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ABSTRACT: Covalent templating provides an attractive solution to the controlled synthesis of linear oligomers, because a template oligomer 
can be used to define the precise length and sequence of the product. If the monomer units are attached to the template using kinetically inert 
covalent bonds, it should be possible to operate at high dilution to favour intramolecular over intermolecular reaction. However, for oligomer-
isation reactions using copper catalysed azide alkyne cycloaddition (CuAAC) this is not the case. The rate limiting step is formation of an 
activated copper complex, so any alkyne that is activated by copper reacts rapidly with the nearest available azide. As a result, every time a chain 
end alkyne is activated, rapid intermolecular reaction takes place with a different oligomer leading to the formation of higher order products. It 
proved possible to block these intermolecular reactions by adding an excess of an azide capping agent that intercepts the chain end of the 
growing oligomer on the template. By adjusting the concentration of the capping agent to compete effectively with the unwanted intermolecular 
reactions without interfering with the desired intramolecular reactions, it was possible to obtain quantitative yields of copy strands from cova-
lent template-directed oligomerisation reactions. Remarkably the capping agent could also be used to control the stereochemistry of the duplex 
formed in the templated oligomerisation reaction to give exclusively the antiparallel product.  

INTRODUCTION 
Template-directed synthesis is a powerful tool for the construc-

tion of complex molecular architectures.1-9 Conventionally, templat-
ing is used to direct ring closure of a macrocyclic product, as first de-
scribed for crown ether synthesis half a century ago.4,8-12 Macrocyclic 
oligomers are attractive targets, because after ring closure takes place 
no further reaction is possible. Linear oligomers represent a more 
challenging synthetic target, because the chain ends carry reactive 
groups that can undergo further reaction.13  

Non-covalent templating has become the method of choice for 
macrocycle synthesis, because removal of the template after the re-
action has taken place is usually straightforward. However, covalent 
template-directed synthesis14-22 offers a number of advantages over 
the non-covalent approach. When the building blocks are attached 
to the template using kinetically inert covalent bonds, it is possible 
to isolate and characterise the key intermediates, which are difficult 
to identify in systems where all species are in dynamic equilibrium. 
In covalent templating, separate steps are used for attachment of re-
actants to the template and the templated reaction. Quantitative at-
tachment to the template can be driven by using very high concen-
trations of reactants, and intramolecular reactions on the template 
can be favoured over competing intermolecular reactions by using 
very low concentrations in the templated reaction step. These op-
tions are not available in non-covalent systems, where attachment of 
reactants to the template and the templated reaction take place in 
the same step. In non-covalent template-directed synthesis, the 
choice of concentration is compromised: high concentrations are re-
quired to ensure efficient binding of reactants to the template and 
low concentrations are required to ensure intramolecular reactions 
on the template are faster than competing intermolecular 

reactions.23 The products from covalent templating are kinetically 
stable compounds, and so the origin of any side-products in the tem-
plated reaction can be investigated by characterising the structures 
of the template-bound species, providing an opportunity for rational 
reaction optimisation. Covalent template-directed synthesis is 
therefore particularly well-suited to templating the construction of 
challenging targets such as linear oligomers. 

Template-directed synthesis of linear oligomers is one of the most 
important processes in biology. Synthesis of DNA, RNA and pro-
teins all rely on the transfer of sequence information from a nucleic 
acid template to a templated product.24-26 These processes are all 
controlled by complex enzymatic machinery that adds monomer 
units stepwise onto a growing chain end. Start and stop sites for lin-
ear oligomer synthesis are programmed into the nucleic acid tem-
plate, so the chain ends of the templated product are well-defined, 
and the error rates are extremely low.  

One of the challenges in template-directed synthesis of linear oli-
gomers is that the reactive chain ends can lead to uncontrolled 
polymerization, unless start and stop sites are built into the templat-
ing process. Control can be achieved through concentration, reac-
tion time or addition of end-capping reagents to minimize undesired 
reactions at chain ends.13 We have been working on the development 
of a chemical approach to the template-directed synthesis of linear 
oligomers that uses kinetically inert covalent base-pairing as the ba-
sis for sequence information transfer between parent and daughter 
strands.27 Realisation of an efficient process would open the way for 
the application of molecular evolution to search the huge chemical 
space constituted by synthetic mixed sequence oligomers.28,29 The in 
situ capping reactions described in this paper represent an important 
step in that direction. 



 

 

Figure 1. Covalent template-directed synthesis of a linear oligomer. In 
the attach step, monomers (red) are coupled with complementary 
groups on the template (blue). In the ZIP step, intramolecular reactions 
between complementary reaction sites on the monomers (white dots) 
lead to oligomerisation. In the cleave step, the bonds connecting the new 
oligomer to the template are broken to regenerate the template (blue) 
and release the product (red). 

Figure 1 shows the key steps in the covalent template-directed 
synthesis of a linear oligomer. The monomer units are equipped with 
a functional group (red) that can be used for pairing with comple-
mentary sites on the template (blue) and two reactive groups (white 
dots) that can be coupled to give linear oligomers. In the first step, 
the monomer units are attached to the template strand by formation 
of covalent base-pairs. In the ZIP step, oligomerisation of the 

monomer units takes place on the template. Finally, the covalent 
base-pairs are cleaved to regenerate the template and release the 
complementary copy. 

