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Three divergent Direct Imine Acylation (DIA) procedures are reported that allow the selective generation of δ-lactams, β-lactams and tetrahydropyrimidinones (via a novel three-component coupling) from imine and carboxylic acid precursors. All operate via initial N-acyliminium ion formation and diverge depending on the reaction conditions and nature of the substrates.
Introduction
The selective synthesis of multiple products from common precursors represents an attractive way to streamline the synthesis of diverse molecules for biological evaluation.1 Compared with traditional linear synthetic methods, in which separate starting materials and routes are typically required to generate different target classes (Scheme 1A), there are clear benefits associated with divergent approaches (Scheme 1B). First, less time and money is spent preparing the requisite starting materials, and furthermore, in learning to control the outcome of the different reaction processes (whether that be by variation of reaction conditions, reagent quantities or the nature of any additional reagents/catalysts) insights into fundamental reactivity and mechanism are often gleaned.



Scheme 1. Linear and divergent synthesis
Recently, our groups2 and others3,4 have demonstrated the value of this type of approach in a range of unimolecular rearrangement reactions2 in which the reaction outcome is controlled by varying the catalyst; e.g. we have developed systems capable of delivering two,2a three2b and even six2c distinct products to generate aromatic, heterocyclic and spirocyclic scaffolds5 from simple precursors. Herein, we report our efforts to extend this idea to bimolecular processes, specifically the reactions of imines and carboxylic acids via Direct Imine Acylation (DIA).6 Significant effort has gone into the development of DIA in our laboratories in recent years, during which time we have demonstrated its utility for the synthesis of a large array of product classes, including heterocycles,6a-e spirocycles,6g β-lactams6f and natural products.6b,c,h A key feature of DIA is the in situ formation and subsequent cyclisation of reactive N-acyliminium ions,7 with representative examples shown in Scheme 2.6d Thus, stirring imine 1 and carboxylic acid 2a with the coupling reagent T3P8 and NEt(i-Pr)2 in chloroform at room temperature results in the efficient formation of N-acyliminium ion 3a, and following the addition of Lewis acid BF3·OEt2, this reactive intermediate undergoes cyclisation in situ to form δ-lactam 4a in high overall yield.9 Conversely in a subsequent study,6f it was found that stirring the same reagent combination at 70 °C gave a different reaction outcome, with β-lactam 5a being formed in 61% yield as a single diastereoisomer.10 The published syntheses of δ- and β-lactams 4a and 5a represent the only paired examples of this divergent reaction series performed to date, and therefore, in this research, it was decided to investigate whether similar divergent reactivity could be observed across a wider range of substrates. The results of these studies, along with the serendipitous discovery of a novel third reaction process, are described herein.  


Scheme 2. Divergent DIA reactions.
Results and Discussion   
At the onset of this work, brief attempts were made to further optimise the published procedure for the synthesis of lactams 4a and 5a by varying the reaction stoichiometry and temperature of each process. Ultimately, none of the changes made resulted in an improvement in the yields of the target molecules,6d,f but these studies did lead to the serendipitous discovery of a new set of reaction conditions, capable of delivering a third distinct product framework. It was observed that upon increasing the amount of imine 1 used in the reaction, a more complex side product began to form, and that by using 3 equivalents of imine 1 and omitting NEt(i-Pr)2, this new product could be formed selectively in good yield at room temperature in chloroform (6a, 75% isolated yield following column chromatography, Scheme 3). Careful analysis using 1H and 13C NMR spectroscopy and mass spectrometry confirmed its identity as tetrahydropyrimidinone 6a, which was isolated as mixture of 3 diastereoisomers (dr 6:2:1).11 The major diastereoisomer, which is believed to that shown in Scheme 3 based on NMR and n.O.e data, was isolated cleanly in 51% yield following column chromatography (for information on its stereochemical assignment, see later).


