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Abstract 
2,6-Disubstituted spiro[3.3]heptanes were synthesized to investigate and develop 
synthetic methods for preparation of these compounds. Possibilities for introducing 
different functionalities like nitriles and sulfonamides were also investigated. 
 
Synthetic routes presented describe successive [2+2] cycloadditions between 
dichloroketene and olefins to give the sought after spiro compounds with low to 
moderate yields throughout the multi-step synthesis. [2+2] Cycloadditions offered low 
turnovers and chromatography was required for purification. 
 
A synthetic route with cyclisations through double substitution reactions between di-
electrophiles and di-nucleophiles resulting in a 2,6-disubstituted spiro[3.3]heptane is 
also described. This multi-step synthesis offered higher turnover and yields and often 
there was no need for purification through chromatography.    
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Abbreviations and definitions 
 
Anti ............. Anticlinal; two defined substituents are not in the same plane but slope 

away from one another1. In Figure 6, the defined groups are R1 and one 
of the R groups. 

AcOH .......... Acetic acid. 
n-BuLi ......... n-Butyllithium.  
DCE............. 1,2-dichloroethane. 
DCM ........... Dichloromethane. 
DMAP......... N,N-Dimethylaminopyridine. 
DMF............ N,N-Dimethylformamide. 
EACA.......... ε-aminocaproic acid. 
EDCI ........... N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride. 
Endo ............ Inside. 
Exo .............. Outside. 
GC-MS........ Gas Chromatography with Mass Detection. 
HPLC .......... High Performance Liquid Chromatography. 
KHMDS ...... Potassium bis(trimethylsilyl)amide. 
LC-MS ........ Liquid Chromatography with Mass Detection. 
MeCN.......... Acetonitrile. 
MeOH ......... Methanol. 
NMR ........... Nuclear Magnetic Resonance. 
p-TsOH ....... para-Toluene sulfonic acid. 
SAR............. Structure Activity Relationship. 
Syn .............. Synclinal; two defined substituents are not in the same plane but slope 

towards one another1. In Figure 6, the defined groups are R1 and one of 
the R groups. 

THF ............. Tetrahydrofuran. 
TLC............. Thin Layer Chromatography. 
TMSCl......... Trimethyl chlorosilane. 
Zn(Cu)......... Zinc-copper couple; zinc activated using copper. 
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1 Introduction 

1.1 Project aim 
Literature reports regarding synthesis of 2,6-disubstituted spiro[3.3]heptanes and 
analogous amines are sparse. It was therefore of interest to investigate the scope of 
published methods and also to test new approaches that would allow introduction of 
varied functionalities.  

1.2 Background of spiro[3.3]heptanes 
Spiro compounds are interesting in medicinal chemistry due to their relatively rigid 
structure. Such structures may serve as scaffolds for placing different functional 
groups at defined positions in space for exploration of receptor sites and development 
of SAR. For some receptors the entropy conferred by the rigid system may be 
advantageous. Despite this fact, spiro[3.3]heptane systems have not been thoroughly 
investigated and the knowledge of how these systems behave in vivo is very limited. 
Most of the reported applications of this ring system are limited to developments of 
SAR. 
 
2,6-Disubstituted spiro[3.3]heptanes are chiral which gives interesting possibilities for 
enantioselective pharmalogical activity (Figure 1).2 
 

H

R1

H

R2

 
 
Figure 1. 2,6-Disubstituted spiro[3.3]heptanes are chiral and the four methylene 
protons in the ring system are non-equivalent. 
 
Preparation of carbocycles is common in organic chemistry although the preparation 
of small strained cycles is amongst the more difficult. The cyclobutanes belong to this 
category. Synthetic routes described in the literature include double substitution 
reactions between malonate and neopentyl di-halides, or their synthetic equivalents 
(Figure 2a) and thermal [2+2] cycloadditions between alkenes and ketenes (Figure 
2b).3 Fecht’s acid is synthesized by the first pathway using diethyl malonate and 
pentaerythritol tetrabromide as outlined in Figure 2. 
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Figure 2. Schematic display of the investigated synthetic routes resulting in 
spiro[3.3]heptanes. (a) Double substitution reaction of the tetra-electrophilic 
pentaerythritol tetrabromide and the bis-nucleophilic diethylmalonate giving Fecht’s 
acid. (b) Thermal [2+2] cycloaddition between ketenes and alkenes resulting in 2,6-
disubstituted spiro[3.3]heptane. 

1.2.1 Applications of spiro[3.3]heptanes 
In the 1970s Loeffler et al. reported using 6-aminomethylspiro[3.3]heptane-2-
carbocylic acid and 6-aminospiro[3.3]heptane-2-carbocylic acid (Figure 3) for 
evaluating the importance of the distance between the two functional groups in order 
to obtain inhibition of the fibrinolytic process. In this study ε-aminocaproic acid 
(EACA) was used as a standard for rating different compounds in terms of potency; 
the two spiro[3.3]heptanes investigated did not show any activity.4 
 

NH2 CO2H
NH2

CO2H NH2 CO2H

6.3 Å 6.3 Å 5.3 Å

e -aminocaproic acid 
(EACA)

6-aminomethylspiro[3.3]heptane-
2-carbocylic acid 

6-aminospiro[3.3]heptane-
2-carbocylic acid  

 
Figure 3. Comparison of amino acids in terms of maximal distance between 
functional groups.4 
 
2,6-Diazaspiro[3.3]heptane has been synthesized and used as a structural surrogate of 
piperazine to explore the chemical space of small molecules for use in medicinal 
chemistry. The spiro analogue is larger than piperazine and can thus occupy space not 
accessible for the parent molecule (Figure 4). Piperazines are often integrated early in 
the synthetic steps of drug discovery for later aryl aminations. This may be possible 
with spiro analogues as well however this is seldom seen. Monoprotected 2,6-
diazaspiro[3.3]heptanes undergo arene amination reactions with a wide range of aryl 
bromides and is therefore of great interest in medicinal chemistry. Previously 
oxetanes have been used to adjust the kinetic properties of small molecules and the 
same potential may be found in 2,6-diazaspiro[3.3]heptanes. This lack in recorded use 
seems to originate in the long syntheses of the spiro analogues and the difficulty to 
produce 2,6-differentiated compounds.5  
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NHNH NHNH

2.86 Å 3.94 Å

Piperazine 2,6-Diazaspiro
[3.3]heptane  

 
Figure 4. Comparison of N-N distances between piperazine and its structural 
surrogate 2,6-diazaspiro[3.3]heptane.5 
 
A spiro[3.3]heptane derivative was used as a building block in the synthesis of an 
adenallene analogue that shows inhibition of the replication of human 
cytomegalovirus, growth of murine leukemia cells and also inhibition of certain tumor 
cultures (Figure 5). The spiro compound was synthesized to investigate the 
importance of the allenic system of adenallene in binding to the receptor in order to 
achieve antiretroviral activity. The spiro[3.3]heptane analogue showed activity but 
was not as potent as adenallene.2 
 

N
N

OH
NN

NH2

N
N

NN

NH2

OH

Adenallene Adenallene analogue
(+/-)-N9-(2-(hydroxymethyl)
spiro[3.3]hept-6-yl)adenine  

 
Figure 5. Structural comparison of adenallene and the analogue (±)-N9-(2-
(hydroxymethyl)spiro[3.3]hept-6-yl)adenine.2  

1.3 Theory 

1.3.1 Thermal [2+2] cycloadditions 
One method for synthesizing cyclobutanones is through thermal [2+2] cycloadditions 
between olefins and ketenes. A number of kinetic studies have been made to explain 
the high degree of peri-, regio- and stereospecificity in these reactions. Studies 
indicate a concerted mechanism involving a transition state with a small charge 
separation.6 
 
Woodward and Hoffmann suggested a [π2s + π2a] mechanism where the olefin acts as 
the antarafacial component. In this theory the olefin and ketene approach each other in 
a perpendicular fashion which is compensated by the interaction between the HOMO 
of the olefin and the anti-bonding π*C=O orbital of the ketene (Figure 6a). This theory 
is in accordance with the syn stereospecificty with respect to the olefin and the 
stereoselectivity shown by the ketene which places its larger substituent in the more 
hindered position.6 
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Another mechanistic theory, that is the now accepted one, suggests a [π2s + (π2s + π2s)] 
mechanism that is also concerted (Figure 6b). The transition state is slightly askew 
and the less stable cyclobutanone is formed to avoid repulsion between the largest 
substituents on the ketene and olefin respectively.6,7 
 
The mechanism indicates a concerted process that starts with a nucleophilic attack 
from one of the alkene carbons on the carbonyl carbon of the ketene. This is followed 
by a subsequent attack of the terminal ketene carbon to the other alkene carbon. All is 
taking place through a twisted transition state (the reactants at an angle of about 50-
60°) with a small charge separation (Figure 6c).6  
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Figure 6. Pictures of the proposed mechanism in the ketene olefin [2+2] 
cycloaddition reaction; (a) Orbital interactions in the [π2s + π2a] mechanism.  
(b) Orbital interactions in the [π2s + (π2s + π2s)] mechanism. (c) Movement of π-
electrons associated with the [π2s + (π2s + π2s)] mechanism.6 
 
