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Herein is reported the one pot cascade hydroaminomethylation (HAM) / hydrohydroxymethylation (HHM) of triolein (T) using hydroformylating and hydrogenating Rh-catalysts stabilized by both phosphanes and amines under aqueous biphasic conditions.

While T are mainly functionalized by N,N'-dialkylaminomethyl groups in organic solvents, they are predominantly functionalized by hydroxymethyl groups under aqueous biphasic conditions. The change in chemoselectivity is a consequence of both the displacement of the enamine-aldehyde equilibrium upon addition of water, and the partition of Rh-catalysts between the organic and the aqueous phases.

Introduction

For decades the idea that triglycerides might serve as building blocks for the production of lubricants, plasticizers, or polymers fueled research into the functionalization of their carboncarbon double bonds by epoxy, 1,2,3,4,5,6,7 formyl, 8,9,10,11,12 or acrylate groups, 13,14,15 to name only a few. Of interest, triglycerides functionalized by amino and hydroxyl groups are also promising cost-effective platforms for the synthesis of polymers including polyurethane, polyuria, polycarbonate, polyester, and for the synthesis of natural oil based autocatalytic polyols. [START_REF] Zhao | Natural oil based autocatalytic polyols[END_REF] Throughout the literature, the synthesis of hydroxylated triglycerides usually proceeds through two steps procedures including epoxidation and subsequent epoxy ringopening, 17,18 or hydroformylation and subsequent hydrogenation with RANEY ® nickel (Supporting Information, Scheme S1). 19 Direct hydroxymethylation with paraformaldehyde is also possible but the use of large excess of EtAlCl2 as Lewis acid catalyst disqualifies the procedure in a sustainable chemistry context. 20 Similarly, amino-substituted vegetable oils are mainly synthesized through multistep procedures including oxidation / reductive amination, 21 epoxidation / ring opening sequence 22 or hydroformylation / condensation / hydrogenation 23 cascade reactions (Supporting Information, Scheme S2). Recently, we developed the one-pot syntheses of amino-hydroxylated triglycerides via a combination of Rh-catalyzed hydrohydroxymethylation (HHM) and hydroaminomethylation (HAM) in organic solvents in the presence of secondary and primary amines. [START_REF] Hapiot | Process for preparing polyols[END_REF]25,[START_REF] Vanbésien | Fatty amino alcohols and process for preparing same[END_REF]27 The products were obtained in very good yields under mild conditions and short reaction times. Using triolein (T) as a model substrate, we showed that, upon HAM, secondary and primary amines condensed with formyl groups resulting from the hydroformylation step to form intermediate enamines whose subsequent hydrogenation gives T-grafted tertiary amines (Supporting Information, Scheme S3). The latter coordinate to rhodium to form complexes capable of hydrogenating the remaining formyl groups into hydroxymethyl groups (HHM). Interestingly, the proportion of amino and hydroxyl groups grafted onto the T backbone can be finely tuned by controlling the experimental parameters governing the cascade reaction.

Given the expensive price of Rh-precursors, we sought to recycle the Rh-catalyst once the HHM/HAM reactions were completed. To this end, we carried out the HAM/HHM cascade reaction under aqueous biphasic conditions. Indeed, previous works from the literature have shown that HAM can also be implemented under such conditions. 28,29 Our strategy relies on the use of both i) water soluble phosphines such as the sodium salt of the trisulfonated triphenylphosphine (TPPTS) to immobilize the catalyst in the aqueous phase and ii) partially methylated β-CDs as interfacial additive. 30,31 CDs are cyclic oligosaccharides consisting of α-D-glucopyranose units. Upon inclusion of the alkenyl chain of triglycerides into CD cavities, transient surface-active CD/triglyceride supramolecular complexes are formed at the aqueous/organic interface (Supporting Information, Scheme S4). 29 Their amphiphilic character is expected to promote the mass transfer at the aqueous/organic interface resulting in enhanced catalytic performances. The concept was recently validated in Rh-catalyzed hydroformylation of triglycerides using three partially substituted CDs (Supporting Information, Table S1) capable of forming effective self-emulsifying systems 10,32 In the present study, the results obtained using partially methylated β-CDs (CRYSMEB -average number of methyl groups per CD = 4.9) were also compared to those obtained using cosolvents and surfactants.

Experimental

All chemicals were purchased from Acros, Strem or Aldrich Chemicals in their highest purity.

