equipped with a Pt-1000 temperature sensor. Downstream pressure was regulated with a Zaiput Flow Technology® dome-type back pressure regulator (BPR-10, 130 psi) connected to a nitrogen tank.
Typical runs
Continuous flow preparation of non-symmetrical carbonates (2a-r). The pumps used to deliver the solutions of benzyl alcohol derivative 1a (0.36 M in DMC, 1 equiv.) and TBD (0.011 M in DMC, 0.03 equiv.) were both set at a flow rate of 0.1 mL min-1 and the two streams were mixed through a PEEK T-mixer. The homogeneous mixture was reacted in a PFA capillary coil (2 mL internal volume, 10 min of residence time) heated at 80 °C under 100 psi of counter pressure. The reactor effluent was collected at steady state and analyzed by GC/FID.
Continuous flow preparation of benzyl N-hydroxycarbamates (6a,o,p). The solution of non-symmetrical carbonate (2, 0.5 M), Gd(OTf)3 (0.25 M) and NH2OH (2.5 M) in THF was injected at a flow rate of 0.1 mL min-1 into the PFA capillary coil reactor (3 mL internal volume, 30 min of residence time) heated at 80 °C under 130 psi of counter pressure. The reactor effluent was collected at steady state and analyzed by HPLC/DAD and LC-MS for the identification of compounds.
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Conv.: 98% Conv.: 1% Conv.: 6%
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Verkade s base P,-Et BTPP
Conv.: 94% Conv.: 7% Conv.: 94% Conv.: 3%
Sel.: >99% Sel.: >99% Sel.: >99% Sel.: >99%
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Conv.: 25% Conv.: 68% Conv.: 62%
Sel.: >99% Sel.: >99% Sel.: >99%