The number of possible interactions, and thus the number of possible isomers, is 
determined by the symmetry characteristics of the olefin and ketene. When both are 
symmetrically substituted only one interaction is possible and in the case of an 
unsymmetrically substituted ketene and a symmetrical alkene there are two possible 
interactions.6 
 
In the reaction between monosubstituted ketenes and monosubstituted olefins there 
are eight possible interaction modes due to regiochemical and stereochemical 
variations. From these interactions four different products can be formed and the 
interaction pathway and the product are determined by the ketene and olefin 
substituents.6 
 

(a) (b)
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In this study, where dichloroketene and monosubstituted alkenes were used, there are 
four possible modes of interactions (Figure 7). Depending on the orientations of the 
reactants the interactions result in either a 3- or 4-substituted cyclobutanone. In each 
case there are two further possibilities: one where the ketene approaches the alkene 
from the side opposite of the alkene substituent (exo type) and one where the ketene 
approaches from the same side as the alkene substituent (endo type).6 
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Figure 7. Schematic presentation of the four possible interactions between a 
monosubstituted olefin and dichloroketene.6 
 
The 3-substituted cyclobutanone is the only product seen in [2+2] cycloadditions but 
the approach through which the product is formed differs depending on the 
substituents on the reactants.6 
 

1.3.2 Dichloroketene 
Halogenated ketenes are unstable and cannot be isolated but can be generated in situ8. 
These labile compounds undergo polymerization and dimerization easily, but can also 
undergo cycloaddition and nucleophilic addition reactions. The most synthetically 
useful reactions involving ketenes are [2+2] cycloadditions since there are easier ways 
to prepare acylation products, which are the result of nucleophilic additions to 
ketenes.9 
 
Dichloroketene is the most widely used ketene in organic synthesis and can be 
prepared in situ through two different routes with different starting materials. 
Dichloroketene is more reactive than its nonhalogenated counterparts and undergoes 
cycloaddition with activated as well as non-activated olefins.9  
 
The two methods generally used for preparing dichloroketene are a) 
dehydrohalogenation where triethylamine eliminates HCl from dichloroacetyl 
chloride, and b) dehalogenation of trichloroacetyl chloride using activated zinc 
(Figure 8).9  
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Figure 8. Preparation of dichloroketene in situ. (a) Dehydrohalogenation of 
dichloroacetyl chloride using triethylamine. (b) Dehalogenation of trichloroacetyl 
chloride using activated zinc as a zinc-copper couple.9  
 
In both cases the formed byproducts can present a problem. Ammonium salt, as well 
as tertiary amines, can catalyze polymerization of small ketenes and the zinc halide 
can in turn induce side reactions like polymerization of olefins. These drawbacks can 
to some degree be avoided by a higher dilution and a slower addition of the acid 
halide in the case of dehydrohalogenation and the addition of phosphorus oxychloride, 
which is thought to complex the formed zinc halide, in the dehalogenation reaction. 
1,2-dimethoxyethane can also be used as cosolvent in [2+2] cycloadditions to prevent 
side reactions induced by the zinc halide.9, 10 

2 Chemistry 
The principal synthetic methods described in the literature were investigated 
experimentally and evaluated. Two different spiro[3.3]heptanes , compounds [1] and 
[2], were synthesized through [2+2] cycloadditions according to Scheme 2 and 
Scheme 3. A third spiro[3.3]heptane, compound [3], was synthesized by double 
substitution reactions according to Scheme 5. There is also an interest in synthesizing 
spiro[3.3]heptane [27], for use as a building block, according to Scheme 6c.  
 
Two spiro[3.3]heptanes have been prepared through [2+2] cycloadditions. In these 
syntheses freshly prepared Zn(Cu) was used. Three different ways to prepare Zn(Cu) 
were investigated (Scheme 1). In the in situ method (Scheme 1a), zinc and copper 
acetate monohydrate were used in diethyl ether11. The method using zinc and copper 
acetate monohydrate in hot acetic acid (Scheme 1b) was for the preparation of exactly 
the amount needed prior to a specific reaction12. Using the second method for the 
prior preparation of Zn(Cu) (Scheme 1c) the reagent could be prepared and stored 
under argon for a short period of time13. 
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Et2O
Cu(AcO)2

.H2O + Zn Zn(Cu)(a)

Hot AcOH
Cu(AcO)2

.H2O +
Z

Zn(Cu)(b)

H2O
CuSO4

.5H2O + Zn Zn(Cu)(c)

 
Scheme 1. Preparation of Zn(Cu). (a) Preparation of Zn(Cu) in situ by using copper 
acetate monohydrate and zinc in diethyl ether11. (b) Preparation of Zn(Cu) in advance 
by using copper acetate monohydrate and zinc in hot acetic acid12. (c) Preparation of 
Zn(Cu) in advance by using copper sulfate pentahydrate and zinc in water13.  
  
For the preparation of spiro[3.3]heptane [1] through two consecutive [2+2] 
cycloadditions model substance [2] was first prepared according to Scheme 2.  
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[9]
[2]

+

+

 
 

Scheme 2. Synthesis of model compound [2], N-(6-(4-chlorophenyl)spiro[3.3]heptan-
2-yl)-N,1-dimethyl-1H-imidazole-4-sulfonamide. 
 
The first step is a [2+2] cycloaddition between dichloroketene and 4-chlorostyrene 
with activated zinc and phosphorus oxychloride in diethyl ether13,14,15. Compound [4] 
is not stable on silica and was reduced directly using acetic acid and zinc to give 
cyclobutanone [5] in 52 % yield13,14.  To obtain the alkene moiety required for [2+2] 
cycloaddition a Wittig reaction was performed using methyltriphenylphosphonium 
bromide and KHMDS in THF to give methylenecyclobutane [6] in 31 % yield11,16. 
The [2+2] cycloaddition and reduction procedure was repeated to give 
spiro[3.3]heptan-2-one [8] in 62 % yield11,13,14,16. Reductive amination using 
methylamine (2M in methanol) and sodium triacetoxyborohydride in DCE produced 
amine [9] (22 % yield) that was then sulfonamidated to give [2] in 51 % yield17.  
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Preparation of spiro[3.3]heptane [1] was performed according to Scheme 3. This 
synthetic route comprises, with minor deviations mentioned below, the same steps as 
for model compound [2]. 
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Scheme 3. Synthesis of compound [1], N-(6-(benzyloxymethyl)spiro[3.3]heptan-2-yl)-
N,1-dimethyl-1H-imidazole-4-sulfonamide.   
 
Allyl benzyl ether offers two synthetic handles and is therefore more interesting as a 
starting material than 4-chlorostyrene. The spiro[3.3]heptane formed can thus be 
modified in both the 2- and 6-position. The first synthetic step is the same as for the 
model compound using Zn(Cu) and POCl3 in diethyl ether. This [2+2] cycloaddition 
was also carried out with higher reflux temperature, longer reaction time and more 
POCl3 and resulted in higher turnover (see experimental section under synthesis of 
[10])11,13,14,15. Intermediate [10] was not stable on silica and was reduced to 
cyclobutanone [11] without purification or isolation11,14,15. Compound [11] was 
collected in 42 % yield. In the Wittig reaction n-BuLi was used instead of KHMDS, 
used for the model substance, improving the yield of the synthesized 
methylenecyclobutyl [12] to 61 % as compared to 31 % for model compound [6]16. 
The following [2+2] cycloaddition was carried out in accordance with the new set of 
conditions but with the shorter reaction time as for model substance [7]11,13,14,15. 
Intermediate [13] was not isolated but reduced directly without purification to give the 
spiro[3.3]heptan-2-one [14] in 37 % yield11,14,15. The following reductive amination 
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was performed as for the model compound using methylamine (2M in methanol) and 
sodium triacetoxyborohydride to give amine [15]. Due to difficulties in purification of 
model amine [9], [15] was used in the next step without being isolated. Compound [1] 
was collected in 41 % yield after reacting amine [15] with the chosen sulfonyl 
chloride in the presence of triethylamine in DCM. 
 
[2+2] Cycloadditions between dichlororketene and 3-methylenecyclobutane-
carbonitrile or vinyl pyridine according to Scheme 4a and b were also attempted but 
these experiments were unsuccessful11,13,14,15.  
 
 

Cl

O
Cl

ClCl
N

O

Cl Cl

N

Cl

O
Cl

ClClN

O
N

Cl Cl

Zn(Cu)
POCl3

Et2O

Zn(Cu)
POCl3

Et2O

+

+

(a)

(b)

[16]

[17]  
 
Scheme 4. [2+2] Cycloaddition reactions between dichloroketene and 
methylenecarbonitrile or vinyl pyridine. (a) Attempt to synthesize compound [16],  
5,5-dichloro-6-oxospiro[3.3]heptane-2-carbonitrile. (b) Attempt to synthesize 
compound [17], 2,2-dichloro-3-(pyridin-2-yl)cyclobutanone. 
 
Another synthetic method for preparing spiro[3.3]heptanes uses double substitution 
reactions between di-nucleophiles and di-electrophiles. Fecht’s acid is synthesized 
using this route as described in Figure 1 and so is compound [3] (Scheme 5c). The 
first reaction attempted (Scheme 5a) using phenylacetonitrile instead of malonate 
giving compound [18] was not successful and another reaction pathway was chosen 
(Scheme 5b and c)3. A model reaction for the new synthetic pathway was set using 
phenylacetonitrile and 1,3-dibromo-2,2-dimethoxypropane according to Scheme 5b 
giving cyclobutane [19] in 65 % yield18,19. As this cyclisation worked, starting 
material for synthesizing [3] was prepared and used according to Scheme 5c.  
 