Figure 2 shows how this approach was used for covalent template-
directed synthesis of a mixed sequence linear trimer.27 The base-pair-
ing chemistry used to attach the monomers to the template is for-
mation of esters between phenols and benzoic acids. Selective pro-
tection and deprotection of the phenol group on the template al-
lowed sequential attachment of the phenol monomers to the ben-
zoic acids on the template followed by attachment of the benzoic 
acid monomer to the phenol on the template to give the pre-ZIP in-
termediate shown in Figure 2. The backbone chemistry used in the 
ZIP step is the CuAAC reaction30-32 between the alkyne and azide 
groups on the monomers, which resulted in an oligotriazole back-
bone in the product duplex. Hydrolysis of the esters cleaved the 
base-pairs to regenerate the template and release the product strand. 
One end of the product strand was capped in situ with an azide in 
the ZIP step, and the other end was capped with an alkyne after the 
cleave step to give the sequence-complementary copy of the tem-
plate. 

 

Figure 2. Covalent template-directed synthesis of a mixed sequence linear trimer using ester base-pairs and CuAAC coupling reactions in the ZIP step. 
A series of protection-coupling-deprotection-coupling reactions was used to attach the monomer units to the template. The ZIP step was carried out 
in the presence of an azide to cap one chain end, and a second cap was added to the other chain end after cleavage from the template.27 

All of the steps in the covalent template-directed synthesis path-
way shown in Figure 2 proceeded in remarkably high yield, but the 
presence of the capping azide in the ZIP step proved to be crucial to 
success. Figure 3 illustrates why the ZIP step is likely to be the most 

difficult part of the templating cycle. A large number of different in-
termolecular and intramolecular reactions are possible. By operating 
at low concentrations, it should be possible to favour the intramolec-
ular reaction channel over the competing intermolecular reaction 

attach ZIP cleave

N
N

N
N

N

O
OH

O
N

N
N

N

O
N

N
N

N

CO2H

CO2H

N
N

N
N

N

O
O

O
N

N
N

N

O
N

N
N

N

O

O

O

O

N

O

N

O

N

O

N3

N3

N3

O
N

N
N

N

N

O
O

O
N

N
N

N

O
N

N
N

N

O

O

O

O

N

O

N

O

N

O
N
N

N

N
N

N

O

N3

N
N

N

HO2C
N

O

N3

CO2H

OH

OH

N

O

N

O

N

O
N

N
N

N
N

N

N3

N
N

N

CO2H

OH

OH

N

O

N

O

N

O
N

N
N

N
N

N

N

N
N

N

O

ZIP

template

complementary 
copy

duplex

N
N

OPh
N

N
N

N

OPhOPh

N
N

OPh

N3

cap

pre-ZIP

HO
N

O

N3

cleave

attach



 

channels. However, even if the intramolecular channel is highly fa-
voured, the templated product duplex still carries two reactive func-
tional groups on the chain ends. The yield of the templated product 
is likely to be degraded by slow intermolecular oligomerisation pro-
cesses or by intramolecular cyclisation of the chain ends to give mac-
rocycles. End-capping strategies are widely used in polymer synthe-
sis for chain-length control and chain-end functionalization.33-37 

Here we investigate the role of capping agents in controlling the 
product distribution of template-directed synthesis of linear oligo-
mers and show that the choice of reagent as well as the concentration 
regime is critical to the outcome. The experiments also provide fun-
damental insight into the mechanistic aspects of the CuAAC reac-
tion. 

 

 

Figure 3. Competing reaction pathways in the template synthesis of a 
linear oligomer. The intramolecular channel leads to the desired tem-
plated product, and the competing intermolecular reaction channels 
lead to higher order oligomers. The two terminal reactive sites in the 
templated product (white dots) can react further through intramolecu-
lar reactions to give macrocycles. 

RESULTS AND DISCUSSION 
The CuAAC ZIP reaction was investigated using two different di-

mer templates: a homo-dimer and a hetero-dimer. Monomer units 
equipped with reactive functional groups were attached to the tem-
plates, and the products formed in the presence and absence of a cap-
ping agent were characterised. The product of the ZIP reaction on a 
dimer template is a linear dimer, which cannot react further to give 
the cyclic dimer due to ring strain, so this system provides an oppor-
tunity to investigate how capping agents can be used to intercept in-
termolecular oligomerisation reactions without competition from 
intramolecular macrocyclisation. The hetero-dimer template allows 
attachment of two different monomer units, and this system was 
used to investigate the subtleties of the reaction kinetics that deter-
mine the optimum choice of capping agent and conditions. 