Olive oil was purchased from Aldrich while Very High Oleic Sunflower Oil (VHOSO) was provided by Oleon (France). NMR spectra were recorded on a Bruker DRX300 spectrometer operating at 300 MHz for 1 H nuclei and 75 MHz for 13 

HAM/HHM experiments under biphasic conditions

In a typical experiment, Rh(CO)2(acac) (3.9 mg, 0.015 mmol), TPPTS (42 mg, 0.075 mmol)

and the required amount of mass transfer additive (see table ) were degassed three times by vacuum-N2 cycles and dissolved in a degassed water solution (8 mL of water). The resulting solution was stirred at room temperature until all the rhodium complex was dissolved (4 h).

Triolein (0.91 g, 1 mmol) and HNBu2 (506 µL, 3 mmol) were poured into the autoclave and N2-purged. The catalytic solution was then cannulated under nitrogen into the autoclave. Once the desired temperature was reached, the autoclave was pressurized under CO/H2 (1/1) pressure (typically 80 bar) and the solution was vigorously stirred (2500 rpm). When the reaction was complete, the apparatus was allowed to cool down to room temperature and depressurized. The organic phase was removed by decantation and the products were analyzed by 1 H and 13 C NMR experiments. All runs were performed at least twice in order to ensure reproducibility.

Results and discussion

As explained in our previous publication on the subject, 29 the random triglyceride functionalization yielded countless structurally close products whose individual analysis was very challenging. To begin with, we only considered the C=C conversion and the percentages of chemical functions grafted on the triglyceride backbone, especially aldehydes, amines, alcohols and hydrogenated products. The whole parameters were determined by 1 H NMR analysis of the crude products (Supporting Information, Figure S1). HAM/HHM of T was first carried out using HNBu2 as secondary amine. A blank test performed with neither CD nor TPPTS showed that HAM/HHM exclusively took place in T (brownish organic phase) and mainly yield HAM products (Table 1, entry 1). Conversely, hydroxymethyl groups predominated under aqueous biphasic conditions without any phosphane and with CRYSMEB as interfacial additive (entries 2). The proportion of alcohols significantly increased probably because of the inclusion of T-chains into the cavity of modified CDs, which favored contacts between enamine intermediates and water.

HAM/HHM of T using secondary amines

Equilibriums were then displaced to aldehydes (partial hydrolysis of enamines) and their corresponding alcohols (Supporting Information, Scheme S3). Although effective, CRYSMEB were clearly unable to efficiently stabilize catalytic Rh-species in water in the absence of phosphane. Indeed, as observed for entry 1, the brownish organic phase obtained upon completion of the reaction unambiguously revealed that HHM and HAM took place in T. Conversely, the use of TPPTS as ligand favored stabilization of Rh-species in water without affecting the catalytic performances (entry 3). However, although the organic phase recovered from experiments carried out with CRYSMEB remained colorless and the aqueous phase was dark orange, recycling experiments carried out with aqueous phases recovered from entries 3 and 8 clearly showed a loss of catalytic activity and selectivity in alcohols and amines, suggesting a loss of rhodium in the organic phase (leaching, entries 4 and 5). The loss of activity lies in the lower amount of Rh-complexes in the aqueous phase. Additionally, rhodium being in default in the aqueous phase, it was strongly coordinated by TPPTS and only acted as a hydroformylating catalyst (as confirmed by the increase in aldehyde proportion, entries 4 and 5). The reason why rhodium was partly transferred in the organic phase is discussed below. In a second set of experiments, various secondary amines were evaluated in HAM/HHM of T under biphasic conditions (Table 2). Their structure and properties played a crucial role in the relative proportions of products. Using hydrophilic secondary amines such as HNMe2 and HNEt2 (miscible in any proportion), T-grafted aldehydes were mainly formed along with significant amounts of hydrogenated saturated products (entries 1 and 2). No T-grafted tertiary amines of alcohols was detected. Although miscible in T and water in any proportion, cyclic amines such as pyrrolidine and piperidine also proved ineffective to condense with formyl groups in the organic phase probably because of their inclusion into the hydrophobic cavity of the water-soluble CRYSMEB, 33 which hampered coordination to rhodium (entries 3 and 4). Conversely, secondary amines featuring lower hydrophilicity such as HNBu2 (water solubility of 3.8-4.2 g/L) were more appropriate to form hydroformylating and hydrogenating Rh-species in organic phase (entries 5 and 6). Indeed, as shown in Figure S2 (Supporting We also examined the behavior of primary amines such as H2NBu and H2NHex in HAM/HHM of T. The results were summarized in Table 3. Surprisingly, no hydroxymethyl groups were formed during the course of the reaction. The products only consisted of secondary amines resulting from hydrogenation of imines resulting from condensation of primary amines on formyl groups. As shown previously, the hydrogenating character of Rhcomplexes resulted from coordination of H2NBu and H2NHex to rhodium to form Rh species capable of selectively reducing imines into T-grafted secondary amines. Indeed, while primary amines are weaker ligand than CO, their large excess could displaced equilibriums taking place on the coordination sphere around rhodium. No tertiary amine was detected by MALDI/TOF MS analysis. This result was in line with that observed under homogeneous conditions for which low proportions of tertiary amines were detected (<20%). 27 The explanation probably lies in the too hindered structure of secondary amines to further evolve to tertiary amines.