 14(29)

N
O O

BrBr
O

O
N

O O

OHOH
BrBr

O

O
Br

Br

N

O

O

N OH

OH

N

S
O

O
Cl

OMs

OMs

N
O O

O O

N

CO2Et
CO2Et

N
BrBr
BrBr

Br

Br
N

NaH

DMF

(65 %)

NaH

DMF

(90 %)

p-TsOH
Acetone

(74 %)

NaH

DMF
(93 %)

p-TsOH
MeOH

(98 %)

Pyridine

DCM
(5 %)

NaH

DMF

(b)

(c)

+

+

+

[3]

[19]

[20]

[21] [22]

[23]

+

[18]

+(a)

+

 
 
Scheme 5. Synthesis of compound [3] and its model compound [19] through double 
substitution reactions. (a) Synthesis of compound [18], 3,3-bis(bromomethyl)-1-
phenylcyclobutanecarbonitrile. (b) Synthesis of model compound [19], 3,3-dimethoxy-
1-phenylcyclobutanecarbonitrile. (c) Synthesis of compound [3], diethyl-6-cyano-6-
phenylspiro[3.3]heptane-2,2-dicarboxylate. 
 
For preparation of model compound [19] phenylacetonitrile was stirred together with 
sodium hydride (60 % in mineral oil) and 1,3-dibromo-2,2-dimethoxypropane in 
DMF. Compound [19] was collected in 65 % yield18. Starting material for synthesis of 
spiro compound [3] was prepared using 2,2-bis(bromomethyl)-1,3-propanediol and 
2,2-dimethoxypropane in acetone giving dibromo dioxane [20] in 90 % yield20. The 
first cyclobutane motif was prepared according to the model reaction resulting in 
compound [21], 74 % yield3,18. The hydroxyl groups were deprotected using p-toluene 
sulfonic acid monohydrate in methanol to form diol [22] in 93 % yield20. Mesyl 
chloride and pyridine in DCM were used to prepare mesylate [23] from the diol in 
98 % yield21. Spiro[3.3]heptane [3] was synthesized in 5% yield from the mesylate 
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and diethyl malonate with sodium hydride (60 % in mineral oil) in DMF in analogy to 
the model reaction3.  
 
Ester [24] was synthesized as a model for spiro[3.3]heptane analogue [25]. Compound 
[25] was to be used for preparation of compound [27] which is an interesting building 
block for amide couplings after first being hydrolyzed to the carboxylic acid. Two 
different synthetic methods for preparation of ester [24] were investigated (Scheme 6a 
and b). The first route using iodoethane (stabilized with silver) and cesium carbonate 
was not successful22. Pathway (b) using ethanol, DMAP and EDCI in DCM worked 
well giving compound [24] in 74 % yield18.  
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Scheme 6. Proposed synthetic route for preparation of compound [27] and synthesis 
of its model compound [24]. (a) Attempt to synthesize model ester [24], ethyl-3-
oxocyclobutanecarboxylate, using iodoethane (stabilized with silver) and cesium 
carbonate in DMF22. (b) Synthesis of model ester [24], ethyl-3-
oxocyclobutanecarboxylate, using ethanol, DMAP and EDCI in DCM18. (c) Proposed 
synthesis of [21], 6-p-tolyl-spiro[3.3]heptane-2-carboxylic acid ethyl ester.  
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3 Discussion 
Synthesis of 2,6-disubstituted spiro[3.3]heptanes have been performed using [2+2] 
cycloadditions and double substitution reactions. Regarding the [2+2] cycloaddition 
reactions much initial effort was put into preparing an effective Zn(Cu) reagent. 
Preparation of fresh Zn(Cu) seems to be of major importance for a successful 
cycloaddition as the in situ preparation did not work in any reactions and the use of 
commercial Zn(Cu) was not as successful as the freshly prepared. A major drawback 
is that Zn(Cu) could not be stored for any long period of time before use. 
 
The preparation described in Scheme 1c where copper sulfate pentahydrate and zinc 
were used in water proved to be the best method to prepare Zn(Cu). POCl3 is assumed 
to sequester the formed zinc halide or maybe remove water from the reaction mixture. 
In either case it seems as the use of POCl3 is of great importance. Reactions where 
POCl3 was not included were not successful and those in which 1.1 equivalents were 
used with respect to the olefin had a lower turnover than those where 2.2 equivalents 
of POCl3 were used. Analysis of the reaction mixtures showed regression of the 
formed product after some time. This may be caused by the zinc halide and may 
possibly be diminished using a higher equivalent of POCl3. There are also indications 
of a higher turnover using higher reflux temperatures and longer reaction times (when 
using more POCl3), although this has not been investigated thoroughly and the 
optimal conditions may differ with different reactants. 
 
As previously stated the intermediate dichlorocyclobutanones were not isolated. This 
was due to their instability on silica stated in several of the articles read during the 
investigation. 
 
Critical steps in the reaction sequence leading to model substance [2] were the Wittig 
reaction and the reductive amination. Therefore these steps were modified in the 
synthesis of compound [1] to improve yields. In the Wittig step KHMDS was 
replaced with the stronger base n-BuLi, which resulted in doubling of the yield (61 % 
compared to 31 %). The major issue in the reductive amination step was purification 
using flash column chromatography. The product was difficult to elute and to identify 
using TLC due to low light absorbance and the need to develop TLC plates using 
iodine and ninhydrine. To solve this problem the crude amine [15] was taken to the 
next synthetic step and the end product [1] was purified by preparative 
chromatography. The yield, comprising the two last synthetic steps, was improved 
from 8 to 23 %.  
 
Possibilities of further derivatisation of the synthesized sulfonamide [1] are 
deprotection and oxidation of the alcohol to the corresponding aldehyde. This opens 
the opportunity to prepare libraries with different amines through reductive 
aminations of the aldehyde. An alternative could be to oxidize further to obtain the 
carboxylic acid for use in amide couplings and development of libraries this way.  
 
[2+2] Cycloaddition reactions involving 3-methylenecyclobutanecarbonitrile and 
vinyl pyridine were not successful. A reason for this may be deactivation of the 
starting materials due to electron-withdrawing groups or coordination between their 
respective nitrogen and POCl3. An alternative approach to overcome the second issue 
may be preparing the ketene by dehydrohalogenation instead of dehalogenation 
(Figure 7) and thereby excluding POCl3 from the reaction mixture. 
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In the double substitution reaction sequence to prepare spiro[3.3]heptanes difficulties 
arose early. Reaction between phenylacetonitrile and pentaerythritol tetrabromide 
only showed trace amounts of the desired product. Only two equivalents of base were 
used in the reaction to prevent the nitrile to be added in both 2- and 6-position. This 
may have caused the low turnover and a second attempt with more base may be of 
interest. To establish that cyclisation was possible using phenylacetonitrile the model 
reaction according to Scheme 5b was tested. Just having two bromides gave the 
opportunity to use a larger amount of base without having to worry about double 
cyclisations. As this reaction worked very well starting material for the sought after 
reaction was synthesized. The mesylation turned out to be a time-consuming step and 
other possibilities were investigated and synthetic information on preparation of the 
analogous triflate was found23. Synthesis of the mesylate using triethylamine instead 
of pyridine may shorten the reaction time and is of interest to investigate in the future. 
Finding a straightforward synthesis for insertion of good leaving groups opens 
possibilities of synthesizing libraries including azetidines as well as 
spiro[3.3]heptanes. 
 
The final cyclisation in the preparation of compound [3] did not work as well as 
hoped and needs to be addressed further. One possibility is to use more base and 
higher reaction temperature right from the start or another good leaving group like 
triflate.  
 
Spiro[3.3]heptane [27] is an interesting building block. Only the model reaction 
described in Scheme 6b was performed using the cyclobutanone equivalent. The 
reaction in Scheme 6a using cesium carbonate and iodoethane was not successful and 
another attempt using a smaller amount of base could be of interest. Preparation of 
ester [24] using DMAP and EDCI was successful but an attempt to scale up did not 
work well and further attempts should be tested. Hydrolysis of compound [27] to its 
analogous carboxylic acid gives opportunities to synthesize libraries through amide 
couplings. 

4 Conclusions 
The synthetic methods described in the literature and investigated in this report are 
synthetically useful. The optimal reaction conditions are far from established and may 
be objectives of further research. Due to the small number of published articles 
regarding the synthesis, use and biological function of spiro[3.3]heptanes within 
medicinal chemistry, understanding these compounds can open many possibilities in 
developing new drugs. 
 