Synthesis 
Synthesis of the benzoic acid and phenol monomer building 

blocks is shown in Scheme 1. p-Azidoaniline 2 was synthesised from 
1 using literature procedures38 and coupled with mono-methyl 

terephthalate using EDC to give 3 (Scheme 1(a)).27 Amide 3 was al-
kylated with sodium hydride and benzyl bromide, and subsequent 
hydrolysis of the ester moiety with lithium hydroxide gave the 
mono-capped benzoic acid monomer 4. Alkylation of 3 with sodium 
hydride and TMS protected propargyl bromide afforded compound 
5 and a small percentage of deprotected ester 6. CuAAC reaction of 
5 with phenyl propargyl ether using copper(I) tetrakis(acetonitrile) 
hexafluorophosphate and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)me-
thyl]amine (CuTBTA) gave 7. Reaction of 7 with lithium hydroxide 
afforded the mono-capped benzoic acid monomer 8. Deprotection 
of 7 with TBAF gave ester 9. The protected phenol monomer 13 was 
synthesised from 4-hydroxybenzoic acid 10 (Scheme 1(b)) by pro-
tecting the phenol with TBDMS-Cl, followed by EDC coupling with 
aniline 2, and then alkylation with sodium hydride and TMS pro-
tected propargyl bromide. Deprotection of both phenol and alkyne 
with TBAF afforded the phenol monomer 14. 

 
Scheme 1. Synthesis of benzoic acid (a) and phenol (b) building 
blocks: (i) NaN3 (96%); (ii) EDC, DMAP (98%); (iii) benzyl 
bromide, NaH; (iv) LiOH (44% over two steps), (v) TMS-
propargyl bromide, NaH (81%); (vi) phenyl propargyl ether, 
Cu(CH3CN)4PF6, TBTA (73%); (vii) LiOH (95%); (viii) TBAF 
(81% from 5); (ix) TBDMS-Cl, imidazole (92%); (x) EDC, 
DMAP (97%); (xi) TMS-propargyl bromide, NaH (72%); (xii) 
TBAF (quant.). 

Scheme 2 shows the synthesis of the homo-dimer template 16. 
The protected benzoic acid monomer, 5, and the capped benzoic 
acid monomer 9 were coupled using a CuAAC reaction, followed by 
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TBAF deprotection, to give 15. Another CuAAC reaction with 1-
(azidomethyl)-3,5-di-t-butylbenzene, followed by ester hydrolysis 
with LiOH, afforded template 16. Scheme 3 shows the synthesis of 
the hetero-dimer template 18. The protected phenol monomer, 13, 
and phenyl propargyl ether were coupled using a CuAAC reaction, 
followed by TBAF deprotection, to give 17. A second CuAAC reac-
tion with the capped benzoic acid monomer 4 gave template 18. 

 
Scheme 2. Synthesis of template 16: (i) Cu(CH3CN)4PF6, 
TBTA, then 1 M TBAF (93%); (ii) Cu(CH3CN)4PF6, TBTA 
(76%); (iii) LiOH (67%). 

 
Scheme 3. Synthesis of template 18: (i) Cu(CH3CN)4PF6, 
TBTA, then 1 M TBAF (70%); (ii) Cu(CH3CN)4PF6, TBTA 
(86%). 

Untemplated Oligomerisation of Monomers 
The behaviour of the monomer units in the absence of template 

was first investigated. This experiment provides a useful measure of 
the propensity of linear oligomers to form macrocycles in the ab-
sence of any capping agent. Figure 4(a) illustrates the oligomerisa-
tion process for a monomer bearing an alkyne and an azide and the 
products that can be formed in a CuAAC reaction. Figure 4(b) 
shows the HPLC chromatogram of the crude product mixture ob-
tained when monomer 6 was oligomerised using CuTBTA. The two 
major peaks correspond to species that have molecular weights three 
and four times that of the starting material. The IR spectra of these 
compounds showed that in both cases the azide stretch that was ob-
served at 2100-2200 cm-1 in the starting material was not present. 
The two major products of the oligomerisation reaction are there-
fore the cyclic trimer and cyclic tetramer. No cyclic dimer was de-
tected, presumably due to the excessive ring strain. Thus dimer tem-
plates will allow us to explore the competition between intermolec-
ular and intramolecular reactions with no competition from intra-
molecular macrocyclisation processes. 

 

Figure 4. HPLC chromatogram for the CuAAC oligomerisation of 6 
(50 µM) and CuTBTA (500 µM) in THF at room temperature. A car-
toon representation of the reaction pathway is shown, and the structures 
corresponding to the two major products are indicated. 

ZIP Reactions on the Homo-Dimer Template 

The phenol monomer 14 was loaded onto the homo-dimer tem-
plate 16 using EDC coupling to give pre-ZIP intermediate 19 
(Scheme 4).  

 
Scheme 4. Attachment of monomers to homo-dimer template 16 
to give pre-ZIP intermediate 19 (EDC, DMAP, 65%). 

Figure 5 shows the result of subjecting this compound to a Cu-
AAC reaction. The crude reaction mixture was analysed as a func-
tion of time using LCMS, and a number of different products were 
observed. The two major product peaks observed in the HPLC chro-
matograms in Figure 5(a) are labelled 1 and 2, and Figures 5(b) and 
5(c) show the corresponding mass spectra. Peak 1 has the same mo-
lecular weight as the starting material but a different retention time, 
which suggests that it is the product of the intramolecular ZIP reac-
tion. Peak 2 has double the molecular weight of the starting material, 
which indicates that this product is due to an intermolecular reac-
tion. The smaller peaks, labelled 3 and 4 in Figure 5(a), also have 
double the molecular weight of the starting material (Figure 5(d)). 
Peaks 3 and 4 appear and then disappear, whereas the product cor-
responding to peak 2 accumulates and is the major species detected 
at long reaction times. Another small peak, labelled 5 in Figure 5(a), 
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was detected at long reaction times. The corresponding mass spec-
trum shown in Figure 5(d) shows that this product has a molecular 
weight that is three times the molecular weight of the starting mate-
rial. 