Scheme 3. Three-component synthesis of 6a.
The product 6a is composed of two imine units and one carboxylic acid, with a plausible mechanism for this three-component coupling given in Scheme 3. First, it is likely that N-acylation proceeds in the usual way to form N-acyliminium ion 3a. It is known from our earlier work that a Lewis acidic additive is required to convert 3a into δ-lactam 4a,6d hence this pathway was negated, but the formation of β-lactam 5a remained possible.6e However, in the presence of excess imine 1 this does not take place, and instead, it appears that the reactive N-acyliminium ion is trapped by this excess imine (3a + 1 → 7a, presumably reversibly),6a to form an iminium adduct 7a, which can then cyclise (via its enol/enolate form) to complete the synthesis of product 6a. An alternative pathway (not shown) which cannot be ruled out, is that the same steps operate but imine dimerisation takes place before N-acylation, which would also lead to the formation of 7a and its subsequent conversion into tetrahydropyrimidinone 6a. Indeed, N-acylation followed by a hetero Diels–Alder reaction with another molecule of imine 1 (not shown) represents a third possibility,12 and it may be the case that two or more of these mechanisms operate simultaneously.
	With three distinct products now accessible from coupling partners 1 and 2a, attention turned to examining the scope of each process with respect to the carboxylic acid (Table 1).13,14 The yields quoted are isolated yields following column chromatography unless stated, and the highest yield for each distinct product is highlighted in bold type. Generally, tetrahydropyrimidinones 6a and 6c–i were formed as mixtures of diastereoisomers, which is not surprising given that three new stereogenic centers are formed in this reaction. In each case, the major diastereoisomer was partially or completely isolable; for full details, including dr, spectral data and synthetic procedures, see the Supporting Information, and for a discussion of the stereochemical assignments, see later.
	While none of the new reaction series exhibited the same high levels of divergent reactivity observed for carboxylic acid 2a (entries 1–3), several interesting trends emerged. For all three products to be formed in good yield across a reaction series, the electronics of the system must be very well-balanced. For example, while electron-rich benzoic acid derivative 2b performed well under the conditions for δ-lactam formation (conditions A, entry 4, 4b) and β-lactam formation (conditions B, entry 5, 5b), the three-component coupling to form 6b (conditions C, entry 6) failed, although these conditions did produce δ-lactam 4b in higher yield than conditions A. The loss of chemoselectivity is likely to be because the aromatic ring is sufficiently electron-rich to react with the intermediate N-acyliminium ion without the need for a Lewis acidic additive.15 Unfortunately, aniline derivative 2c was not compatible with conditions A (no identifiable products were isolated) but it was used to form β-lactam 5c in reasonable yield. 
	Conversely, when the aromatic ring is electron-poor or electron-neutral (acids 2d–g), the three-component coupling performs much better, but the δ-lactam formation fails, with anything less electron-rich than an anisole substituent not being nucleophilic enough to trap out the N-acyliminium ion to form δ-lactams 4c–g (entries 10–21). More positively, β-lactam formation proceeded reasonably well for all of acids 2a–f, with β-lactams 5a–f being formed under the standard conditions in reasonable yields (47–69%), as single trans-diastereoisomers in each case. The only outlier in the β-lactam/benzoic acid series was acid 2g, which did not form the expected β-lactams 5g under conditions B, but instead formed tetrahydropyrimidinone 6g. 



Table 1. Divergent synthesis of δ-lactams, β-lactams and tetrahydropyrimidinones using DIA
	
	
                    

	entry
	Acid 2a–i
	Conditionsa
	Isolated yield (%)b

	
	
	
	4a–g
	5a–i
	6a–ic

	
	

	
	4a, R2 = 3,4-OMe
	5a, R1 = 3,4-MeO-C6H3
	6a, R1 = 3,4-MeO-C6H3

	1
	
	A
	90
	0
	0

	2
	
	B
	0
	61
	0

	3
	
	C
	0
	0
	75 (dr 6:2:1)

	
	

	
	4b, R2 = 3,4,5-OMe
	5b, R1 = 3,4,5-MeO-C6H3
	6b, R1 = 3,4,5-MeO-C6H3

	4
	
	A
	49
	20% conversiond
	0

	5
	
	B
	0
	54
	0

	6
	
	C
	57
	0
	0

	
	

	
	4c, R2 = 4-NMe2
	5c, R1 = 4-Me2N-C6H3
	6c, R1 = 4-Me2N -C6H3

	7
	
	A
	0
	0
	0

	8
	
	B
	0
	51
	0

	9
	
	C
	0
	10% conversiond
	36 (dr 5:2)

	
	

	
	4d, R2 = H
	5d, R1 = Ph
	6d, R1 = Ph

	10
	
	A
	0
	24
	0

	11
	
	B
	0
	47
	5% conversiond

	12
	
	C
	0
	0
	69 (dr 10:6:3)

	
	

	
	4e, R2 = 2-Br
	5e, R1 = 2-Br-C6H4
	6e, R1 = 2-Br-C6H4

	13
	
	A
	0
	39
	0

	14
	
	B
	0
	69
	5% conversiond

	15
	
	C
	0
	0
	56 (single diastereomer)

	
	

	
	4f, R2 = 4-F
	5f, R1 = 4-F-C6H4
	6f, R1 = 4-F-C6H4

	16
	
	A
	0
	24
	0

	17
	
	B
	0
	61
	5% conversiond

	18
	
	C
	0
	0
	70 (dr 12:5:1)

	
	

	
	4g, R2 = 4-NO2
	5g, R1 = 4-O2N-C6H4
	6g, R1 = 4- O2N -C6H4

	19
	
	A
	0
	0
	48

	20
	
	B
	0
	0
	50

	21
	
	C
	0
	0
	60 (dr 3:1:1)

	
	

	
	
	5h, R1 = CO2Et
	6h, R1 = CO2Et

	22
	
	B
	–
	0
	30

	23
	
	C
	–
	0
	87 (dr 11:5)

	
	

	
	