One major drawback concerning synthesis through [2+2] cycloadditions is the long 
reaction sequence confirming at least five steps to prepare the spiro motif in low to 
moderate yields. Turnover of starting materials is also low and purification through 
chromatography was needed. The number of steps in the double substitution reaction 
pathway is equal to that of [2+2] cycloadditions, but the yields are much higher. 
Turnover of starting material was high and often purification through chromatography 
was not needed. With this in mind, focus on the double substitution reactions may be 
of more interest in future research. 
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6 Experimental 

6.1 Material 

6.1.1 Chemicals 
All chemicals used were commercially available and were used without purification.  
 
1-Methyl-1H-imidazole-4-sulfonyl chloride, Maybridge, CAS 137049-00-4, Lot: 
284586. 
1,3-Dibromo-2,2-dimethoxypropane, Alfa Aesar, CAS: 22094-18-4, Lot: 10129205. 
2,2-bis(Bromomethyl)-1,3-propanediol, Sigma-Aldrich Chemie GmbH, CAS: 3296-
90-0. 
2,2-Dimethoxypropane, Sigma-Aldrich Chemie GmbH, CAS: 77-76-9, Lot: S21832-
045. 
2-Vinylpyridine, Sigma-Aldrich Chemie GmbH, CAS: 100-69-6, Lot: 09114BJ-288. 
3-Oxocyclobutanecarboxylic acid, Focus Synthesis LLC, CAS: 23761-23-1, Lot: 
FS007104. 
4-Chlorostyrene, Alfa Aesar, CAS: 1073-67-2, Lot: 10124604. 
4-Dimethylaminopyridine, Chemicon, CAS: 1122-58-3, Lot: 29581/2. 
Acetic acid, Fisher Scientific, CAS: 64-19-7, Batch: 0569119. 
Allyl benzyl ether, Sigma-Aldrich Chemie GmbH, CAS: 14593-43-2. 
Butyllithium 1.6 M in hexanes, Sigma-Aldrich Chemie GmbH, CAS: none, Lot: 
S41576-157. 
Cesium carbonate, Reagent Plus®, Sigma-Aldrich Chemie GmbH, CAS: 534-17-8, 
Lot: S45847-038. 
Chloroform – d, Cambridge Isotope Laboratories Inc., CAS: 865-49-6. 
Copper (II) acetate monohydrate, Merck, CAS: 6046-93-1, Lot: 5282973. 
Copper (II) sulphate pentahydrate, Merck, CAS: 7758-99-8, Lot: 2790-0250. 
Diethyl malonate, Lancster, CAS: 105-53-3, Batch: 10017409. 
Ethanol, Kemetyl AB, CAS: 64-17-5, Lot: 0607026711. 
Iodoethane, stabilized with silver, Fluka AG Chemische Fabrik, CAS: 75-03-6, Lot: 
255255 1185. 
Methanesulfonyl chloride, Cros Organics, CAS: 124-63-0, LOT: A0239805. 
Methyl-triphenylphosphonium bromide, Sigma-Aldrich Chemie GmbH, CAS: 1779-
49-3, Lot: S25442-108. 
Methylamine, 2M in methanol, Acros, CAS: 74-89-5. Lot: A0179904. 
N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, Iris Biotech GmbH, 
CAS: 25952-53-8, Lot: 58000710. 
p-toluene sulfonic acid monohydrate, Merck, CAS: 6192-52-5, Lot: 0122020. 
Pentaerythrityl tetrabromide, Sigma-Aldrich Chemie GmbH, CAS: 3229-00-3, Lot: 
S32901-058. 
Phenylacetonitrile, Sigma-Aldrich Chemie GmbH, CAS: 140-29-4, filling code: 
1336469/33307169. 
Phosphorus oxychloride, Riedel-de Haën, CAS: 10025-87-3, Lot: 52690. 
Potassium bis(trimethylsilyl)amide, 0.5 M in toluene, Sigma-Aldrich Chemie GmbH, 
CAS: 40949-94-8, Lot: S02956-110. 
Pyridine, Fluka AG Chemische Fabrik, CAS: 110-86-1, filling code: 1218099 
40206161. 
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Sodium hydride, 60% dispersion in mineral oil, Sigma-Aldrich Chemie GmbH, CAS: 
7646-69-7, Lot: S28946-145. 
Sodium triacetoxyhydroborate, Fluka AG Chemische Fabrik, CAS: 56553-60-7, Lot 
& Filling code: 437057/1 33303442. 
Trichloroacetyl chloride, Sigma-Aldrich Chemie GmbH, CAS 76-02-8, Lot: S46362-
058. 
Trichloroacetyl chloride, Sigma-Aldrich Chemie GmbH, CAS 76-02-8, Lot: S00136-
382. 
Triethylamine, Sigma-Aldrich Chemie GmbH, CAS: 121-44-8, Batch: U18717. 
Zinc powder, median 6-9 micron, Alfa Aesar, CAS: 7440-66-6, Lot: J30R022. 
Zinc-Copper couple, Acros, CAS: 53801-63-1, Lot: A0253883. 
 

6.1.2 Instruments 
1H, 13C and multiplicity edited HSQC spectra were recorded on a Bruker 500MHz 
Avance III NMR spectrometer, operating at 500 MHz for 1H, 125 MHz for 13C 
equipped with a 5mm TXI probehead with Z-gradients or on a Bruker DPX400 NMR 
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C equipped with a 4-
nucleus probehead with Z-gradients. Chemical shifts are given in ppm and residual 
solvent signal of CDCl3 δ 7.27 were used as reference. Resonance multiplicities are 
denoted s, d, t, q, m and br for singlet, doublet, triplet, quartet, multiplet and broad 
respectively. All experiments were performed at a sample temperature of 25°C unless 
otherwise stated. 
 
LC-MS analyses were performed on a LC-MS consisting of a Waters sample manager 
2777C, a Waters 1525 μ binary pump, a Waters 1500 column oven, a Waters ZQ 
single quadrupole mass spectrometer, a Waters PDA2996 diode array detector and a 
Sedex 85 ELS detector. The mass spectrometer was equipped with an electrospray ion 
source (ES) operated in positive and negative ion mode. The mass spectrometer 
scanned between m/z 100-700 with a scan time of 0.4 s. The capillary voltage was set 
to 2.5 kV and the cone voltage was set to 25 V, respectively. The diode array detector 
scanned from 200-400 nm. The temperature of the ELS detector was adjusted to 40°C 
and the pressure was set to 1.9 bar. For separation a linear gradient was applied 
starting at 100 % A (A: 10 mM NH4OAc in 5 % CH3CN) ending at 100 % B (B: 
CH3CN) in 4 min followed by 100 % B until 5.5 min. The column used was a Gemini 
C18, 3.0 mm x 50 mm, 3 μm, (Phenomenex) which was run at a flow rate of 1 
mL/min. The column oven temperature was set to 40°C. 
 
HPLC analyses were performed on an Agilent HP1100 system consisting of a 
G1322A Micro Vacuum Degasser, a G1312A Binary Pump, a G1367A or a G1313A 
Well-Plate Autosampler, a G1316A Thermostated Column Compartment and a 
G1315B or G1315A Diode Array Detector. The diode array detector was scanned 
from 200 to 400 nm, step and peak width were set to 2 nm and 0.01 min, respectively. 
The column used was a Gemini C18, 3.0 x 50 mm, 3.0 μm, 110 Å run at a flow rate of 
1.0 mL/min. The column oven temperature was set to 40°C. A linear gradient was 
applied, starting at 100 % A (A: 10 mM NH4OAc in 5 % CH3CN) and ending at 95 % 
B (B: CH3CN) after 6.5 min then 95 % B for 0.5 min.  
 
HPLC-MS purity analyses were performed on an Agilent HP1100 system consisting 
of a G1379A Micro Vacuum Degasser, a G1312A Binary Pump, a G1367 A Well-
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Plate Autosampler, a G1316A Thermostatted Column Compartment, a G1315C Diode 
Array Detector and a G1946A mass spectrometer. The mass spectrometer was 
equipped with an electrospray ion source (ES) operated in positive and negative ion 
mode. The capillary voltage was set to 3.0 kV. The mass spectrometer was scanned 
between m/z 100-1000. The column used was a Gemini 3.0 x 50 mm, 3 μm C18 110 
Å (Phenomenex) run at a flow rate of 1.0 ml/min. The column oven temperature was 
set to 40°C. The diode array detector scanned from 200-400 nm. The purity method 
consisted of two or three parts: firstly a 3-minute column wash was applied (this part 
is optional), secondly a blank run was performed and finally the sample was analyzed. 
A linear gradient was used for both the blank and the sample, starting at 100 % A (A: 
10 mM NH4OAc in 5 % CH3CN) and ending at 95 % B (B: CH3CN) after 3.0 minutes, 
then 95% B during 1 min stop at 4.0 min. Integration was on from 0 to 4.5 min. The 
blank run was subtracted from the sample run at the wavelengths 220, 254, 290 nm 
and the chromatograms of the mass spectrometer in positive and negative mode.  
 
GC-MS system was supplied by Agilent Technologies, consisting of a 6890N 
G1530N GC, a G2614A Autosampler, G2613A injector and a G2589N mass 
spectrometer. The column used was a VF-5 MS, ID 0.25 mm x 30 m, 0.25 μm 
(Varian Inc.). A linear temperature gradient was applied starting at 70°C (hold 1 min) 
and ending at 300°C (hold 1 min), 25°C/minute. The mass spectrometer was equipped 
with a chemial ionisation (CI) ion source and the reactant gas was methane. The mass 
spectrometer scanned between m/z 50-500 and the scan speed was set to 3.21 scan/s. 
Solvent delay was set from 0 to 2.0 min. 
 
TLC was performed using MERCK TLC plates (Silica gel 60 F254). Spots were 
visualized using UV or developed using iodine or Ninhydrine (5 %). 
 
