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Abstract 

A simple, efficient two-step method for the preparation of heterobicyclic compounds was 

developed. Starting from 5-acyl or 5-carbamoyl-2,2-dimethyl-1,3-dioxa-4,5-dione bicyclic 

scaffolds of 1-azabicyclo[5.2.0]non-3-en-9-one, 6,9,10,10a-tetrahydro-4H-[1,3]oxazino[3,2-

a]azepin-4-one, and 6,9,10,10a-tetrahydro-2H-[1,3]oxazino[3,2-a]azepine-2,4(3H)-dione were

prepared using cycloaddition of thermally generated ketenes to aldimines with unsaturated 

side chains, followed by metathesis. The method was applied to ring closing metathesis 

(RCM) of different heterocyclic substrates to demonstrate its versatility. 
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INTRODUCTION 

Small heterocycles as β-lactams have a well-established position in organic and medicinal 

chemistry mainly because of their chemotherapeutic antimicrobial properties.
[1]

 Seventy years 

after the first medical use of penicillin
[2]

 and more than a century after the synthesis of β-

lactams by Staudinger,
[3]

 β-lactams are still an interesting target for organic chemists. 

Although the core of most of the currently used β-lactams is produced with fine 

biotechnology methods, often chemical modifications are required, e.g. for semisynthetic 

cephalosporins.
[4]

 Further, fully synthetic β-lactam antibiotics such as aztreonam are applied 

in medicinal practice.
[5]

 In contrast, medical applications of β-lactams are not restricted to 

antimicrobial activity, the derivatives of azetidinones find application in the therapy of 

atherosclerosis. Fully synthetic ezetimibe
[6]

 and other cholesterol transporter NPC1L1 

inhibitors (AZD 4121
[7]

 Astra Zeneca, AVE5530
[8]

 Sanofi-Aventis, and SCH-48461
[9]

) are 

effective drugs to treat hypercholesterolemia. All these facts confirm the necessity to study 

and develop new methods for preparation and modification of β-lactam rings. 

From the chemical point of view, the formation of azetidone rings may proceed in two ways, 

namely, cyclization or cycloaddition. In the case of cyclization, four approaches are possible 

with the formation of new bonds between N1–C2 and C4–N1, the most popular of these are 

the cyclization of β-aminoacids
[10]

 and the natural biosynthesis of azetidinone antibiotics. In 

contrast, ring closing between C2–C3 and C3–C4 atoms are less common. Among the 

cycloaddition methods, the most popular ones are ester enolate-imine cyclocondensation,
[11]

 

Kinugas’a nitrone addition to copper acetylide,
[12]

 vinylether addition to isocyanates,
[13]

 and 

the classical Staudinger ketene addition to imines.
[14] 

Recently, we focused our research efforts on the synthesis of β-lactam rings by using a 

modification of the Staudinger method based on an alternative method of ketene 
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generation.
[15]

 In 1987, Yamamoto initiated the use of 5-acyl Meldrum’ acid as an alternative 

source of ketenes for β- lactam preparation.
[16]

 Further, Almquist and co-workers tried to use 

such a method with the intention of 6-acylpenam synthesis
[17]

 however, instead they obtained 

1,3-oxazinones.
[18]

 Nevertheless, these unwanted results led Almquist to develop a new 

synthesis method for 2-pyridones, bicyclic rigid compounds – pilicides active against 

uropathogenic bacteria.
[19]

 

Inspired by the Almquist trials approach, we worked on developing one- or two-step synthesis 

method for bicyclic scaffolds with β-lactam moiety and a second major hetero ring (Figure 1). 

Bearing in mind that such a compound may be a new potentially anti-uropathogenic type of 

pilicide. 

