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Abstract: S-(1-Acetoxycyclobut-1-yl)-O-ethyl dithiocarbonate (xanthate) 7 was found to add to electronically unbiased alkene and to certain heteroarenes. 

In the latter case, this corresponds to a variant of the Minisci reaction and allows the late-stage modification of biologically active substances. Saponification 

of the acetate furnishes the corresponding cyclobutanol, which can be converted into fluorocyclobutanes by the action of DAST. Fluorocyclobutyl 

substituted aromatics and heteroaromatics are increasingly present in drug candidates. Finally, S-[1-(2’,2’,2’-trifluoroethoxy)cyclobut-1-yl]-O-ethyl 

dithiocarbonate 30 was obtained unexpectedly while optimizing the synthesis of xanthate 7 and found to be a very promising reagent for the introduction 

of the trifluoroethoxycyclobutyl motif. 

Keywords: radical addition • xanthates • cyclobutanols • fluorocyclobutenes • Minisci reaction  

 

Small ring motifs are increasingly appearing in biologically active 

substances [1-6]. This trend is driven by the desire to replace an excess of 

aromatic subunits with saturated surrogates, thus increasing the number of 

sp3 carbons and escaping from the tyranny of “flatland” [7-9]. The 

cyclobutyl group has proven particularly useful in this respect [10-12].  A few 

examples of medicinally important derivatives are displayed in Figure 1. 

They include linsitinib (OSI-906), a selective and orally efficacious dual 

inhibitor of the insulin and IGF-1 receptors) 1 [13]; CJ-1882 2, a potent and 

selective dopamine D3 receptor antagonist [14]; sibutramine 3, a serotonin 

reuptake inhibitor developed as an antiobesity drug [15]; PF-06409577 4,  a 

direct activator of adenosine monophosphate-activated protein kinase 

(AMPK) and a potential drug for the treatment of diabetic nephropathy 

[16]; and compounds 5 and 6, which are showing promise for the treatment 

of spinal muscular atrophy [17]. The cyclobutanol substructure, present in 

compounds 1, 2, 4, and 5 is of particular significance, both in its own right 

and as a stepstone to numerous other cyclobutyl groups. An illustration of 

the former point is the case of cyclobutanol 5, which is twice as active as 

cyclobutyl analogue 6 [17].  

The main route to cyclobutanols is by addition of an organometallic reagent 

to cyclobutanones. This well-established approach is convergent and 

powerful, but it is limited by the incompatibility of the organometallic 

reagents with many polar entities and by the difficulty of implementing 

such methods for the late-stage modification of advanced candidates in 

medicinal chemistry programs. References [18-21] give academic examples 

of additions of pyridine derived organolithiums and Grignard reagents to 

cyclobutanones; many more can be found in the patent literature, reflecting 

the importance of such compounds for the pharmaceutical industry. We 

herein describe a radical based strategy that complements conventional 

ionic and organometallic methods and allows access to structures not 

readily available by more established approaches.  

 
Figure 1. Examples of cyclobutyl-containing drugs. 

Our foray into this area arose as part of our larger study of a novel radical 

chemistry of xanthates and related thiocarbonylthio derivatives and their 

application to solving diverse synthetic problems [22-25]. Extension of this 

technology to the case of cyclobutanols hinges on the accessibility of 

xanthate 7 and its stability and behavior under typical reaction conditions. 

Furthermore, as implicitly implied by the mechanistic manifold in Scheme 

1, it is important for initial radical 8 to be more stable than adduct radical 

10, for otherwise the collapse of intermediate 11 will favor the return to 

starting xanthate 7 and adduct radical 10 instead of progressing forward to 

give desired product 12 and initial radical 8 which propagates the chain. The 

consequence is an increase of the concentration of adduct radical 10 

relative that of initial radical 8 and therefore an increased probability for 

further additions to alkene 9 resulting in the formation of unwanted 

oligomers (via di-adduct radical 13). Incidentally, this path to oligomers and 

polymers can be controlled and constitutes the basis of the powerful 

RAFT/MADDIX technology for the manufacture of bloc copolymers [22]. 