	5i, R1 = CN
	6i, R1 = CN

	24
	
	C
	–
	0
	69 (single diastereomer)


a Conditions A:  i) imine 1 (1 equiv.), acid 2 (1.2 equiv), T3P (1.5 equiv.), NEt(i-Pr)2 (1.85 equiv.), chloroform, RT, 40 min; ii) BF3·OEt2 (2 equiv.), RT, 1 h; Conditions B: imine 1 (1 equiv.), acid 2 (1.2 equiv), T3P (1.5 equiv.), NEt(i-Pr)2 (1.85 equiv.) chloroform, 70 °C, 20 h; Conditions C:  imine 1 (3 equiv.), acid 2 (1 equiv), T3P (1.5 equiv.), chloroform, 70 °C, 20 h;  b isolated yields following column chromatography. c Isolated as a mixture of diastereoisomers. For dr and isolated yields of the major isomers, see the Supporting Information. d Not isolated - conversion is based on integration of 1H NMR spectra of the unpurified reaction mixture
Another significant trend observed throughout this study is that the three-component couplings typically take place more readily for the most electron deficient substrates; e.g. acid 2g, which of the benzoic derivatives tested is the one with the most acidic methylene group, formed tetrahydropyrimidinone 6g under all three sets of conditions (entries 19–21). Acids 2h and 2i (which have even more acidic methylene units) also only delivered tetrahydropyrimidinones 6h and 6i, which were formed in good yields, with no evidence of competing β-lactam formation (entries 22–24). More facile enol/enolate formation due to their acidic methylene groups likely accounts for this trend, as this might be expected to facilitate the final ring closing step (i.e. 7 → 6).
	As has already been alluded, the stereochemical outcomes of the tetrahydropyrimidinone-forming reactions are complicated. Mixtures of diastereoisomers were generally observed in the unpurified reaction mixtures, and the diastereomeric ratio changed following column chromatography, suggesting that epimerisation is taking place during isolation. Nonetheless, the major isomer was partially or completely isolable in each case. The basis of our stereochemical assignment is illustrated using tetrahydropyrimidinone 6d, which was formed as a 10:6:3 mixture of diastereoisomers, from which clean portions of each isomer could be obtained for analysis. Thus, the relative stereochemistry of the three tetrahydropyrimidinone protons was assigned by the presence (for a syn relationship) or absence (for anti) of a nuclear Overhauser effect (n.O.e.) enhancement between these atoms, as indicated in Figure 1. Further support is gleaned from 3JH-H coupling constant data in their 1H NMR spectra (see the blue arrows, Figure 1), providing further support for the assigned syn (J = 4.9 Hz) or anti relationship (J = 10.8 Hz) between these two protons. Finally, the second most abundant isomer (6d SECOND) is a literature compound, and its NMR data fully agreed with those reported by Xu and co-workers.12 Interestingly, this diastereoisomer was the major isomer formed in the Xu study (in which a novel hetero-Diels–Alder approach was used), hence our DIA method is complementary, in that it affords a different diastereoisomer as the major product. 



Figure 1. Three-component synthesis of 6a.
By analogy, the major diastereoisomers for compounds 6a, 6c–d and 6f–g are believed to be the same as above (c.f. 6d MAJOR with all three tetrahydropyrimidinone protons syn-disposed), based on them having very similar 3JH-H coupling constant for the coupled tetrahydropyrimidinone protons (J = 4.5–5.0 Hz). Conversely, the major diastereoisomers for tetrahydropyrimidinones 6e, and 6h–I are likely to correspond to either the ‘second’ or ‘minor’ isomer, as the equivalent 3JH-H coupling constants were in the 9.2–10.5 Hz range. More detailed studies would be needed to unambiguously establish the relative stereochemistry in each individual case; this is beyond the scope of this project, although we feel that the information accrued in this study, in tandem with that in the related paper by Xu,12 will help others to make reasonable stereochemical assignments for compounds of this class.

Conclusions
In summary, three DIA procedures capable of delivering up to three distinct product scaffolds were examined across a series of nine imine/carboxylic acid pairings. Although variable selectivity was observed, 16 products were synthesised in total, with 14 of those being novel (full characterisation data and synthetic procedures can be found in the supporting information). Consistent reactivity trends were observed that will help to enable the reactivity of new examples to be better predicted: δ-lactam formation (procedure A) only works when electron-rich aromatics are used, β-lactam formation (procedure B) works well across a much wider range of substrates, failing only for the most electron-poor examples, while the novel three-component coupling (procedure C) was the most consistent method, producing the desired products 6 in all but one case. Given that tetrahydropyrimidinones are important targets in medicinal chemistry,16 it is out hope that this new method can be of value for the rapid construction of relatively complex analogues for biological evaluation, while it is also planned to investigate the possibility of using products of the form 6 to generate medium-sized ring scaffolds17 via reductive ring expansion procedures.18 Our efforts in both areas will be reported in due course.
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