 

Figure 5. (a) HPLC chromatograms recorded at different time points 
(t) in the CuAAC reaction of 19 (50 µM) and CuTBTA (50 µM) in 
THF at room temperature. The starting material 19 is labelled with an 
asterisk, and other peaks are numbered. (b) Mass spectrum of peak 1. 
(c) Mass spectrum of peak 2. (d) Mass spectrum of peak 5. The isotope 
patterns shown for the peaks labelled 1567.5 were used to assign these 
species as the +1, +2 and +3 ion in (b), (c) and (d) respectively. 

Figure 6(a) illustrates different intramolecular and intermolecular 
reaction pathways that are possible in this system. Based on the mass 
spectrum shown in Figure 5(b), peak 1 in the HPLC chromatogram 
can be assigned as 20, which is formed when the intramolecular ZIP 
reaction takes place on the template to give the desired linear dimer. 
However, this species is rapidly consumed, and peak 2 is the major 
product at longer reaction times. Based on the fact that peak 2 accu-
mulates, whereas peaks 3 and 4 are intermediates, peak 2 is tenta-
tively assigned as 22, the macrocyclic tetramer formed by an inter-
molecular reaction followed by cyclisation. Peaks 3 and 4 are as-
signed as intermediates (for example 21 shown in Figure 6(a)) that 
are formed by intermolecular reactions involving different combina-
tions of 19 and 20. By analogy with peak 2, peak 5 in the final HPLC 
chromatogram in Figure 5(a) is tentatively assigned as the macrocy-
clic hexamer formed due to further intermolecular reaction of inter-
mediates such as 21 followed by cyclisation. 

Figure 6(b) shows the evolution of the product distribution as a 
function of reaction time. The intramolecular ZIP reaction to form 

the linear dimer 20 is rapid (red data), but this product is quickly 
consumed, because the intermolecular reaction to give 21 (dark 
blue) is also rapid. Finally, a slower intramolecular reaction converts 
21 to the cyclic tetramer 22 (pale blue), which is the major product 
after several hours. There is no time point at which the template-di-
rected ZIP reaction to give 20 is complete with no side-products due 
to intermolecular reactions. In principle, the relative rates of the in-
termolecular and intramolecular reactions can be controlled using 
concentration. The ZIP reaction was therefore repeated at a 2-fold 
lower concentration of 19 in the hope of suppressing the undesired 
intermolecular processes. The evolution of the product distribution 
as a function of reaction time under these conditions is illustrated in 
Figure 6(c). Surprisingly, the result is practically identical to that ob-
tained at the higher concentration (Figure 6(b)). The origin of this 
phenomenon will be discussed in more detail below in relation to the 
mechanism of the CuAAC reaction. However, these observations in-
dicate that it will not be possible to control the product distribution 
using concentration and that a different strategy is required to sup-
press the undesired intermolecular reaction pathways. 

 

Figure 6. (a) Cartoon representation of the CuAAC reaction of 19. (b) 
Time dependence of the product distribution plotted as HPLC peak 
area (A) for the reaction of 19 (50 µM) and CuTBTA (50 µM) in THF 
at room temperature. (c) Time dependence of the product distribution 
for the reaction of 19 (25 µM) and CuTBTA (50 µM) in THF at room 
temperature. The lines are drawn as a guide (black 19, red 20, dark blue 
is the sum of the peak areas of all 21-like intermediates, pale blue is the 
sum of the areas of peaks 2 and 5, i.e. intermolecular products like 22). 

Effect of a Capping Agent on ZIP Reactions on the Homo-Di-
mer Template 

The effect of adding 4-t-butylbenzyl azide to the reaction mixture 
was then investigated. This compound should act as a capping agent 
by intercepting the unreacted alkyne on the linear dimer 20 and so 
block all subsequent intermolecular reactions. Figure 7(a) shows the 
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three different products that were identified in the crude reaction 
mixture by LCMS. The amount of tetramer formed due to intermo-
lecular reactions was negligible, and after 24 hours, the only major 
product was the capped linear dimer 24. Figure 7(b) shows the evo-
lution of the product distribution as a function of reaction time. In-
terestingly, the intramolecular ZIP reaction to form 20 (red) and the 
intermolecular reaction with the capping azide to form the acyclic 
intermediate 23 (grey) occur at similar rates. However, both of these 
products are converted to 24 (orange), which has no free alkyne 
groups for further reaction. No doubly capped product 25 was ob-
served under these conditions. Thus, the capping agent provides an 
effective method for preventing the intermolecular side reactions 
observed in the ZIP step of the template-directed synthesis of the 
phenol homo-dimer. 

 

Figure 7. (a) Cartoon representation of the CuAAC reaction of 19 in 
the presence of a capping agent. (b) Time dependence of the product 
distribution plotted as HPLC peak area (A) for the reaction of 19 (25 
µM), CuTBTA (50 µM) and 4-t-butylbenzyl azide (1.25 mM) in THF 
at room temperature. The lines are drawn as a guide (black 19, red 20, 
grey 23, orange 24). 