Preparative chromatography was run on a Waters FractionLynx system with a 
Autosampler combined Automated Fraction Collector (Waters 2767), Gradient Pump 
(Waters 2525), Column Switch (Waters CFO) and PDA (Waters 2996). Column; 
XTerra® Prep C8 10 μm OBD™ 19 x 300 mm, with guard column; XTerra® Prep 
MS C8 10 μm 19 x 10 mm Cartridge. A gradient of B (100 % MeCN) in A (95 % 0.1 
M NH4OAc in MilliQ water and 5 % MeCN) was applied for LC-separation at flow 
rate 20 ml/min. The PDA was scanned from 210-350 nm. UV triggering determined 
the fraction collection. 

6.2 Synthesis 
All syntheses were performed under an inert atmosphere unless otherwise stated.  
 
Zn(Cu) according to LeGoff12. 
Copper(II) acetate monohydrate (0.017 g, 0.085 mmol) was dissolved in acetic acid (2.0 mL). The 
solution was heated under vigorous stirring and zinc (0.298 g, 4.55 mmol) was added. The mixture was 
washed with acetic acid (2 x 2 mL) and diethyl ether (3 x 4 mL). The resulting Zn(Cu) was used 
directly in synthesis. 
 
Zn(Cu) according to Malkov et al.13. 
A solution of copper(II) sulfate pentahydrate (0.76 g, 3.04 mmol) in water (5.0 mL) was added in two 
portions, 30 s apart, to a stirred suspension of zinc (6.5 g, 99.4 mmol) in water (10.0 mL). The mixture 
was stirred for 1 min and filtered through a sintered glass funnel under argon. The Zn(Cu) was washed 
using water (2 x 5 mL), acetone (2 x 5 mL) and diethyl ether (5 mL) before drying under vacuum at 
100°C for 6 h. The Zn(Cu) was stored under argon. 
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2,2-Dichloro-3-(4-chlorophenyl)cyclobutanone [4]  
Dropwise to a suspension of 4-chlorostyrene (2.75 mL, 21.7 mmol) and freshly prepared Zn(Cu) (4.24 
g, 64.94 mmol) in diethyl ether (43 mL) a solution of phosphorus oxychloride (2.22 mL, 23.8 mmol) 
and trichloroacetyl chloride (4.83 mL, 43.3 mmol) in diethyl ether (13 mL) was added. The reaction 
mixture was heated at 40°C during 2 h and stirred at room temperature overnight. The reaction mixture 
was filtered through celite and the solid washed with diethyl ether. Heptane (100 mL) was added to the 
gently stirred filtrate. The filtrate was washed with water (2 x 60 mL), saturated aqueous NaHCO3 (2 x 
60 mL) and brine (60 mL). The organic phase was dried over anhydrous Na2SO4 and filtered before the 
solvent was removed under reduced pressure. The crude product was collected as a yellow solid (2.889 
g), which was used in the next step without further purification. 1H NMR (500 MHz, CHLOROFORM-
d) δ ppm 7.40 - 7.44 (m, 2 H), 7.24 - 7.28 (m, 2 H), 4.22 (t, J=10.32 Hz, 1 H), 3.65 - 3.73 (m, 1 H), 
3.53 - 3.61 (m, 1 H). 
 
3-(4-Chlorophenyl)cyclobutanone [5] 
To a solution of 2,2-dichloro-3-(4-chlorophenyl)cyclobutanone [4] (0.875 g, 3.51 mmol) in acetic acid 
(22 mL), zinc (1.147 g, 17.53 mmol) was added in several portions. The suspension was stirred at room 
temperature overnight. The reaction mixture was concentrated under reduced pressure and diluted with 
diethyl ether, filtered through celite and the solid washed using diethyl ether. The filtrate was washed 
with saturated aqueous NaHCO3 (6 x 25 mL) and brine (40 mL) and dried over anhydrous Na2SO4. The 
solution was filtered and the solvent removed under reduced pressure. The crude product was purified 
on a silica gel column (heptane/ethyl acetate, 9:1). Collected fractions 32-44 were combined and the 
solvent removed under reduced pressure. Compound [5] was collected as a pale yellow liquid (0.411 g). 
Yield 52 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 7.34 (m, 2 H), 7.24 (m, 2 H), 3.63 - 3.71 
(m, 1 H), 3.48 - 3.56 (m, 2 H), 3.19 - 3.26 (m, 2 H). MS m/z 180 [M]+. 
 
1-Chloro-4-(3-methylenecyclobutyl)benzene [6] 
Potassium bis(trimethylsilyl)amide (4.43 mL, 2.21 mmol) was added dropwise to a solution of 
methyltriphenylphosphonium bromide (0.791 g, 2.21 mmol) in THF (2.0 mL) at 0°C. The mixture was 
stirred at room temperature during 30 min and then cooled to 0°C before 3-(4-
chlorophenyl)cyclobutanone [5] (0.200 g, 1.11 mmol) in THF (1.0 mL) was added dropwise. The 
reaction mixture was stirred at room temperature over 2 h and quenched using aqueous NH4Cl and 
extracted with pentane. The organic phases were combined, washed with water (2 x 50 mL) and brine 
(50 mL), dried over anhydrous Na2SO4 and filtered before the solvent was removed under reduced 
pressure. The crude product was purified on a silica gel column (heptane/ethyl acetate, 99:1). Collected 
fractions 7-10 were combined and the solvent removed under reduced pressure. Compound [6] was 
collected as a colorless liquid (0.122 g). Yield 31 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 
7.26 - 7.30 (m, 2 H), 7.18 - 7.23 (m, 2 H), 4.85 (tt, J=2.60, 2.21 Hz, 2 H), 3.50 (qd, J=8.38, 8.12 Hz, 1 
H), 3.07 - 3.16 (m, 2 H), 2.77 - 2.85 (m, 2 H).  13C NMR (125 MHz, CHLOROFORM-d) δ ppm 145.46, 
144.10, 131.58, 128.37, 127.83, 106.04, 39.68, 34.27. MS m/z 178 [M]+. 
 
1,1-Dichloro-6-(4-chlorophenyl)spiro[3.3]heptan-2-one [7] 
Dropwise to a suspension of 1-chloro-4-(3-methylenecyclobutyl)benzene [6] (0.100 g, 0.56 mmol) and 
freshly prepared Zn(Cu) (0.110 g, 1.68 mmol) in diethyl ether (1.1 mL) a solution of phosphorus 
oxychloride (57 μL, 0.62 mmol) and trichloroacetyl chloride (125 μL, 1.12 mmol) in diethyl ether (0.6 
mL) was added over 5 min. The reaction mixture was heated at 40°C during 2 h and stirred at room 
temperature overnight. The reaction mixture was diluted with diethyl ether (0.5 mL) and filtered 
through celite. The solid washed using diethyl ether and heptane (50 mL) was added to the filtrate. The 
filtrate was washed using water (2 x 30 mL), saturated aqueous NaHCO3 (2 x 30 mL) and brine (2 x 30 
mL). The organic phase was dried over anhydrous Na2SO4 and filtered before the solvent was removed 
under reduced pressure. The crude product was collected as yellow solid (0.129 g), which was used in 
the next step without further purification. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 7.30 - 7.34 
(m, 2 H), 7.15 - 7.20 (m, 2 H), 3.52 - 3.55 (m, 1 H), 3.38 - 3.46 (m, 1 H), 3.31 (s, 1 H), 3.08 - 3.15 (m, 
1 H), 2.68 (dddd, J=12.41, 10.01, 2.56, 2.29 Hz, 1 H), 2.42 - 2.49 (m, 1 H), 2.31 - 2.38 (m, 1 H).  
 
6-(4-Chlorophenyl)spiro[3.3]heptan-2-one [8] 
1,1-Dichloro-6-(4-chlorophenyl)spiro[3.3]heptan-2-one [7] (0.129 g, 0.45 mmol) was dissolved in 
acetic acid (2.8 mL) and zinc (0.179 g, 2.74 mmol) was added in several portions. The reaction mixture 
was stirred at room temperature overnight. The reaction mixture was filtered through celite and the 
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solid washed with diethyl ether. The filtrate was washed using saturated aqueous NaHCO3 (3 x 20 mL) 
and brine (20 mL). The organic phase was dried over anhydrous Na2SO4 and filtered before the solvent 
was removed under reduced pressure. Compound [8] was collected as a pale yellow solid (0.061 g). 
Yield 62 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 7.25 - 7.31 (m, 2 H), 7.12 - 7.18 (m, 2 H), 
3.45 - 3.59 (m, 2 H), 3.24 - 3.29 (m, 2 H), 3.04 - 3.08 (m, 2 H), 2.60 (dddd, J=11.37, 8.37, 2.48, 2.21 
Hz, 2 H), 2.37 - 2.44 (m, 2 H).  13C NMR (125 MHz, CHLOROFORM-d) δ ppm 143.06, 128.42, 
127.67, 65.87, 59.25, 57.98, 41.25, 34.25, 15.28. MS m/z 220 [M]+. 
 