Co-solvents and interfacial additives

To "compatibilize" T with the Rh-catalyst stabilized by TPPTS in water, we employed alcohols as co-solvents or surfactants (SDS, DTAC, Triton X-100, Brij C10, Span 20, Tween 80, see Supporting Information, Table S2 for structures) (Table 4). Screening of alcohols showed that 72-79% of carbon-carbon double bonds were converted within 18 h. The presence of alcohols as co-solvent greatly influenced the reaction selectivity.

Entry

While no aldehyde could be detected under homogeneous conditions, 31 a non-negligible percentage of aldehydes (19-54%) still existed in the present case. Very low proportions of hemiacetals (<5%) resulting from condensation of alcohols with aldehydes were detected in the aqueous phase, suggesting that alcohols logically react with aldehydes. More precisely, alcohols act as competitors with respect to amines and rhodium complexes towards aldehydes.

Accordingly, reduction of aldehydes by Rh-complexes or condensation of amines with formyl groups are hampered, resulting in lower proportions of HHM and HAM products compared with reactions carried out under homogeneous conditions. Moreover, the proportion of aminomethyl and hydroxymethyl groups strongly depended upon the nature of the co-solvent.

No general trend could be defined from these data. However, contrary to what was described in the literature, 34,35 the use of polar protic solvents such as alcohols had a deleterious effect on the hydrogenation step in HAM. Whatsoever, even if the use of alcohol as co-solvent could be envisaged in terms of conversion, the too high proportion of aldehydes was unacceptable.

Addition of surface-active species such as SDS and DTAC substantially modified the HHM/HAM chemoselectivity as similar proportions of T-grafted tertiary amines and alcohols were obtained (Table 4, entries 6-7). Conversely, other tested surface-active compounds gave hydroxymethyl and aminomethyl groups in 3/1 ratio (entries 8-13), a value similar to that found without any additive. The most important effect of surface-active compounds was on mass transfer. Reaction times were greatly reduced from 18 h to 6 h. The effect was also observed for a lower amount of HNBu2 (1 mmol vs. 3 mmol., 92% conv. of C=C within 6 h, entry 10).

Mechanism of the HAM/HHM reactions under biphasic conditions

As described in our previous works, 29 the HAM/HHM sequence requires distinct Rh-catalysts for hydroformylation of the carbon-carbon double bonds, hydrogenation of aldehydes into alcohols, and hydrogenation of enamines into amines. The relative proportions of tertiary amines and alcohols grafted on T is strongly dependent upon both i) the equilibrium between enamines and aldehydes (Scheme 1), and ii) the equilibriums between Rh species (Scheme 2). amines is greatly lower. In fact, the amine/alcohol ratio is reversed under aqueous biphasic conditions. The effect is even amplified in the presence of modified CDs that favors contacts at the interfacial layer between enamines and water. Upon inclusion into modified CDs at the aqueous/organic interface, enamines undergo partial hydrolysis more favorably, and the enamine-aldehyde equilibrium is displaced to aldehydes whose hydrogenation preferentially yields T-grafted alcohols (Scheme 1b and Table 1, entry 2).