The product of the ZIP reaction of 19 in the presence of the cap-
ping agent was characterised by 1H NMR spectroscopy (Figure 8). 
A total of 10 different triazole signals were observed, but 24 only 
contains 5 non-equivalent triazole rings. Variable temperature ex-
periments show that the doubling of the number of triazole signals is 
unlikely to be due to the interconversion of two different conformers 
in slow exchange on the 1H NMR timescale. The signals move and 
sharpen with temperature, suggesting that there is some conforma-
tional rearrangement, but the relative intensities are unaffected (Fig-
ure 8). The doubling of the number of signals in the 1H NMR spec-
trum is more likely due to the presence of two isomeric products. 

The product of the ZIP reaction is a duplex, and the backbones have 
a direction, so parallel and antiparallel arrangements are possible 
(Figure 9). Integration of the triazole signals indicates that there are 
two different species present in a ratio of 2:1 (labelled green and pur-
ple in Figure 8). The experiments described in the following section 
were used to assign the green and purple 1H NMR signals as the an-
tiparallel and parallel duplexes respectively. 

 

Figure 8. Triazole region of 500 MHz 1H NMR spectra of the product 
obtained from the CuAAC reaction of 19 (25 µM), CuTBTA (50 µM) 
and 4-t-butylbenzyl azide (1.25 mM) in THF at room temperature. 
Spectra were recorded in DMSO-d6 at different temperatures. Signals 
due to the antiparallel (a-24) and parallel (p-24) duplexes are labelled 
with green and purple dots respectively. 

 

Figure 9. Structures of the antiparallel (a-24) and parallel (p-24) du-
plexes formed in the CuAAC reaction of 19.  

The rate of the intermolecular reaction with the capping agent 
should depend on the concentrations used. In contrast, the rate of 
the intramolecular ZIP reaction is expected to be concentration in-
dependent and to depend only on the effective molarity (EM) of the 
two reacting groups present in the pre-ZIP intermediate 19.39 Figure 
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10 shows the result of varying the concentration of the capping agent 
on the product distribution. The proportion of intermolecular reac-
tion leading to oligomerisation (blue data) drops with increasing 
concentrations of capping agent. At higher concentrations of cap-
ping agent, intermolecular reaction with the capping agent begins to 
compete with the intramolecular ZIP reaction leading to the doubly 
capped product 25, which is shown in Figure 7(a) (yellow data in 
Figure 10). The sweet spot under these reaction conditions occurs 
when the concentration of capping agent is 2.5 mM, which leads to 
a very efficient process giving 24 as the only significant product (or-
ange data in Figure 10). 

 
Figure 10. Product distribution of the CuAAC reaction of 19 in the 

presence of different concentrations of capping agent (4-t-butylbenzyl 
azide). The areas of the HPLC peaks assigned to 24 (orange) and 25 
(yellow) and the sum of the areas of the peaks assigned to oligomeric 
products (blue) are plotted as a percentage of the total of all peak areas 
(A). Reactions were carried out using 19 (25 µM) and CuTBTA (50-
500 µM) in THF at room temperature. 

ZIP reactions on the hetero-dimer template 
Figure 10 shows that very high concentrations of capping agent 

lead to competition with the desired ZIP reaction, because the al-
kyne required for the intramolecular reaction reacts intermolecu-
larly with the capping agent. These two competing reaction path-
ways provide a convenient method for measuring EM values for the 
intramolecular processes. The EM for the intramolecular process 
can be determined from the concentration of capping azide at which 
the yield of the duplex from the intramolecular reaction is the same 
as the yield of the doubly capped product from the intermolecular 
reaction. This experiment also provides a convenient method to in-
vestigate the difference between the values of EM for the parallel and 
antiparallel ZIP reactions. However, more complex pre-ZIP inter-
mediates are required, where the directionality of the backbone can 
be specified by the structures of the starting materials. The hetero-
dimer template provided us with a route to suitable compounds 
(Scheme 5). 

In order to independently measure values of EM for the parallel 
and antiparallel ZIP reactions, a mixed sequence template, 18, and 
mono-capped monomers, 14 and 4, were used (Scheme 5). The 
phenol moiety on template 18 was selectively protected with 
TBDMS. The benzoic acid moiety on the template could then be 
coupled with phenol monomer 14 using EDC. Deprotection of the 
phenol moiety on the template with TBAF gave 26. EDC coupling 
of 26 with a benzoic acid monomer, which lacks the reactive alkyne 
group, 4, gave pre-ZIP intermediate 27, which can only form an an-
tiparallel duplex in an intramolecular CuAAC reaction. Similarly, 
EDC coupling of 26 with a benzoic acid monomer, which lacks the 

reactive azide group, 8, gave pre-ZIP intermediate 28, which can 
only form a parallel duplex in an intramolecular CuAAC reaction. 

 
Scheme 5. Attachment of monomers to template 18 to give 
mono-capped pre-ZIP intermediates 27 (71%) and 28 (61%): (i) 
1. TBDMS-Cl, imidazole; 2. 14, EDC, DMAP; 3. TBAF. (ii) 
EDC, DMAP. 