DISCUSSION 

Our approach to the synthesis of such a heterobicyclic species is based on the two following 

assumptions: the first, under certain thermal conditions, 5-[(N-aryl/N-

alkylamino/alkyl/aryl)(hydroxyl)methylene]-2,2-dimethyl-1,3-dioxa-4,6-diones (1, 2, and 3) 

form ketenes 4, which can react with unsaturated aldimines 5a, and b to form four- or six- 

membered heterocyclic products. The relationship between the constitution of substrates 1, 2, 

and 3, reaction conditions, and the size of the formed heterocyclic ring has already been 

reported.
[20]

 Therefore, we expected the formation of three types of heterocyclic products 6, 7, 

and 8 in this step (Scheme 1). In the second step, we planned to exploit a metathesis reaction 

to rapidly form the second heterocyclic ring. 

The first step of our synthesis required the cycloaddition of the formed ketenes (4a or 4b) to 

aldimines (5a, and b) possessing unsaturated side chains. We anticipated it to be a possible 

source of the side reaction, the cycloaddition of ketene to a C=C double bond. Therefore, at 

the beginning, we performed the control experiment where 5-
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[hydroxy(phenylamino)methylene]-2,2-dimethyl-1,3-dioxa-4,6-dione (1a) was heated to 

reflux in cyclohexene (neat) saturated with gaseous HCl, a typical condition for an efficient 

and rapid formation of carbamoylketenes (Scheme 2). Surprisingly, but fortunately, despite 

the large excess of π-nucleophile, after the reaction workup, we did not observe any product 

of the carbamoylketene addition to alkene. 

Apart from the above, we know from previous research that aldimine subjected to a 

cycloaddition with ketene generated from Meldrum’s acids should not contain acidic α-

protons; otherwise, the process is considered a failure.
[15d], [21]

 Therefore, for our purposes, we 

used aldimines with quaternary carbon in the aldehyde moiety 5a and b. 

As a first, we performed a series of experiments between 5-[hydroxy(arylamino)methylene]-

2,2-dimethyl-1,3-dioxa-4,6-diones (1a–d) and aldimines (5a and b) in boiling toluene 

previously saturated with gaseous HCl. From the reaction mixture, we isolated the required β-

lactams (6aa–db) (Table 1), however with the yield not exceeding 60%. A similar reaction 

conducted with imines not containing an unsaturated moiety led to higher yields of β- 

lactams.
[15a, d]

 A possible explanation for the relatively low yields is tautomerization in the 

highly acidic conditions of aldimine to a conjugated system
[22]

 (Scheme 3), which, as we 

know from previous, independent experiments does not add to ketenes at all. 

The NMR spectra of prepared β-lactams (6aa–db) showed coupling constants for H3 and H4 

in the range of 2.4–2.6 Hz, which indicates the exclusive formation of trans product.  

Some problems we experienced with the reactivity of 5-[hydroxy(aryl/alkyl)methylene]-2,2-

dimethyl-1,3-dioxa-4,6-diones (2) with aldimines (5). Based on our previous study
[15a, b, d] 

and 

the Watanabe works,
[16], [20a]

 we expected the formation of β-lactams (6) in the reaction of 

(2a–c) with aldimine in the presence of HCl, and the formation of 2H-1,3-oxazin-4(3H)-ones 

(7) in the absence of HCl. But, as a result of the reaction of (2a–c) with aldimine (5a) in the 
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presence of HCl, we did not obtain β-lactams, but only 2H-1,3-oxazin-4(3H)-ones (7aa–ca) in 

trace amounts. Fortunately, the reaction of (2a–c) with aldimines in the absence of HCl gave a 

better yield of racemic (7aa–ca) (Table 2). 

As the last substrate for further metathesis, we decided to prepare 5-carbamoyl-1,3-oxazine-

4,6-diones (8). In the reaction of 5-[hydroxy(alkylamino)methylene]-2,2-dimethyl-1,3-dioxa-

4,6-diones (3a–b) with aldimines (5a and b) without the addition of HCl, we prepared (8aa–

bb) with good yields (Table 3). But, when we tried to prepare aryl analogs of 8 under 

identical conditions, we experienced substantial problems. It was difficult to finally purify and 

unambiguously characterize the obtained products with NMR, which we attributed to 

existence in equilibrium of four tautomeric forms of highly acidic 3-allyl-N-aryl-4,6-dioxo-

1,3-oxazine-5-carboxylicamides. (Scheme 4) 

We wanted to carry out the second cyclization step with RCM metathesis. In chemical 

literature, a few examples of the use of the RCM procedure for the formation of bicyclic β-

lactams have been reported, but in most examples, were used as substrates 3-unsubstituted or 

fully protected β-lactams.
[23]

 In our case, we planned to use for metathesis substrates with a 

reasonably acidic and nucleophilic malonoamide moiety, which could disrupt the RCM 

process.  