Equilibriums between Rh species (Scheme 2) also greatly contributes in tuning the T-grafted aldehyde proportion and the T-grafted amine/alcohol ratio. Addition of TPPTS to the catalytic system stabilizes Rh species in water and mainly produces hydroformylating TPPTScoordinated Rh catalyst. To access HRhLx catalytic species (L = amine or CO) in organic phase, secondary amines should first coordinate to rhodium and remove TPPTS to form Rh complexes capable of migrating in T. The migration of Rh complexes in organic phase is mainly driven by the hydrophobicity of secondary amines. Three different cases should be distinguished. Firstly, hydrophilic secondary amines such as HNMe2 or HNEt2 prove to be unable to favor migration of rhodium to the organic phase, as suggested by the absence of hydrogenating activity towards enamines or aldehydes (Table 2, entries 1 and 2). In that case, rhodium species are maintained in the aqueous compartment by coordination of hydrophilic ligands (TPPTS and HNMe2 or HNEt2). As TPPTS was a stronger ligand than amines towards Rh species, hydroformylation is then favored. Secondly, the results are very different using less hydrophilic secondary amines such as HNBu2 and HNPent2. The latter being more soluble in T, they coordinate to Rh species at the aqueous/organic interface to remove TPPTS from the Rh center and produce hydroformylating and hydrogenating Rh species in organic phase. large amounts. The alcohol/amine ratio strongly increased at the beginning of the reaction and levelled off after 200 min (Supporting Information, Figure S7). Hence, aldehydes hydrogenation was faster than enamines hydrogenation and preferentially produce alcohols.

Few enamines are then converted into T-grafted tertiary amines. However, over time, the alcohol/amine ratio tended to stabilize to 3, indicative of a modification of the hydrogenating Rh species. Indeed, T-grafted tertiary amines resulting from hydrogenation of enamines also coordinate Rh-species at the aqueous/organic interface where they displace TPPTS (Scheme 2) and furnish different Rh species in T capable of hydrogenating both aldehydes and enamines in larger proportions. Accordingly, secondary amines featuring a balanced hydrophilic/hydrophobic character such as HNBu2 allowed increasing the concentration of Rh-species in T and exalted the hydrogenation processes in the organic phase. Thirdly, further increase in the hydrophobicity of the secondary amine confirmed the previous observations. Indeed, while similar conversion and selectivities are obtained, very hydrophobic HNPent2, HNHex2 and HNOct2 strongly displaced the equilibriums from the aqueous to the organic phase to such an extent that lixiviation of the Rh-catalyst was observed (Table 2, entries 7 and 8).

We then tried to get more information on the competition between amines and TPPTS to coordinate the rhodium center and subsequently tune the proportion of aldehydes and the amine/alcohol ratio. Different TPPTS/Rh and HNBu2/C=C ratios were evaluated (Supporting Information, Table S4). Doubling the relative proportion of TPPTS with respect to rhodium led to the same percentage of converted C=C (entries 1 and 2). However, the proportion of aldehydes was dramatically increased from 1% to 71% while the proportions of N,N'dibutylaminomethyl and hydroxymethyl groups followed the reverse trend. This result is in line with previous works from the literature reporting utilization of large quantities of TPPTS (TPPTS/Rh up to 425) to favor the formation of hydroformylating Rh-species. 30,31,32,33 Conversely, doubling the amount of HNBu2 with respect to the carbon-carbon double bonds resulted in higher conversion and proportions of both N,N'-dibutylaminomethyl and hydroxymethyl groups along with very low proportions of hydrogenated products (entry 3).

These results highlighted the crucial role of ligands coordinated to Rh and their influence on the catalytic performances.

To confirm the competition between amines and TPPTS to coordinate the rhodium center, TPPTS was compared to the more electrodonating phosphane (para-Me)3TPPTS and the ortho-hindered phosphane o-(OMe)3TPPTS in HAM/HHM of T (Supporting Information, Table S5). The hindered o-(OMe)3TPPTS phosphane led to the highest conversion. Its lower coordination to rhodium enabled the formation of active catalytic Rh-species resulting in higher percentages of converted C=C (entry 2). However, during the course of the reaction, the organic phase turned from colorless to orange because of lixiviation of the Rh-catalyst from the aqueous phase to the organic phase. Indeed, o-(OMe)3TPPTS being a poor coordinating ligand, T-grafted amines coordinated to the Rh-catalyst and drove it into the organic phase where the catalytic system favorably oriented the reaction towards T-grafted aminomethyl groups to the detriment of hydroxymethyl groups. The more electrodonating phosphane (para-Me)3TPPTS led to a lower conversion and a higher aldehyde proportion (entry 3). This resulted from the competition between (para-Me)3TPPTS and amines. The higher proportion of aldehydes suggested that the equilibrium between hydroformylating and hydrogenating species was shifted to hydroformylating Rh-species because of the higher ability of (para-Me)3TPPTS to coordinate to rhodium. The proportion of hydrogenating Rh species being disfavored, the proportion of alcohols logically dropped. Accordingly, TPPTS was the best amongst the three tested phosphanes, in terms of both conversion and selectivities.