This simplified analysis neglects possible polar effects which could be 

important and, in some cases, even decisive.   

While radical 8 is tertiary and expected to be more stable than most 

secondary adduct radicals 10, the presence of the strained cyclobutane ring 

increases the s character in the SOMO orbital in radical 8 and thus acts as a 

destabilizing element. Thus, the cyclopropyl and cyclobutyl radicals are 

respectively 35 kj/mol and 7 kj/mol less stable than the little strained open-

chain isopropyl radical [26]. For the sake of comparison, the tertiary butyl 
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radical is 5.5 kj/mol more stable than the isopropyl radicals and, importantly, 

an acetoxymethyl radical is 35 kj/mol more stable than a methyl radical [26]. 

These values, while approximate and variable depending on the method of 

calculation or measurement, indicate that whereas a methyl substituent 

might not be sufficient to overcome the destabilization due the ring strain, 

the acetoxy substituent in radical 8 should provide enough extra stability to 

ensure a good control over the chain process and limit the formation of 

oligomers via di-adduct radical 13.  

 
Scheme 1. Generation and addition of acetoxycyclobutyl radicals. 

For the synthesis of xanthate 7, we relied on early studies by 

Neuenschwander on the chloro- and bromo-acylation of ketones and 

aldehydes [27-30]. Applied to cyclobutanone, exposure to acetyl chloride 

and catalytic amounts of zinc chloride leads to chloroacetate 14 (Scheme 

2). Substitution with potassium O-ethyl xanthate furnished the desired 

xanthate 7 in unfortunately a vanishingly small yield of 2%. We therefore 

decided to first isolate the fragile acetoxy chloride 14 before attempting the 

substitution step. The reaction of a cyclobutanone with acetyl chloride is in 

fact an equilibrium [27-30], which could be tilted in the forward direction by 

the use of 2-2.5-fold excess acetyl chloride. We also found that aluminum 

trichloride, a stronger Lewis acid [31], was a more effective catalyst. Finally, 

we noted that vacuum distillation above 65 °C resulted in decomposition 

and it was best to perform the distillation at 30 °C under 0.7 mbar of 

pressure. Under these conditions, the yield of acetoxy chloride 14 rose to 

around 80%, and the reaction could be performed on an 8g scale.  

The substitution step, which in most cases is a trivial procedure, proved 

more problematic than expected. After some effort, it was found that the 

best yield of xanthate 7 was only 43% (31% on a 6g scale of chloride 14), 

when the reaction was carried out in ethanol as solvent with initial cooling 

to 0 °C. Other solvents, such as acetone, acetonitrile, diethyl ether, and 

isopropanol were less effective. Nevertheless, despite the modest overall 

yield, sufficient amounts of xanthate 7 could be produced to complete the 

present study.  

We were pleased to find that radical addition of this xanthate to allyl 

acetate proceeded smoothly to give adduct 12a in 69%, as depicted in 

Scheme 2. It was fortunate that xanthate 7 turned out to be more thermally 

stable than its chloride precursor 14, thus allowing it to survive the usual 

radical addition conditions, and that the qualitative thermochemical 

analysis concerning relative radical stabilities proved correct and no 

significant formation of oligomers was detected. Other alkenes underwent 

a similar addition and furnished compounds 12b-12k displayed in the lower 

part of Scheme 2. The cyclobutanol motif can thus be combined with 

numerous other functional groups, including protected amine (12b, NPhth 

= phthalimide), silane (12c), malonate (12e), phosphonate (12h), as well as 

acetal (12f) and epoxide (12g). Addition to 2H-Thiete-1,1-dioxide gives rise 

to unusual compound 12j where two different 4-membered rings are linked 

together. Vinyl (MIDA)boronate is also a competent partner in this process, 

as demonstrated by the clean formation of adduct 12k. Boron substituents 

are particularly interesting, not only from a synthetic standpoint, but also 

because the stability of the radical adjacent to the boron can be modulated 

by the choice of substituents around the boron atom. These dictate the 

hybridization of the boron (i. e., sp2 or sp3) and therefore the availability or 

not of an empty orbital into which the unpaired electron can delocalize [32, 

33]. 