6-(4-Chlorophenyl)-N-methylspiro[3.3]heptan-2-amine [9] 
Methylamine (2M in MeOH, 28 µL, 0.55 mmol) and acetic acid (10 µL, 0.17 mmol) was added to a 
solution of 6-(4-chlorophenyl)spiro[3.3]heptan-2-one [8] (0.061 g, 0.28 mmol) in DCE (1.5 mL) and 
the solution was stirred at room temperature over 1 h. Sodium triacetoxyhydroborate (0.117 g, 0.55 
mmol) was added and the reaction mixture stirred at room temperature overnight. The reaction mixture 
was concentrated under reduced pressure, diluted using dichloromethane (25 mL) and washed with 
saturated aqueous NaHCO3 (2 x 25 mL) and brine (2 x 25 mL). The organic phase was dried over 
anhydrous Na2SO4 and filtered before the solvent was removed under reduced pressure. The crude 
product was purified on a silica gel column (5-10 vol % MeOH and 1-2 vol % NH3 (7N in MeOH) in 
DCM). Collected fractions 39-126 were combined and the solvent removed under reduced pressure. 
Compound [9] was collected as a white solid (0.014 g). Yield 21 %. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.23 - 7.27 (m, 2 H), 7.05 - 7.13 (m, 2 H), 3.36 - 3.52 (m, 2 H), 2.56 - 2.63 
(m, 1H), 2.52 - 2.56 (m, 3 H), 2.41 - 2.52 (m, 3 H), 2.33 - 2.40 (m, 1 H), 2.26 - 2.33 (m, 1 H), 2.11 - 
2.20 (m, 2 H). 13C NMR (125 MHz, CHLOROFORM-d) δ ppm 143.30, 131.56, 128.33, 127.62, 49.14, 
41.69, 40.98, 38.91, 37.99, 34.13, 33.37, 30.49. MS m/z 236 [M+1]+. Multiplicity edited HSQC is 
indicative of the amine rather than the imine (Appendix 1). 
 
N-(6-(4-Chlorophenyl)spiro[3.3]heptan-2-yl)-N,1-dimethyl-1H-imidazole-4-sulfonamide [2] 
6-(4-Chlorophenyl)-N-methylspiro[3.3]heptan-2-amine [9] (10.0 mg, 0.04 mmol) was dissolved in 
DCM (2 mL) and triethylamine (0.012 mL, 0.08 mmol) was added. The solution was cooled to 0°C and 
1-methyl-1H-imidazole-4-sulfonyl chloride (7.66 mg, 0.04 mmol) was added. The reaction mixture 
was stirred at room temperature overnight. The reaction mixture was cooled to 0°C before 1-methyl-
1H-imidazole-4-sulfonyl chloride (1.532 mg, 8.48µmol) was added and the reaction mixture stirred at 
room temperature overnight. The reaction mixture was cooled to 0°C before 1-methyl-1H-imidazole-4-
sulfonyl chloride (1.149 mg, 6.36 µmol) was added and the reaction mixture stirred at room 
temperature overnight. The solvent was removed under reduced pressure and the crude product was 
purified using preparative chromatography (35-75 % of MeCN(100%) in 95 % 0.1M NH4OAc in 
MilliQ water and 5 % MeCN). Fractions 4-5 were combined and the solvent removed under reduced 
pressure. Compound [2] was collected as a white solid (0.008 g). Yield 51 %. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.45 - 7.53 (1 H, m), 7.38 - 7.45 (1 H, m), 7.21 - 7.26 (2 H, m), 7.04 - 7.11 
(2 H, m), 4.10 - 4.21 (1 H, m), 3.77 (3 H, s), 3.37 (1 H, quin, J=8.84 Hz), 2.79 (3 H, s), 2.44 - 2.52 (1 
H, m), 2.35 - 2.43 (1 H, m), 2.19 - 2.33 (2 H, m), 2.02 - 2.15 (4 H, m). 13C NMR (125 MHz, 
CHLOROFORM-d) δ ppm 143.82, 139.09, 138.92, 131.37, 128.25, 127.67, 124.10, 48.70, 41.74, 
41.03, 40.31, 39.33, 34.35, 33.97, 32.78, 30.98. MS m/z 380 [M+1]+. 
 
3-(Benzyloxymethyl)-2,2-dichlorocyclobutanone [10] 
To a suspension of allyl benzyl ether (3.13 mL, 20.24 mmol) and freshly prepared Zn(Cu) (4.36 g, 
66.80 mmol) in diethyl ether (50 mL) a solution of phosphoryl trichloride (3.77 mL, 40.5 mmol) and 
trichloroacetyl chloride (4.52 mL, 40.5 mmol) in diethyl ether (15 mL) was added dropwise over 30 
min. The reaction mixture was stirred at room temperature over 45 min and refluxed at 50°C during 45 
h. The reaction mixture was filtered through celite and the solid washed using diethyl ether. Heptane 
(100 mL) was added to the stirred filtrate. The filtrate was washed using water (2 x 100 mL), saturated 
aqueous NaHCO3 (2 x 150 mL) and brine (2 x 150 mL). The organic phase was dried over anhydrous 
Na2SO4 and filtered before the solvent was removed under reduced pressure. The crude product was 
collected as a yellow liquid (5.432 g), which was used in the next step without further purification. 1H 
NMR (500 MHz, CHLOROFORM-d) δ ppm 7.28 - 7.43 (8 H, m), 4.59 (2 H, s), 3.83 - 3.88 (1 H, m), 
3.70 (1 H, dd), 3.42 - 3.48 (1 H, m), 3.11 - 3.25 (2 H, m).  
 
3-(Benzyloxymethyl)cyclobutanone [11] 
To a solution of 3-(benzyloxymethyl)-2,2-dichlorocyclobutanone [10] (5.432 g, 20.96 mmol) in acetic 
acid (90 mL) zinc (8.376 g, 128.09 mmol) was added in several portions and the mixture was stirred at 
room temperature overnight. The reaction mixture was filtered through celite and the solid washed with 
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diethyl ether. The filtrate was concentrated under reduced pressure, diluted with diethyl ether and 
washed using saturated aqueous NaHCO3 (5 x 40 mL) and brine (2 x 40 mL). The organic phase was 
dried over anhydrous Na2SO4 and filtered before the solvent was removed under reduced pressure. The 
crude product was purified using flash column chromatography (ethyl acetate 0-50 % in heptane). 
Collected fractions 14-18 were combined and the solvent removed under reduced pressure. Compound 
[11] was collected as colorless liquid (1.878 g). Yield 42 % 1H NMR (500 MHz, CHLOROFORM-d) δ 
ppm 7.29 - 7.40 (m, 5 H), 4.57 (s, 2 H), 3.60 (d, J=6.31 Hz, 2 H), 3.10 - 3.19 (m, 2 H), 2.85 - 2.94 (m, 2 
H), 2.66 - 2.76 (m, 1 H). 13C NMR (125 MHz, CHLOROFORM-d) δ ppm 207.62, 138.00, 128.45, 
127.76, 127.66, 73.19, 72.87, 50.04, 23.64. MS m/z 191[M+1]+. 
 
(((3-Methylenecyclobutyl)methoxy)methyl)benzene [12] 
To a solution of methyltriphenylphosphonium bromide (5.15 g, 14.42 mmol) in THF (59 mL), n-BuLi 
(1.6 M, 7.2 mL, 11.5 mmol) was added dropwise over 25 min. The reaction mixture was stirred at room 
temperature over 3 h. To this mixture a solution of 3-(benzyloxymethyl)cyclobutanone [11] (1.683 g, 
8.85 mmol) in THF (12 mL) was added dropwise over 20 min. The reaction mixture was stirred at 
room temperature during 40 min. The reaction was quenched using aqueous NH4Cl and the organic 
phase diluted with diethyl ether (100 mL). The organic phase was washed using water (3 x 75 mL) and 
brine (75 mL), dried over anhydrous Na2SO4 and filtered. The solvent was removed under reduced 
pressure. The crude product was purified using flash column chromatography (0-50 % ethyl acetate in 
heptane). Collected fractions 7-9 were combined and the solvent removed under reduced pressure. 
Compound [12] was collected as a yellow liquid (1.013 g). Yield 61 %. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.27 - 7.38 (5 H, m), 4.77 (2 H, quin, J=2.44 Hz), 4.52 - 4.56 (2 H, m), 3.48 
- 3.53 (2 H, m), 2.76 - 2.85 (2 H, m), 2.55 - 2.65 (1 H, m), 2.39 - 2.48 (2 H, m). 13C NMR (125 MHz, 
CHLOROFORM-d) δ ppm 147.11, 138.49, 128.36, 127.64, 127.54, 106.29, 74.35, 73.02, 34.83, 29.57. 
MS m/z 189 [M+1]+. 
 
6-(Benzyloxymethyl)-1,1-dichlorospiro[3.3]heptan-2-one [13] 
To a suspension of (((3-methylenecyclobutyl)methoxy)methyl)benzene [12] (1.398 g, 7.426 mmol) and 
Zn(Cu) (1.601 g, 24.51 mmol) in diethyl ether (18 mL) a solution of phosphorus oxychloride (1.38 mL, 
14.9 mmol) and trichloroacetyl chloride (1.66 mL, 14.9 mmol) in diethyl ether (5 mL) was added 
dropwise over 20 min. The reaction mixture was refluxed at 50°C overnight. The reaction mixture was 
filtered through celite and the solid washed using diethyl ether. Heptane (100 mL) was added to the 
stirred filtrate and the filtrate was washed using water (2 x 100 mL), saturated aqueous NaHCO3 (2 x 
150 mL) and brine (2 x 150 mL). The organic phase was dried over anhydrous Na2SO4 and filtered 
before the solvent was removed under reduced pressure. The crude product was collected as a yellow 
liquid (2.379 g), which was used in the next step without further purification. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.28 - 7.40 (m, 15 H), 4.53 - 4.56 (m, 5 H), 3.40 (s, 2 H), 3.27 (s, 2 H), 2.74 
- 2.81 (m, 2 H), 2.54 (d, J=5.67 Hz, 3 H), 2.36 - 2.43 (m, 3 H), 2.09 - 2.16 (m, 2 H), 1.99 (dd, J=13.48, 
6.07 Hz, 2 H). 
 