Moreover, in chemical literature, thus far, no example of RCM with 2H-1,3-oxazin-4(3H)-

ones (7) and 1,3-oxazine-5-carbamoyl-4,6-diones (8) as substrates has been reported. 

As our first experiment, we performed a trial metathesis cyclization using 1-allyl-2-(2-

methylpent-4-en-2-yl)-4-oxo-N-phenylazetidine-3-carboxamide (6aa) in dichloromethane as a 

solvent in the presence of 10% mol% of a first-generation Grubbs catalyst. The result was 

71% yield of bicyclic trans β-lactam 9aa. Encouraged by the initial experimental success, we 
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performed a further metathesis cyclization. The obtained yields of bicyclic β-lactams were 

high, and in two cases, they were almost quantitative (Table 4, Entries 2 and 3). 

The next synthetic challenge was connected with the ring closing metathesis of 2H-1,3-

oxazin-4(3H)-ones (7aa–cb); these substrates contain an additional C=C double bond, which 

may interact with the Grubbs catalyst and disrupt the essential metathesis process. 

The performed experiments have shown no influence of the conjugated C=C double bond on 

the process used. The results are presented in Table 5. 

The last and the most demanding set of substrates for the metathesis 5-carbamoyl-1,3-

oxazine-4,6-diones (8aa-bb) also provided desired products 11aa-bb. (Table 6) 

The positive results of metathesis for three different types of substrates prompted us to check 

the reactivity of precursors with a triple C–C bond in the enyne metathesis process.
[24]

 

Aldimine 12 containing a triple bond was prepared in the usual manner from 2,2-

dimethylpent-4-enal and propargylamine.
[25]

 We planned to use for the enyne synthesis, β-

lactams and/or 5-carbamoyl-1,3-oxazine-4,6-diones with unsaturated side chains. But, an 

attempt to prepare β-lactams with a triple bond in the side chain via the reaction of 

arylcarbamoyl Meldrum’s acid (1a and b) and aldimine (12) was unfeasible. Yields below 8% 

excluded this process from practical application. 

In contrast, for 13a and b, the obtained yields of the metathesis precursors was sufficient and 

allowed us to move to the next step. We prepared two examples of 6,9,10,10a-tetrahydro-2H-

[1,3]oxazino[3,2-a]azepine-2,4(3H)-diones (14a and b). (Table 7) 

In conclusion, we developed a simple and convenient two-step method for the synthesis of 

bicyclic heterocycle scaffolds 1-azabicyclo[5.2.0]non-3-en-9-one (9), 6,9,10,10a-tetrahydro-

4H-[1,3]oxazino[3,2-a]azepin-4-one (10), and 6,9,10,10a-tetrahydro-2H-[1,3]oxazino[3,2-
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a]azepine-2,4(3H)-diones (11 and 14) via the a combination of [2+2] or [4+2] cycloaddition 

and metathesis process. The applied approach based on 5-acyl/carbamoyl Meldrum’s acid as 

the key substrate proved to be a universal and fast tool for the preparation of various wide -

scope heterocyclic scaffolds. 

SUPPORTING INFORMATION 

Full experimental details, copies of 
1
H and 

13
C NMR spectra of synthesized compounds can 

be found via the “Supplementary Content” section of this article’s webpage. 

EXPERIMENTAL 

General Procedure for the Preparation of 3-carbamoyl-azetidin-2-ones 6aa–db. 