All the above observations suggest a partition of the Rh-catalysts between the aqueous and organic phases in the presence of phosphanes and secondary amines. Phosphane-coordinated rhodium species are involved in hydroformylation reactions in water while nitrogencoordinated rhodium species favored hydroformylation and hydrogenation processes in T.

Scheme 3 illustrates such a partition for HHM/HAM of T carried out in the presence of HNBu2, TPPTS and CRYSMEB in water. 

Conclusion

In this study, we examined the HAM/HHM cascade reaction of triglyceride using Rh-catalysts under aqueous biphasic conditions with the aim of recycling the Rh-catalysts. Modified CDs such as CRYSMEB act as effective interfacial additive to form transient supramolecular emulsions. High proportions of triglyceride substituted by N,N'-dialkylaminomethyl and hydroxymethyl groups are produced. Interestingly, the present study validates the use of water to modulate the proportions of N,N'-dialkylaminomethyl and hydroxymethyl groups in a different way to what was established in organic solvents. Hydroxymethyl groups are predominantly formed under aqueous biphasic conditions while triglycerides are mainly functionalized by N,N'-dialkylaminomethyl groups in organic solvents. Hence, the presence of water is not inconsequential as the equilibriums are shifted to aldehydes which are then hydrogenated into alcohols. The nature of the amine is also of importance as it favors migration of Rh species to the organic phase. In this context, secondary amines featuring a balanced hydrophilic/hydrophobic character are the most appropriate. Additionally, T-grafted tertiary amines resulting from condensation of HNBu2 and HNPent2 are capable of coordinating to Rh-complexes to form effective hydroformylating and hydrogenating rhodium species in organic phase. Clearly, a partition of hydroformylating and hydrogenating Rhcatalysts between the aqueous and organic phase is highlighted. While rhodium species coordinated by TPPTS hydroformylate C=C double bonds of T at the aqueous/organic interface, rhodium species coordinated by amines operate in organic phase to hydroformylate carbon-carbon double bond and hydrogenate the resulting formyl groups into alcohols or enamine into tertiary amines. Under aqueous biphasic conditions, the proportion of hydroxylated and amino groups grafted onto the triglyceride is then modified by comparison with HHM/HAM reactions carried out in organic solvent. However, no recycling of the Rhcatalyst is not feasible in this context.

Table 1 .a

 1 Aqueous biphasic HAM/HHM of T in the presence of HNBu2 and CRYSMEB. a Conditions: T (1 mL, 1 mmol), HNBu2 (3 mmol), Rh(CO)2(acac) (3.9 mg, 0.015 mmol), TPPTS (42 mg, 0.075 mmol), water (8 mL), CRYMEB (2 mmol), 80 bar of CO/H2 (1:1), 80 °C, 18 h. b no TPPTS, c colored organic phase. d recycling carried out using the aqueous phase recovered from entry 3. e recycling carried out using the aqueous phase recovered from entry 4.

a

  Conditions: T (1 mL, 1 mmol), HNBu2 (388 mg, 3 mmol), Rh(CO)2(acac) (3.9 mg, 0.015 mmol), TPPTS (42 mg, 0.075 mmol), water (5 mL), co-solvent (2 mL), SDS (0.11 mmol), Triton X-100 (3 µmol), DTAC (0.13 mmol), Brij C10 (5 µmol), Span 20 (12 µmol), Tween 80 (3 µmol), 80 bar of CO/H2 (1:1), 80 °C, 18 h; b 25% trans-esterified methyl esters were identified. c 6 h. d HNBu2 (1 mmol).

Scheme 1 .

 1 Scheme 1. Shift of the equilibriums a) with low concentration of Rh-species in T, and b) under aqueous biphasic conditions.

Scheme 2 .

 2 Scheme 2. Equilibriums between Rh species. L = amine or CO; L' = amine, CO or TPPTS.

Scheme 3 .

 3 Scheme 3. Proposed mechanism for the HAM/HHM of T at the aqueous/organic interface in the presence of HNBu2, TPPTS and CRYSMEB.

Table 2 .