 
Scheme 2. Synthesis and additions of xanthate 7 to various alkenes. 

In the case of adduct 12k, the xanthate was reductively removed to give 

compound 15 using tris(trimethylsilyl)silane [34], a transformation that 

could have been applied to all other adducts. In most potential applications, 

the xanthate group is not needed and must be removed. Notable 

exceptions are products of additions to vinyl esters, as exemplified by 

derivative 12d, because the carbon bearing both the xanthate and the 

acetate has the oxidation level of an aldehyde thus opening numerous 

synthetic possibilities [35]. The moderate yield in the case of adduct 12d is 

due in part to the greater propensity of vinyl acetate to polymerize as 

compared to the other alkene partners.  

Another situation where the xanthate group in the adducts can be 

constructively exploited is illustrated by the sequence in Scheme 3. 
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Addition to protected N-allyl aniline 15 furnishes the normal adduct 12l in a 

synthetically useful yield. Further exposure to stoichiometric amounts of 

peroxide regenerates the intermediate radical which is now forced to 

cyclize onto the aromatic ring to give indoline 16 in good yield [36]. Trivial 

saponification of the acetate produces the corresponding cyclobutanol 17, 

perhaps a medicinally more interesting compound. The fact that the 

intermediate xanthate 12l can be isolated reflects the faster transfer of the 

xanthate group as compared to the cyclization step. Nevertheless, both 

steps could have been performed in the same pot, if so desired [36]. 

 
Scheme 3. Synthesis of an indoline bearing a cyclobutanol. 

From a drug development perspective, the late-stage direct modification of 

biologically active advanced candidates is a more important goal, as it 

would allow for a faster and more effective optimization of their 

pharmacological profiles. This necessity has been the main diving force for 

the recent revival of the Minisci type radical chemistry [37, 38]. Xanthates 

can be similarly used to introduce substituents into heteroaromatic rings 

[39-42]. This is in fact the intermolecular version of the ring-closure process 

used to produce indoline 16.  In these transformations, presented in generic 

form in Scheme 4, the radical addition is generally reversible, and the 

reverse step is favored by an increase in stability of the attacking radical. 

The stabilization of radical 8 by the acetoxy group, which was an asset in 

the above addition to the alkenes, could become a liability in the reaction 

with heteroaromatics. It is important for the equilibrium to favor adduct 

radical 19 sufficiently to allow the relatively slow electron transfer to the 

peroxide and formation of cation 20 to take place. The other pathways 

leading to rearomatization, such as disproportionation of radical 19 with 

other radicals present in the medium, also depend on the presence of 

sufficient concentrations of radical 19.  

In the event, the results were mixed. The procedure we followed is quite 

practical and consisted in placing a degassed dichloroethane solution of the 

heteroaromatic substrate (1 equiv), xanthate 7 (2 equiv), and lauroyl 

peroxide (3 equiv) in a sealed vial, which was then heated at 85 °C for one 

hour. In the case of basic heterocycles, one equivalent of camphorsulfonic 

acid (CSA) was also added prior to heating. Workup and chromatographic 

purification furnished the products pictured in Scheme 4.  

In general, the yields were moderate and the addition not as general as was 

initially hoped. Nevertheless, derivatives bearing a quinoline (21a), pyrazine 

(21b), quinoxaline (21c), pyrimidine (21d), pyridazine (21e), purine (21f), 

indole (21g), pyridine (21h and 21i), and 4-quinolone pyrimidine (21j). The 

addition products to caffein and nicotine, 21f and 21h, respectively, 

represent examples of modification of biologically active natural products. 

 
Scheme 4. Addition of xanthate 7 to various heteroaromatic scaffolds. 

Unfortunately, several heteroaromatics did not react or, in fewer instances, 

resulted in decomposition. These cases, displayed in Scheme 5, must be 

studied in more detail to understand the cause of failure, which was not 

expected in a few of these compounds.  