6-(Benzyloxymethyl)spiro[3.3]heptan-2-one [14] 
To a solution of 6-(benzyloxymethyl)-1,1-dichlorospiro[3.3]heptan-2-one [13] (2.409 g, 8.05 mmol) in 
acetic acid (43 mL) zinc (3.22 g, 49.20 mmol) was added in several portions and the mixture was 
stirred at room temperature overnight. The reaction mixture was filtered through celite and the solid 
washed using diethyl ether. The filtrate was concentrated under reduced pressure, diluted using diethyl 
ether (100 mL) and washed using saturated aqueous NaHCO3 (3 x 50 mL) and brine (2 x 50 mL). The 
organic phase was dried over anhydrous Na2SO4 and filtered before the solvent was removed under 
reduced pressure. The crude product was purified using flash column chromatography (0-50 % ethyl 
acetate in heptane). Collected fractions 4-7 were combined and the solvent removed under reduced 
pressure. Compound [14] was collected as a colorless liquid (0.690 g). Yield 37 %. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.28 - 7.39 (5 H, m), 4.53 (2 H, s), 3.47 (2 H, d, J=6.62 Hz), 3.09 - 3.15 (2 
H, m), 2.97 - 3.03 (2 H, m), 2.56 - 2.66 (1 H, m), 2.27 - 2.36 (2 H, m), 2.04 - 2.12 (2 H, m). 13C NMR 
(125 MHz, CHLOROFORM-d) δ ppm 138.41, 128.38, 127.64, 127.60, 74.06, 73.02, 59.63, 59.03, 
36.94, 29.77, 29.74. MS m/z 231 [M+1]+. 
 
6-(Benzyloxymethyl)-N-methylspiro[3.3]heptan-2-amine [15] 
To a solution of 6-(benzyloxymethyl)spiro[3.3]heptan-2-one [14] (0.300 g, 1.30 mmol) and acetic acid 
(40 μL, 0.65 mmol) in DCE (6.5 mL), methylamine (2M in MeOH, 1.30 mL, 2.61 mmol) was added 
dropwise. The reaction mixture was stirred at room temperature over 1 h. Sodium 
triacetoxyhydroborate (0.552 g, 2.61 mmol) was added and the reaction mixture stirred at room 
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temperature overnight. The reaction mixture was neutralized using saturated aqueous NaHCO3 (50 mL) 
and extracted using DCM (2 x 50 mL). The organic phases were combined, dried over anhydrous 
Na2SO4 and filtered before the solvent was removed under reduced pressure. The crude product was 
dissolved in DCE (6.5 mL). Methylamine (2M in MeOH, 1.30 mL, 2.61 mmol) and acetic acid (37 μL, 
0.65 mmol) was added. The mixture was stirred at room temperature during 1.5 h. Sodium 
triacetoxyhydroborate (0.552 g, 2.61 mmol) was added and the reaction mixture was stirred at room 
temperature over 72 h. The reaction mixture was neutralized using saturated aqueous NaHCO3 (50 mL) 
and extracted using DCM (2 x 25 mL). The organic phases were combined, dried over anhydrous 
Na2SO4 and filtered before the solvent was removed under reduced pressure. The crude product was 
purified using flash column chromatography (DCM/methanol (95:5) with 4 vol % NH3 (7N in 
methanol)). Fractions 6-10 were collected and the solvent removed under reduced pressure. 0.177 g 
crude product was collected and taken to the next synthetic step without further purification. 
 
N-(6-(Benzyloxymethyl)spiro[3.3]heptan-2-yl)-N,1-dimethyl-1H-imidazole-4-sulfonamide [1] 
Triethylamine (0.20 mL, 1.44 mmol) was added to a solution of 6-(benzyloxymethyl)-N-
methylspiro[3.3]heptan-2-amine [15] (0.177 g, 0.72 mmol) in DCM (6 mL). The solution was cooled to 
0°C and 1-methyl-1H-imidazole-4-sulfonyl chloride (0.156 g, 0.87 mmol) was added in three portions. 
The reaction mixture was allowed to reach room temperature and then stirred overnight. The solvent 
was removed under reduced pressure. The crude product was purified using preparative 
chromatography. (30-70 % of MeCN (100 %) in 95 % 0.1 M NH4OAc in MilliQ water and 5 % 
MeCN). Fractions were combined and the solvent removed under reduced pressure. Compound [1] was 
collected as a yellow liquid (0.114 g ). Yield 41 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 
7.45 - 7.49 (m, 1 H), 7.38 - 7.42 (m, 1 H), 7.27 - 7.37 (m, 5 H), 4.49 (s, 2 H), 4.02 - 4.11 (m, 1 H), 3.76 
(s, 3 H), 3.35 - 3.42 (m, 2 H), 2.73 - 2.79 (m, 3 H), 2.46 (ddd, J=15.09, 7.45, 7.25 Hz, 1 H), 2.18 - 2.25 
(m, 1 H), 2.07 - 2.18 (m, 2 H), 2.03 - 2.07 (m, 2 H), 1.96 - 2.03 (m, 1 H), 1.80 (dd, J=11.27, 7.49 Hz, 1 
H), 1.73 (dd, J=11.59, 7.49 Hz, 1 H). 13C NMR (100 MHz, CHLOROFORM-d) δ ppm 139.20, 138.92, 
138.61, 128.38, 127.63, 127.55, 124.09, 74.78, 72.95, 48.61, 40.69, 40.43, 37.59, 36.83, 34.00, 33.53, 
31.01. MS m/z 390 [M+1]+. 
 
5,5-Dichloro-6-oxospiro[3.3]heptane-2-carbonitrile [16] 
To a suspension of 3-methylenecyclobutanecarbonitrile (0.25 mL, 2.5 mmol) and Zn(Cu) (0.490 g, 
7.50 mmol) in diethyl ether (5 mL) a solution of phosphorus oxychloride (0.26 mL, 2.75 mmol) and 
trichloroacetyl chloride (0.56 mL, 5.00 mmol) in diethyl ether (2.5 mL) was added dropwise. The 
mixture was heated at 40°C for 2 h and stirred at room temperature overnight. No product was detected 
using 1H NMR. 
 
2,2-Dichloro-3-(pyridin-2-yl)cyclobutanone [17] 
To a suspension of 2-vinylpyridine (0.308 mL, 2.85 mmol) and Zn(Cu) (0.559 g, 8.56 mmol) in diethyl 
ether (5.7 mL) a solution of phosphorus oxychloride (0.29 mL, 3.14 mmol) and trichloroacetyl chloride 
(0.64 mL, 5.71 mmol) in diethyl ether (2.8 mL) was added dropwise over 5 min. The reaction mixture 
was stirred at room temperature overnight. No product was detected using 1H NMR. 
 
3,3-Bis(bromomethyl)-1-phenylcyclobutanecarbonitrile [18] 
Phenylacetonitrile (0.060 mL, 0.52 mmol) was added dropwise to a suspension of sodium hydride 
(60 % dispersion in mineral oil, 26.0 mg, 1.08 mmol) in DMF (1 mL). Pentaerythritol tetrabromide 
(200 mg, 0.52 mmol) was added and the reaction mixture was heated at 50°C for 4 h and stirred at 
room temperature during 70 h. The reaction mixture was heated at 70°C for 8 h. Trace amounts of 
product was identified using GC-MS, MS m/z 343 [M]+. 
 
3,3-Dimethoxy-1-phenylcyclobutanecarbonitrile [19] 
Phenylacetonitrile (0.18 mL, 1.53 mmol) was added dropwise to a suspension of sodium hydride (60 % 
dispersion in mineral oil , 0.067 g, 1.68 mmol) in DMF (1 mL). 1,3-Dibromo-2,2-dimethoxypropane 
(0.200 g, 0.76 mmol) was added and the reaction mixture heated at 70°C overnight. The reaction was 
quenched using water (40 mL) and extracted using diethyl ether (3 x 20 mL). The organic phases were 
combined, washed using water (2 x 25 mL), dried over anhydrous Na2SO4 and filtered before the 
solvent was removed under reduced pressure. The crude product was purified on a silica gel column 
(heptane/ethyl acetate, 8:2). Fractions 7-11 were combined and the solvent removed under reduced 
pressure. Compound [19] was collected as a white solid (0.107 g), Yield 65 %. 1H NMR (500 MHz, 
CHLOROFORM-d) δ ppm 7.46 - 7.52 (m, 2 H), 7.38 - 7.45 (m, 2 H), 7.31 - 7.37 (m, 1 H), 3.28 - 3.32 
(m, 3 H), 3.18 - 3.22 (m, 3 H), 3.08 - 3.16 (m, 2 H), 2.71 - 2.79 (m, 2 H). MS m/z 218 [M+1]+. 
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5,5-Bis(bromomethyl)-2,2-dimethyl-1,3-dioxane [20] 
To a solution of 2,2-bis(bromomethyl)-1,3-propanediol (3.00 g, 11.5 mmol) in acetone (40 mL), 2,2-
dimethoxypropane (9.85 mL, 80.17 mmol) and p-toluene sulfonic acid monohydrate (0.018 g, 0.10 
mmol) were added. The reaction mixture was stirred at room temperature over 3 h. The reaction 
mixture was neutralized using saturated aqueous NaHCO3. The reaction mixture was parted between 
diethyl ether (75 mL) and water (50 mL). The organic phase was dried over anhydrous Na2SO4 and 
filtered before the solvent was removed under reduced pressure. Product [20] was collected as white 
solid (3.124 g). Yield 90 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 3.81 (4 H, s) 3.59 (4 H, s) 
1.43 (6 H, s). MS m/z 303 [M+1]+. 
 
