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Abstract
A two-stage synthesis of lactams in flow is described. Thus, a keto alkyl halide is displaced in a
microwave-assisted, continuous flow organic synthesis format (MACOS) to generate a reactive
alkyl azide. Without isolation, a flowed solution containing this azide is then combined with TFA
to afford a lactam.
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It is now well appreciated that flow techniques offer much in the area of fine organic
synthesis.[1] In particular, they permit the utilization of even highly reactive intermediates in
a relatively safe setting and offer a convenient means of preparing large quantities of
compounds by extending the time of the flow reaction (“scaling out”) and thus avoiding
issues with “scaling up” of batch reactions. Since some alkyl azides are known to pose
potential explosion hazards, the adoption of flow techniques for alkyl azide reactions is
attractive. Previously, the in situ generation of azides and their utilization in Curtius
rearrangement,[2] Staudinger aza-Wittig,[3] and 1,3-dipolar cycloaddition[4] chemistries have
been reported.[5] In this communication, we report the use of microwave-assisted flow
reaction conditions in the context of the intramolecular Schmidt reaction of alkyl azides, a
useful method for the generation of lactams.[6]

We used keto-chloride 1 as a model substrate for developing the two-step MACOS sequence
depicted in Scheme 1.[7] Using a syringe pump an equimolar DMF solution of N,N,N,N-
tetrabutylammonium azide (TBAA) and the halide was flowed (10 µL/min) through a glass
capillary positioned inside the reaction chamber of a microwave reactor set to operate at
300W. The solution exited the chamber and reached a connection point joined to a second
glass capillary that was also positioned inside the microwave chamber. Trifluoroacetic acid
(20 µL/min) was introduced to the flowing stream at the connection point using a second
syringe pump. The combined reaction mixture reentered the microwave chamber through
the second capillary and was collected upon exiting. To prevent possible in-line cavitation
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the experiment was performed under 70 PSI argon pressure, which was applied through a
needle inlet into the receiving vial.

Conversion to the lactam was determined by extractive workup and examination of the
derived products by 1H NMR. While reasonable conversion (~70%) was attained,
improvement was clearly required. In addition, the elimination of dead volume from the
system was desired to faciliate yield determination.

Several modifications were introduced that improved the outcome. The replacement of DMF
by CH3CN (AN) afforded complete conversion of the intermediate azide to the lactam, even
at reduced power (125W), presumably because AN does not attenuate the acidity of TFA.[8]

The reaction mixture was loaded into a sample loop made of PEEK tubing that was
introduced into the beginning of the flow path. The first syringe pump delivered only
solvent, removing any possibility that reactants would remain in the system uncollected.
Instead of using fragile glass capillaries within the microwave chamber, mechanically-
robust, flexible fused silica tubing (700 µm dia) was used (see supporting information for a
schematic diagram). A reduced pressure of 40 PSI was both effective in preventing
cavitation and resulted in less laborous flow. To improve the throughput, the flow rate was
increased to 50 µL/min from each syringe pump. The residence time was calculated to be
about 60 sec for the azide displacement and 30 sec for conversion to the lactam, assuming
that the length of the irradiated flow path was 2 – 3 cm (ca. 45 – 50 µL irradiated volume).
Given the absence of direct instrumental measurement, the reaction temperature was
estimated to be no greater than 105 – 110 °C based upon the calculated boiling point of the
solvent at 40 PSI.

Two other modifications were introduced to assist in reaction development. One was the
insertion of a valve into the flow path that enabled sampling of the effluent from the azide
forming step before it was combined with TFA. The other was the provision of a room
temperature path outside the microwave for the effluent after combination with TFA (Figure
1). Using the modifed MACOS system, the reaction of keto chloride 1 provided lactam 3 in
69% yield (Table 1, entry 1). A slightly improved 76% yield of lactam 3 was obtained when
the combined flow stream was redirected outside of the microwave chamber (Table 1, entry
2). This was the only substrate that behaved this way. In both cases conversion was 100%.
These became the standard conditions of first resort.