CuAAC reactions were carried out on 27 and 28 in the presence 
of different concentrations of the capping azide, and the product dis-
tribution was determined by LCMS. In both cases, two different 
products were identified: the duplex formed by intramolecular reac-
tion (29 or 34) and the acyclic product due to intermolecular reac-
tion with the capping agent (30 or 35). The reaction pathways lead-
ing to these products are shown in Figure 11. In 27, there is only one 
alkyne, which can either react in intramolecular fashion to form the 
antiparallel duplex 29 or it can react with the capping azide to form 
the acyclic species 30 (Figure 11(a)). In 28, there are two reactive 
alkynes, so there are multiple reaction pathways, but they converge 
to only two products (Figure 11(b)). One of the alkynes can either 
react in an intramolecular fashion to form the parallel duplex 31 or it 
can react with the capping azide to form the acyclic species 32. The 
other alkyne can only react with the capping azide in an intermolec-
ular fashion giving the two final products, 34 and 35. 
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Figure 11. Cartoon representation of reaction pathways in the CuAAC reaction of 27 (a), 28 (b) and 19 (c) in the presence of a capping agent. The 
orientation of backbones in the product duplexes is indicated with arrows where known. 

The ratio of intramolecular to intermolecular reaction products 
depends on the relative reactivities of the two different azides, the 
EM for the intramolecular reaction, and the concentration of the 
capping agent. Figure 12 shows how the product distribution de-
pends on the concentration of the capping agent. The relative reac-
tivity of the two azides and EM are constants for each substrate, so 
the ratio of the rates of the intermolecular and intramolecular reac-
tions is expected to be a linear function of the concentration of the 
capping agent ([cap]). Figure 12 shows that the experimental data 
fit well to Equation 1, where c is a constant. 

A"#$%& A"#$&'⁄ = 𝑐[cap]  Eq. 1 
 

 

Figure 12. Product distribution for the CuAAC reaction of 28 (purple), 
27 (green) and 19 (orange) in the presence of different concentrations 
of capping agent, 4-t-butylbenzyl azide ([cap]), plotted as the ratio of 
the area of the HPLC peaks assigned to the product of the intermolecu-
lar reaction with the capping agent (Ainter for 30, 35 or 25) compared 
with the area of the HPLC peaks assigned to the product of the intramo-
lecular ZIP reaction (Aintra for 29, 34 or 24). Reactions were carried out 
using 28, 27 or 19 (25 µM) and Cu-TBTA (500 µM) in THF at room 
temperature. The lines represent the best fit of the data to Ainter/Aintra = c 
[cap], where c is a constant related to EM for the intramolecular process. 

It is clear that much higher concentrations of the capping agent 
are required to compete with the antiparallel ZIP reaction compared 
with the parallel ZIP reaction. In other words, the EM for formation 
of the antiparallel duplex is significantly higher than the EM for for-
mation of the parallel duplex. The data in Figure 12 can be used to 
determine values of EM by extrapolating the curves to the 

concentrations of capping agent necessary to obtain a 1:1 ratio of the 
two products. These concentrations were corrected for the 5-fold 
difference in reactivity measured for the aromatic and aliphatic azide 
(see ESI for details) to give the EM values reported in Table 1. The 
value of EM for the antiparallel ZIP reaction is an order of magnitude 
higher than EM for the parallel ZIP reaction. 
Table 1. Effective molarities for intramolecular CuAAC reactions 
measured in THF at room temperature. 

substrate EM / mM 

27 270 ± 100 

28 26 ± 3 

19 530 ± 100 

 
Pre-ZIP intermediate 19 can form either the parallel or the anti-

parallel duplex. The results for 27 and 28 suggest that the CuAAC 
reaction of 19 should lead to the antiparallel duplex as the major 
product and that the reaction should have the same EM as that de-
termined for 27. The EM for 19 was therefore determined in the 
same way by titration with the capping agent. Figure 11(c) compares 
the reaction pathways for 19 with those for 27 and 28 in the presence 
of the capping agent. In this case, there are three possible products: 
intramolecular reaction can give the parallel or antiparallel duplex 
(p-24 or a-24) and intermolecular reaction with the capping agent 
leads to the doubly capped acyclic product 25. However, the two du-
plexes cannot be resolved in the LCMS experiment, so only two 
product peaks, corresponding to the duplex and the doubly capped 
product, were observed. The product distribution was measured as 
a function of the concentration of capping agent (orange data in Fig-
ure 12), and the results are very similar to those obtained for the sub-
strate that can only form the antiparallel duplex, 27 (green data in 
Figure 12). The resulting value of EM shown in Table 1 is 530 mM. 
Comparison with the values of EM for 27 and 28 suggests that the 
value of EM measured for 19 in this experiment is dominated by for-
mation of the antiparallel duplex. These results suggest that it should 
be possible to obtain the antiparallel duplex as the major product 
from the CuAAC reaction of 19, because the value of EM for for-
mation of the parallel duplex is an order of magnitude lower. How-
ever, the 1H NMR data shown in Figure 8 indicate that the ratio of 
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the two product duplexes is 2:1. An investigation of the absolute 
rates of reaction sheds some light on the origin of this apparent dis-
crepancy. 