7,7-Dimethyl-2-phenyl-6,8-dioxaspiro[3.5]nonane-2-carbonitrile [21] 
Phenylacetonitrile (2.29 mL, 19.9 mmol) was added dropwise over 15 min to a suspension of sodium 
hydride (60 % dispersion in mineral oil, 1.987 g, 49.67 mmol) in DMF (20 mL) at 0°C. The reaction 
mixture was stirred at 0°C for another 10 min and 5,5-bis(bromomethyl)-2,2-dimethyl-1,3-dioxane [20] 
(3.00 g, 9.93 mmol) in DMF (2 mL) was added dropwise over 15 min. The reaction mixture was held 
at 0°C for another 20 min and then heated at 70°C overnight. The reaction was quenched using water 
(100 mL) and extracted using diethyl ether (3 x 75 mL). The organic phases were combined, washed 
using water (4 x 50 mL) and brine (3 x 50 mL), dried over anhydrous Na2SO4 and filtered before the 
solvent was removed under reduced pressure. The crude product was purified using flash column 
chromatography (0-50 % ethyl acetate in heptane). Fractions 16-24 were collected and the solvent 
removed under reduced pressure. Compound [21] was collected as a white solid (2.146 g). Yield 74 %. 
1H NMR (500 MHz, CHLOROFORM-d) δ ppm 7.31 - 7.45 (m, 5 H), 4.08 - 4.13 (m, 2 H), 3.66 - 3.72 
(m, 2 H), 2.81 - 2.88 (m, 2 H), 2.50 - 2.56 (m, 2 H), 1.39 - 1.46 (m, 6 H). 13C NMR (125 MHz, 
CHLOROFORM-d) δ ppm 139.74, 129.10, 128.06, 125.72, 124.42, 98.00, 68.88, 68.18, 40.64, 33.80, 
32.36, 23.62. MS m/z 258 [M+1]+.  
 
3,3-Bis(hydroxymethyl)-1-phenylcyclobutanecarbonitrile [22] 
7,7-Dimethyl-2-phenyl-6,8-dioxaspiro[3.5]nonane-2-carbonitrile [21] (1.00 g, 3.89 mmol) and p-
toluenesulfonic acid monohydrate (0.134 g, 0.78 mmol) was dissolved in methanol (34 mL) and stirred 
at room temperature during 1 h. The reaction mixture was neutralized using saturated aqueous NaHCO3, 
diluted using water (150 mL) and the aqueous solution was extracted using diethyl ether (3 x 50 mL). 
The organic phases were combined, washed with brine (70 mL), dried over anhydrous Na2SO4 and 
filtered. The solvent was removed under reduced pressure. Product [22] was collected as a white solid 
(0.784 g). Yield 93 %. 1H NMR (400 MHz, CHLOROFORM-d) δ ppm 7.29 - 7.50 (m, 5 H), 4.12 (s, 2 
H), 3.71 (s, 2 H), 2.73 - 2.84 (m, 2 H), 2.56 - 2.68 (m, 2 H). MS m/z 217 [M]+. 
 
(3-Cyano-3-phenylcyclobutane-1,1-diyl)bis(methylene) dimethanesulfonate [23] 
Pyridine (0.15 mL, 1.84 mmol) was added to a solution of 3,3-bis(hydroxymethyl)-1-
phenylcyclobutanecarbonitrile [22] (0.100 g, 0.46 mmol) dissolved in DCM (5.2 mL). The solution was 
cooled to 0°C and methanesulfonyl chloride (0.143 mL, 1.84 mmol) was added dropwise. The reaction 
mixture was stirred at room temperature overnight. The reaction mixture was cooled to 0°C before 
pyridine (37 μL, 0.46 mmol) and methanesulfonyl chloride (36 μL, 0.46 mmol) was added. The 
reaction mixture was stirred at room temperature over 72 h. The reaction mixture was diluted with 
DCM (20 mL) and washed using water (2 x 20 mL). The organic phase was dried over anhydrous 
Na2SO4 and filtered before the solvent was removed under reduced pressure. Compound [23] was 
collected as a yellow liquid (0.169 g). Yield 98 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 
7.34 - 7.48 (m, 5 H), 4.58 - 4.61 (m, 2 H), 4.18 - 4.22 (m, 2 H), 3.65 - 3.70 (m, 1 H), 3.14 - 3.19 (m, 3 
H), 2.99 - 3.04 (m, 3 H), 2.91 - 2.97 (m, 2 H), 2.74 - 2.80 (m, 2 H). MS m/z 374 [M+1]+. 
 
Diethyl 6-cyano-6-phenylspiro[3.3]heptane-2,2-dicarboxylate [3] 
Diethyl malonate (0.13 mL, 0.86 mmol) was added dropwise to a suspension of sodium hydride (60 % 
dispersion in mineral oil , 0.023 g, 0.94 mmol) in DMF (0.3 mL). To the reaction mixture (3-cyano-3-
phenylcyclobutane-1,1-diyl)bis(methylene) dimethanesulfonate [23] (0.160 g, 0.43 mmol) dissolved in 
DMF (0.3 mL) was added dropwise. The reaction mixture was heated at 70°C overnight and stirred at 
room temperature over 2 weeks. The reaction mixture was heated at 100°C during 22 h. The mixture 
was cooled to room temperature and sodium hydride (8.57 mg, 0.21 mmol) was added before the 
mixture was heated at 100°C overnight. Sodium hydride (0.017 g, 0.43 mmol) was added and the 
reaction mixture heated at 140°C over 5h. The reaction mixture was stirred at room temperature over 
72 h. NH4Cl (60 mL) was added and the reaction mixture was extracted using diethyl ether (3 x 50 
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mL). The combined extracts were washed using water (2 x 50 mL), saturated aqueous NaHCO3 (2 x 50 
mL) and brine (50 mL). The organic phase was dried over anhydrous Na2SO4 and filtered before the 
solvent was removed under reduced pressure. The crude product was purified using flash column 
chromatography (10-50 % ethyl acetate in heptane). Collected fractions 12-14 were combined and the 
solvent was removed under reduced pressure.  Compound [3] was collected as a colorless liquid (0.008 
g). Yield 5 %. 1H NMR (500 MHz, CHLOROFORM-d) δ ppm 7.29 - 7.44 (m, 5 H), 4.17 - 4.28 (m, 4 
H), 2.93 - 3.01 (m, 4 H), 2.67 - 2.75 (m, 2 H), 2.58 (s, 2 H), 1.27 (t, J=7.09 Hz, 6 H). 13C NMR (100 
MHz, CHLOROFORM-d) δ ppm 171.36, 139.22, 128.97, 127.93, 125.58, 124.21, 61.65, 48.60, 46.84, 
41.70, 40.47, 35.17, 33.93, 14.03. MS m/z 342 [M+1]+. 
 
Ethyl 3-oxocyclobutanecarboxylate [24] 
3-Oxocyclobutanecarboxylic acid (0.050 g, 0.44 mmol), ethanol (0.026 mL, 0.44 mmol), 4-
dimethylaminopyridine (5.35 mg, 0.04 mmol) and N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide 
hydrochloride (0.126 g, 0.66 mmol) were dissolved in DCM (2.5 mL). The solution was stirred at room 
temperature overnight. The reaction mixture was diluted using DCM (10 mL) and washed using water 
(3 x 10 mL). The aqueous phases were combined and extracted using DCM (2 x 10 mL). The organic 
phases were combined and dried over anhydrous Na2SO4 before the solvent was removed under 
reduced pressure. Compound [24] was collected as a yellow liquid (0.046 g). Yield 74 %. 1H NMR 
(500 MHz, CHLOROFORM-d) δ ppm 4.23 (q, J=7.20 Hz, 2 H), 3.39 - 3.47 (m, 2 H), 3.26 - 3.34 (m, 2 
H), 3.18 - 3.26 (m, 1 H), 1.31 (t, J=7.17 Hz, 3 H). MS m/z 143 [M+1]+. 
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Appendix 1.  
Multiplicity edited HSQC of amine [9] 
 
Multiplicity edited HSQC shows CH as negative signals (black) and CH3 and CH2 as positive (red). 
The spectrum shows four CH2 signals, two aliphatic CH signals, one with a carbon-13 chemical shift of 
49 ppm indicative of a C-N bond. The other CH-carbon has a chemical shift of 34 ppm, which matches 
well a carbon linked to a phenyl. This shows the amine, rather than the imine. 
 
 

 