 
Scheme 5. Heteroaromatics that did not react with xanthate 7. 

The availability of heteroarylcyclobutanols opens access to another 

important family, namely 1-fluorocyclobutyl heteroarenes. This is 

illustrated by the synthesis, pictured in Scheme 6, of nicotine derivative 22 

from acetate 21h by saponification and treatment with DAST. A number of 

biologically active fluorocyclobutyl derivatives can be found in the patent 
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literature. Thus, pyrrolopyridine 23 and pyrimidine 24, from the 

laboratories of Abbott [43] and Merck Sharpe & Dohme [44], respectively, 

are kinase inhibitors.  Anthranilamide 25, discovered at Hoffmann-La Roche, 

is one of a family of cholesteryl ester transfer protein (CETP) inhibitors [45]. 

Diazepinone 26 from Novartis is a mGluR5 antagonist for combatting 

Parkinson’s disease [46]. Picolinamide 27, another compound from 

Hoffmann-La Roche, is a cannabinoid type 2 (CB2) receptor agonist [47]. 

Triazole 28, designed at Merck Sharpe & Dohme, is a ligand for GABA 

receptors, with potential for the treatment of anxiety and convulsions [48]. 

Pyrazole 29, was developed by Bayer with the aim of treating, and perhaps 

preventing, hyperproliferative and angiogenic diseases [49]. 

 
Scheme 6. Biologically active 1-fluorocyclobutyl derivatives. 

Another useful transformation is the conversion of the acetoxycyclobutyl 

adducts into the corresponding cyclobutenes. In the case of the caffein 

derivative 21f, this was accomplished by heating in neat trifluoroacetic acid 

at 100 °C for 10 min in a sealed tube to give cyclobutene 30 in 75% yield 

(Scheme 7). Access to cyclobutenylheteroarenes can be surprisingly 

difficult. For example, the synthesis of cyclobutenylindole 31 required a 

major synthetic effort and several of the routes that were tested proved 

unsuccessful [50]. This compound is an impurity in the manufacture of 

efavirenz 32, an important anti HIV/AIDS drug in clinical use, and a high-

quality standard is required for analytical purposes. The synthesis of such 

cyclobutenyl derivatives has very recently been addressed by Parsons and 

co-workers [51].  

 
Scheme 7. Synthesis of cyclobutenyl caffein. 

Interestingly, while attempting to improve the synthesis of xanthate 7, we 

examined trifluoroethanol as the reaction solvent and isolated compound 

33 from the reaction of acetoxy chloride 14 with the xanthate salt (Scheme 

8). Obviously, trifluoroethanol somehow substituted the acetate group; but, 

unfortunately, the few attempts at increasing the very modest yield proved 

fruitless. Nevertheless, sufficient amounts were secured to allow a brief 

examination of its very promising reactivity. For instance, its reaction with 

caffein 34 furnished adduct 35 in nearly quantitative yield. 

Trifluoroethoxycyclobutanes are very rare compounds. Less than 5 

examples of 1-aryl-1-trifluoroethoxy-cyclobutanes could be found in the 

REAXYS database, all prepared in the group of Creary [46-47], and none 

described in a medicinal chemistry context.  

 
Scheme 8. Synthesis of trifluoroethoxycyclobutyl caffein. 

In summary, we have described a convenient approach for the direct 

introduction of the cyclobutanol motif, both into aliphatic structures and 

into heteroaromatic rings. The latter variant is of particular relevance to 

medicinal chemists, who are continuously seeking practical methods for 

the late-stage modification of biologically active substances. This also 

allows an expedient access to the corresponding fluorocyclobutanes, 

without the current need for organometallic intermediates which have a 

narrower functional group tolerance, as compared to the present radical 

based approach. Finally, the serendipitous obtention of xanthate 33 

provides an entry into novel fluorinated cyclobutyl derivatives that could 

prove of interesting from a drug-development perspective.  

 

Experimental Section 

Detailed experimental procedures and spectral characterization of all new 

compounds are provided in the accompanying supplementary Information.  
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