To a solution of 1a–d (1 mmol) in dry toluene (5 ml) was added aldimines 5a and b (1.5 

mmol). The reaction mixture was cooled to 0°C and saturated with dry HCl for 20 min. The 

resulting mixture was stirred and heated to reflux for 2 h. After completion of the reaction, the 

solvent was removed under vacuum, and the residue was purified as specified below. 

1-Allyl-2-(1-allylcyclohexyl)-N-(4-fluorophenyl)-4-oxoazetidine-3-carboxamide (6db) 

Purification by flash chromatography (EtOAc/Hex 1:3, SiO2). Yellow oil; yield: 195mg, 53%. 

IR (neat, ATR): 3289 (br), 3078 (m), 2931 (s), 1735 (vs), 1684 (s), 1508 (vs), 1214 (s), 994 

(w), 918 (m), 738 (m) cm
-1

. 
1
H-NMR (400 MHz, CDCl3): δ = 8.64 (s, 1 H), 7.50-7.45 (m, 2 

H), 6.99-6.93 (m, 2 H), 5.95-5.71 (m, 2 H), 5.34-5.30 (m, 1 H), 5.29-5.27 (m, 1 H), 5.15-5.03 

(m, 2 H), 4.26 (ddt, J = 15.9, 5.1, 1.5 Hz, 1 H), 4.21 (d, J = 2.5 Hz, 1 H), 4.00 (d, J = 2.5 Hz, 

1 H), 3.74-3.65 (m, 1 H), 2.33-2.19 (m, 2 H), 1.66-1.23 (m, 10 H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 166.2, 163.8, 159.4 (d, J = 242.0 Hz), 133.7, 133.6 (d, J = 2.8 Hz), 131.3, 121.5 

(d, J = 7.8 Hz), 119.1, 118.4, 115.4 (d, J = 22.4 Hz), 62.7, 55.0, 45.6, 37.7, 37.3, 31.9, 31.6, 
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25.7, 21.1, 20.9. HR-MS (ESI+): m/z [M + Na]
+
 calcd for C22H27FN2O2Na: 393.1954; found: 

393.1940. 

General Procedure for the Preparation of 2H-1,3-oxazin-4(3H)-ones 7aa–ca. 

To a solution of 2a–c (1 mmol) in dry toluene (5 ml) was added aldimine 5a (1.5 mmol). The 

resulting mixture was stirred and heated to reflux for 2 h. After completion of the reaction, the 

solvent was removed under vacuum, and the residue was purified as specified below. 

3-Allyl-6-methyl-2-(2-methylpent-4-en-2-yl)-2H-1,3-oxazin-4(3H)-one (7aa) 

Purification by flash chromatography (EtOAc/Hex 2:5, SiO2). Yellow oil; yield: 70 mg, 30%. 

IR (neat, ATR): 3289 (br), 3078 (m), 2931 (s), 1735 (vs), 1684 (s), 1553 (s), 1508 (vs), 994 

(w), 918 (m), 738 (m) cm
-1

. 
1
H-NMR (400 MHz, CDCl3): δ = 5.85-5.73 (m, 2 H), 5.22-5.15 

(m, 2 H), 5.14-5.06 (m, 2 H), 5.12 (bs, 1 H), 5.00-4.93 (m, 1 H), 4.98 (s, 1 H), 3.25 (ddt, J = 

16.1, 6.8, 1.0 Hz, 1 H), 2.20-2.07 (m, 2 H), 1.94 (d, J = 0.8 Hz, 3 H), 0.98 (s, 3 H), 0.95 (s, 3 

H). 
13

C-NMR (100 MHz, CDCl3): δ = 164.8, 162.7, 133.5, 132.7, 118.6, 117.0, 99.1, 93.2, 

48.6, 43.9, 42.9, 23.2, 23.1, 19.3. HR-MS (ESI+): m/z [M + Na]
+
 calcd for C14H21NO2Na: 

258.1470; found: 258.1459. 

General Procedure for the Preparation of 5-carbamoyl-1,3-oxazine-4,6-diones 8aa–bb and 

13a and b. 