Application of these conditions to other substrates afforded the variable results collected in
Table 1. In some cases, the identities of the recovered byproducts suggested possible
improvements. For example, reaction of β-tetralone derived chloride 4a afforded lactam 5 in
60% yield with 23% of the recovered chloride but no azide (Table 1, entry 5). This result
suggested that the yield-limiting step was the halide displacement, so we tried the
corresponding bromide 4b. An increase in the yield of 5 was obtained and no bromide was
recovered, although some decomposed material was isolated (Table 1, cf. entries 5 and 6).
Marginal increases in Schmidt reaction conversion were observed starting with the
respective azides of 6b and 8a when the flow rate was slowed to 10 µL/min and the power
increased from 125 W to 300 W (results not shown). Overall, these results were in line with
previously observed reactivity trends of these compounds.[6]

Several previously unexamined Schmidt reaction sequences were carried out to further
define the scope of the MACOS method (Table 2). As before, both chloride- and bromide-
containing substrates gave useful results. Cyclobutanones, which have only occasionally
been examined in the context of this reaction,[6a,c] gave mixed results. Thus, while tricyclic
lactam 15 was obtained from the Schmidt reaction of cyclobutanone 14, cyclobutanone 16
cleanly afforded azide 17 in high yield (Table 2, entry 6). This conversion, previously
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unobserved in our hands, could occur via initial azide displacement followed by rapid acid-
promoted isomerization, affording the α,β-unsaturated ketone. Unsaturated ketones do not
undergo the Schmidt reaction under these conditions.[9] α-Carboxyketone 18 was found to
give <5% of lactam 19, which is consistent with the known lower reactivities associated
with esters (Table 2, entry 7).[6c] One substrate produced a mixture of lactams. Thus, the
reaction of 22 afforded a 1:3 mixture of lactams 23 and 24 (Table 2, entry 9), in contrast to
the result shown for a corresponding spirocyclic halide substrate (Table 2, entry 8).[10]

In summary the in situ conversion of keto-halides to azides and their conversion to lactams
via the intramolecular Schmidt reaction has been demonstrated under MACOS conditions.
Future work will be directed to new improvements in the flow technology and to utilizing
this method for the synthesis of challenging new examples of this useful reaction.

Experimental Section
Representative Procedure for MACOS Azide displacement / Schmidt Sequence:
Hexahydro-1H-pyrrolo[1,2-a]azepin-5(6H)-one 3a. The MACOS apparatus was constructed
as detailed in the supporting information. A solution of chloride 1a (312 mg, 1.78 mmol, 1
equiv.) and N,N,N,N-tetrabutylammonium azide (558 mg, 1.96 mmol, 1.1 equiv.) in
acetonitrile (0.89 mL, 2M with respect to the halide) was added into a 2 mL sample loop. (A
4 ± 2% material remainder due to syringe handling was typical for this procedure. Yields are
uncorrected). The loop was connected to the apparatus and a luer-lock syringe containing 3
mL of acetonitrile connected to the other end and placed in the syringe pump. A second luer-
lock syringe was loaded with trifluoracetic acid (3 mL, excess), connected to the second
valve, and placed into the second syringe pump. Back-pressure tubes were connected to the
collection vessels (crimp-sealed microwave vials) and then the microwave was turned on to
125 W (or 300 W as indicated in the text) and both pumps were set to infuse at 50 µl/min.
The back-pressure was then immediately set to 40 psi and the reaction flowed over 1h. The
collected material was flushed with toluene three times under vacuum and the mixture
dissolved in toluene and filtered through a plug of basic alumina, further eluting with
ethylacetate. The filtrate was concentrated under vacuum to afford a crude mixture of
product and tetrabutylammonium salts. The crude mixture was purified via silica gel column
chromatography (0.5% aqueous ammonium hydroxide, 2.5% methanol in dichloromethane)
to afford 3a (189 mg, 69%) as a pale-yellow oil. Data for the product is consistent with
literature values.[6b] Please see the supporting information for further experimental details.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Top view of the MACOS apparatus valves. A is the three-way valve that allows in-line
determination of azide formation and B is the four-way valve through which the TFA enters
the reaction stream and also allows for diversion of the reaction stream away from the
microwave chamber. See Supporting Information for a full experimental schematic.
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Scheme 1.
General Reaction Sequence
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