Mechanism of the CuAAC reaction 

The results above indicate that capping provides an excellent 
method for controlling the product distribution of template-di-
rected reactions. Provided the capping agent is present in a large ex-
cess relative to the substrate (the pre-ZIP intermediate), it is possi-
ble to find a concentration of capping agent where the intramolecu-
lar ZIP reaction is faster than competing intermolecular reactions 
with the capping agent, but intermolecular reactions with the cap-
ping agent are faster than competing intermolecular reactions be-
tween substrates. It should be possible to control the relative rates of 
the intramolecular ZIP reaction and competing intermolecular reac-
tions between substrates by lowering the concentration of substrate 
without adding a capping agent. However, the results shown in Fig-
ure 6 indicate that this is not the case for the CuAAC reaction used 
in this system. The literature suggests that the rate-limiting step in 
the CuAAC reaction is formation of an activated copper species that 
reacts rapidly with the alkyne to form a copper acetylide complex.40 
This complex then reacts rapidly with the azide to give the triazole 
product. If the rate of reaction were independent of the concentra-
tion of azide, this mechanism could account for the results above. 
We therefore investigated the effects of concentration on reaction 
rate.  

The CuAAC reaction was carried out on pre-ZIP intermediate 19 
in the presence of the capping agent, and the rate of disappearance 
of the starting material was monitored (Figure 13). Increasing the 
concentration of 19 by a factor of two had no effect on the half-life 
of the reaction (compare grey and black data in Figure 13), which 
suggests that the reaction is first order in substrate. Increasing the 
concentration of CuTBTA by a factor of two decreased the half-life 
by a factor of about 3 (compare grey and green data in Figure 13). 
These results show that both the concentration of substrate and the 
concentration of copper must appear in the rate equation for the ZIP 
reaction, so the rate-limiting step is either formation of the copper 
acetylide complex or reaction of this complex with an azide. 

Further insight was obtained by carrying out ZIP reactions on the 
hetero-dimer template in the absence of capping agent. When the 
reactions were carried out without any capping agent present, the 
two pre-ZIP intermediates 27 and 28 gave quite different results. 
When 27 was subjected to the CuAAC reaction, a single major prod-
uct was identified in the HPLC chromatogram of the crude reaction 
mixture. This product has the same molecular weight as the starting 
material but a different retention time, which suggests that it is the 
antiparallel duplex 29 (Figure 14(a)). No further reaction of this 
compound is possible because it has no alkyne groups. In contrast, 
when 28 was subjected to the CuAAC reaction, two major products 
were identified in the HPLC chromatogram of the crude reaction 
mixture. One of the products has the same molecular weight as the 
starting material but a different retention time, which suggests that 
it is the parallel duplex 31 (Figure 14(b)). The other product has 
twice the molecular weight of the starting material, which indicates 
that it is due to an intermolecular reaction. A possible structure for 
the intermolecular product 36 is shown in Figure 14(b). Intermolec-
ular reaction is more likely for 28, because we know that the value of 
EM for the intramolecular ZIP reaction is an order of magnitude 
lower than for 27. However, the rates of formation of the products 
are not consistent with this explanation. Figure 14(c) compares the 
rates of formation of 29, 31 and 36, when CuAAC reactions were 

carried out on 27 and 28 under identical conditions. The rates of for-
mation of all three products are identical. Based on the values of EM, 
the antiparallel duplex 29 should be formed ten times faster than the 
parallel duplex 31, and the intermolecular reaction to give 36 should 
occur at a quite different rate. The results in Figure 14(c) show that 
the rate of reaction is independent of the concentration of azide. 

 
Figure 13. Effects of concentration on reaction rate for the CuAAC 

reaction of 19. The area of the HPLC peak assigned to the starting ma-
terial 19 expressed as a percentage of the initial HPLC peak area (A) is 
plotted as a function of time for reactions carried out using (i) 19 (25 
µM) and CuTBTA (50 µM) (black data), (ii) 19 (50 µM) and CuTBTA 
(50 µM) (grey data) and (iii) 19 (50 µM) and CuTBTA (100 µM) 
(green data). The lines are drawn as a guide. All reactions were carried 
out in the presence of 4-t-butylbenzyl azide (2.5 mM) in THF at room 
temperature. 

Thus, the overall rate of the CuAAC reaction is determined by 
rate-limiting formation of the copper acetylide complex, which then 
reacts rapidly with any available azide. In 27, there is only one alkyne 
available to form the copper acetylide complex (Figure 14(a)). This 
complex could then react intermolecularly to give an oligomeric 
product or intramolecularly to give 29. Although the rates of these 
reactions are both fast and the concentration of azide does not ap-
pear in the overall rate law, the concentration of azide does affect the 
product distribution, because the relative rates of reaction between 
two different azides depends on the relative concentrations. The 
concentration of 27 in the reaction mixture is three orders of magni-
tude lower than the EM for the antiparallel ZIP reaction, so the in-
tramolecular pathway dominates.  