 2 Secondary amines in HAM/HHM of T under aqueous biphasic conditions. a

	Entry Secondary	Conv.	Ald. (%) Amine	Alcohol	Enamine	Hydrog.
		amine	(%)		(%)	(%)	(%)	C=C (%)
	1	HNMe2	15	60	0	0	0	40
	2	HNEt2	48	71	0	0	0	29
	3	pyrrolidine	49	76	0	0	0	24
	4	piperidine	47	85	0	0	0	15
	5	HNBu2	88	1	21	76	0	2
	6	HNPent2	98	0	18	78	1	3
	7 b	HNHex2	95	0	26	71	0	3
	8 b	HNOct2	95	3	23	71	1	2

a Conditions: T (1 mL, 1 mmol), amine (3 mmol), Rh(CO)2(acac) (3.9 mg, 0.015 mmol), TPPTS (42 mg, 0.075 mmol), water (8 mL), CRYSMEB (2 mmol), 80 bar of CO/H2 (1:1), 80 °C, 18 h. b Lixiviation of the Rh-catalyst in the organic phase.

Table 3 .

 3 Primary amines in HAM/HHM of T under aqueous biphasic conditions.

	Conditions: T (1 mL, 1 mmol), amine (3 mmol), Rh(CO)2(acac) (3.9 mg, 0.015 mmol),
	TPPTS (42 mg, 0.075mmol), water (8 mL), CRYSMEB (2 mmol), 80 bar of CO/H2 (1:1), 80
	°C, 18 h.

Table 4 .

 4 Co-solvents and surfactants as mass transfer additives in HAM/HHM of T in the presence of HNBu2. a

	Entry additive	Conv.	Ald.	HAM	HHM	Enamine	Hydrog.
			(%)	(%)	(%)	(%)	(%)	prod. (%)
	1	MeOH b	79	54	21	22	0	3
	2	EtOH	76	39	24	15	6	22
	3	iPrOH	72	46	17	33	0	4
	4	tBuOH	76	19	32	35	0	14
	5	Isoamyl alcohol 79	34	47	13	7	6
	6	SDS	70	26	39	39	0	5
	7	DTAC	44	25	36	32	0	7
	8	Triton X-100	100	0	31	67	0	2
	9 c	Triton X-100	84	0	28	68	0	4
	10 d	Triton X-100	92	0	28	69	0	3
	11 c	Brij C10	82	0	29	66	0	5
	12 c	Span 20	81	0	35	58	0	7
	13 c	Tween 80	83	0	27	67	0	6
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Hydrogenation of enamines and aldehydes could then take place to produce T-grafted aminomethyl and hydroxymethyl groups, respectively. Further increase in the lipophilic character of secondary amines such as HNPent2, HNHex2 and HNOct2 (not miscible in water) resulted in similar results but a lixiviation of the Rh-catalyst into T was observed (colorless aqueous phase, entries 7 and 8). In the light of these results, HNBu2 was used as secondary amine in the following study as it combines the required coordination properties and hydrophilicity. A study was also conducted to investigate the variation of proportions of products with time in HAM/HHM of T using HNBu2 as amine and CRYSMEB as interfacial additive under aqueous biphasic conditions. During catalytic cycle, aldehydes were truly intermediates, as their concentration remained low along the course of the reaction (Supporting Information, Figure S3).

To get more information about the products, we used MALDI-TOF/TOF MS analysis to determine their possible structure. All the products detected after Rh-catalyzed HAM/HHM of T in the presence of HNBu2 and CRYSMEB are gathered in Supporting Information, Figure S4. Note that the exact location of the N,N'-dibutylaminomethyl of hydroxymethyl groups onto the T backbone could not be precisely determined. Although MS was not quantitative, the variations of the relative proportions of products with time were approximatively determined by MS (margin of error of 5% determined by comparison with GC analysis). The distribution of functionalized T with time is displayed in Supporting Information, Figures S5.

While the relative proportion of N,N'-dibutylaminomethyl of hydroxymethyl groups was similar to that observed in organic solvents during the first 20 min, 29 the HAM/HHM cascade reaction evolved with time to the preferential formation of hydroxymethyl-substituted T under aqueous biphasic conditions (47% TN1O2 and 20% TN2O1 within 18 h). The percentage of TN3 did not exceed 4 mol% while it was the major product in organic solvent (>35 mol%).

Additionally, MS analysis showed that, under aqueous biphasic conditions, the proportions of estolides resulting from transesterification between hydroxyls and ester functions (Supporting Information, Scheme S5) logically increased with time because of the increasing proportion of hydroxymethyl groups. The percentage of estolides reached 14% within 5 h (Supporting Information, Figure S6). Obviously, higher reaction times led to higher proportion of estolides.