To a solution of 3a–b (1 mmol) in dry toluene (5ml) was added aldimine 5a, b, or 12 (1.5 

mmol). The resulting mixture was stirred and heated to reflux for 2 h. After completion of the 

reaction, the solvent was removed under vacuum, and the residue was purified as specified 

below. 

3-Allyl-N-ethyl-2-(2-methylpent-4-en-2-yl)-4,6-dioxo-1,3-oxazinane-5-carboxamide (8aa) 
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Purification by flash chromatography (EtOAc/Hex 1:5 SiO2). Yellow oil; yield: 200 mg, 65%. 

IR (neat, ATR): 3078 (m), 2975 (s), 1661 (vs), 1509 (s), 1416 (s), 996 (w), 915 (m), 813 (m) 

cm
-1

. 
1
H-NMR (400 MHz, CDCl3): δ = 15.10 (d, J = 1.1 Hz, 1 H), 9.75 (s, 0.15 H), 8.91 (s, 

0.85 H), 5.85-5.73 (m, 2 H), 5.27-5.25 (m, 1 H), 5.24-5.21 (m, 1 H), 5.16-5.14 (m, 1 H), 5.13-

5.08 (m, 1H), 4.96 (s, 0.15 H), 4.91 (s, 0.85 H), 4.84 (ddt, J = 16.4, 4.2, 1.8 Hz, 1 H), 3.46-

3.36 (m, 3 H), 2.21 (dd, J = 13.5, 7.5 Hz, 1 H), 2.09 (dd, J = 13.5, 7.5 Hz, 1 H), 1.26 (t, J = 

7.2 Hz, 3 H) 0.98 (s, 3 H), 0.97 (s, 3 H). 
13

C-NMR (100 MHz, CDCl3, major tautomer): δ = 

170.6, 170.0, 165.5, 133.2, 131.8, 118.9, 117.6, 91.0, 75.4, 48.8, 43.8, 42.3, 34.7, 22.8, 22.2, 

14.6. HR-MS (ESI+): m/z [M + Na]
+
 calcd for C16H24N2O4Na: 331.1634; found: 331.1649. 

General Procedure for Ring Closing Metathesis 

To a solution of 6aa–db, 7aa–ca, 8aa–bb, or 13a and b (0.1 mmol) in dry DCM (3 ml) was 

added Grubbs catalyst 1
st
 generation 10% mol%. The resulting mixture was stirred at room 

temperature for 24 h, in argon atmosphere. After completion of the reaction, the solvent was 

removed under vacuum, and the residue was purified as specified below 

N-(3-Chlorophenyl)-6,6-dimethyl-9-oxo-1-azabicyclo[5.2.0]non-3-ene-8-carboxamide 

(9ba) 

Purification by flash chromatography (EtOAc/Hex 1:2, SiO2). Yellow oil; yield: 29.8 mg, 

94%. IR (neat, ATR): 3313 (br), 2965 (s), 1738 (vs), 1686 (s), 1601 (s), 1594 (s), 778 (m) cm
-

1
. 

1
H-NMR (400 MHz, CDCl3): δ = 8.35 (s, 1 H), 7.63 (t, J = 2.0 Hz, 1 H), 7.24-7.19 (m, 1 

H), 7.12 (t, J = 8.0 Hz, 1 H), 7.00-6.97 (m, 1 H), 5.64-5.57 (m, 1 H), 5.52-5.47 (m, 1 H), 4.27 

(dd, J = 18.0, 5.7 Hz, 1 H), 3.82 (d, J = 2.3 Hz, 1 H), 3.73 (d, J = 2.4 Hz, 1 H), 3.63-3.54 (m, 

1 H), 2.14-2.12 (m, 2 H), 1.04 (s, 3 H), 0.90 (s, 3 H). 
13

C-NMR (100 MHz, CDCl3): δ = 164.0, 

163.9, 138.5, 134.6, 129.8, 128.7, 124.5, 124.1, 119.9, 117.7, 65.7, 56.3, 41.6, 40.6, 35.3, 

27.1, 20.6. 
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