In 28, there are two alkynes, so two different copper acetylide 
complexes are formed at similar rates. The top reaction channel in 
Figure 14(b) shows one outcome, which is similar to the reaction 
pathway shown for 27 in Figure 14(a). The copper acetylide com-
plex could react intermolecularly to give an oligomeric product or 
intramolecularly to give 31. The concentration of 28 in the reaction 
mixture is three orders of magnitude lower then the EM for the par-
allel ZIP reaction, so the intramolecular pathway dominates. The 
bottom reaction channel in Figure 14(b) shows the other outcome. 
In this case, the only available azide is on the same monomer unit as 
the copper acetylide complex, so an intramolecular reaction is not 
possible, and the result is an intermolecular reaction. If the copper 
acetylide complexes could equilibrate rapidly, then the copper could 
be transferred to the other alkyne, which would then undergo the in-
tramolecular reaction shown in the top reaction channel. The fact 
that the intermolecular product is formed in similar proportions to 
the intramolecular product indicates that equilibration of the copper 
acetylide complexes is slow relative to reaction with azide. In other 
words, every time an alkyne picks up a copper, it is committed to a 
very fast reaction with the nearest available azide, and this 



 

mechanism has important consequences for the observed product 
distributions of the templated reactions.  

 

Figure 14. Cartoon representation of reaction pathways in the CuAAC 
reactions of (a) 27 and (b) 28 (brown circles represent an activated cop-
per species). (c) Time dependence of the formation of products 29 
(green), 31 (purple) and 36 (blue) in CuAAC reactions of 27 and 28 
expressed as a percentage of the final HPLC peak area (A). The lines are 
drawn as a guide. Reactions were carried out using 27 or 28 (50 µM) and 
CuTBTA (50 µM) in THF at room temperature. 

Controlling the parallel-antiparallel product distribution 
These observations have implications for the development of cap-

ping strategies to control the product distribution in template-di-
rected synthesis of linear oligomers using CuAAC reactions. Firstly, 
it is not possible to control reaction rate with concentration, so cap-
ping agents provide the only reliable method for controlling the 
product distribution. Secondly, the mechanism of the CuAAC reac-
tion dictates that the capping agent must be an azide. The use of an 
alkyne capping agent would interfere with the intramolecular ZIP re-
action at all concentrations. Formation of the capping copper acety-
lide complex and the monomer copper acetylide complexes would 
occur at similar rates. Once these complexes are formed, fast reac-
tion with an azide will occur, so the capping agent will react indis-
criminately with any available azide, and this process will proceed at 
the same rate as the intramolecular ZIP reaction. Even using stoichi-
ometric amounts of an alkyne capping agent would result in a 

mixture of products where the capping agent had reacted with equal 
probability with each of the azides on the pre-ZIP intermediate. 

These insights into the reaction mechanism suggest that it should 
be possible to change the relative proportions of the parallel and an-
tiparallel duplex formed in the CuAAC reaction by careful choice of 
the concentration of the capping agent. If no capping agent is used, 
the CuAAC reaction of 19 should give a 1:1 mixture of the parallel 
and antiparallel product duplexes, because the two alkynes in the 
pre-ZIP intermediate will react with the activated copper species at 
similar rates. The resulting copper acetylide complexes could react 
intermolecularly to give an oligomeric product or intramolecularly 
to give a duplex. The values of EM for the parallel and antiparallel 
ZIP reactions are both orders of magnitude higher than the concen-
tration of 19 used in the CuAAC reactions, so the intramolecular 
pathway will dominate in both cases. In other words, the product dis-
tribution is determined by the relative amounts of different alkynes 
available for reaction with the activated copper species. However, 
addition of the capping agent clearly affects this product distribu-
tion, because Figure 8 shows that the amount of antiparallel duplex 
formed is twice the amount of parallel duplex in the presence of 1.25 
mM capping agent. 

Figure 15 illustrates possible reaction pathways in the presence of 
a capping agent. There is a bifurcation in the first step, because the 
two copper acetylide complexes are formed at the same rate. There 
is a second bifurcation in the second reaction step, because each of 
these complexes can react intermolecularly with the capping agent 
or intramolecularly to give a duplex. The relative rates of these pro-
cesses are determined by the relative concentrations of the intramo-
lecular and capping azides. The EM for the antiparallel ZIP reaction 
is an order of magnitude higher than for the parallel ZIP reaction, so 
as the concentration of capping azide is increased, the capping agent 
is more likely to intercept the copper acetylide complex that leads to 
the parallel duplex (bottom reaction channel in Figure 15) than the 
copper acetylide complex that leads to the antiparallel duplex (top 
reaction channel). If the values of EM for the two intramolecular 
processes are sufficiently separated, it should be possible to find a 
concentration of capping agent, which is higher than the EM for the 
parallel ZIP reaction and lower than the EM for the antiparallel ZIP 
reaction. The consequences are illustrated in Figure 15. In the sec-
ond bifurcation step in the top reaction channel, intramolecular re-
action to form the antiparallel duplex is faster than reaction with the 
capping agent, and the product of this reaction is subsequently 
capped to give a-24. In the bottom reaction channel, reaction with 
the capping agent is faster than the intramolecular reaction to form 
the parallel duplex. When the product of this reaction reacts with a 
second activated copper species, the resulting copper acetylide com-
plex can react intramolecularly to give the antiparallel duplex or in-
termolecularly to give the doubly capped product. In this case the 
intramolecular is faster, so the antiparallel duplex is formed again. 
Figure 15 shows that it does not matter which of the two alkynes re-
acts with the activated copper species first, because both reaction 
channels lead to the same capped antiparallel duplex. 

 
 



 

 

Figure 15. Cartoon representation of the different reaction pathways possible for the CuAAC reaction of 19 in the presence of a capping agent. In the 
first step, the activated copper species (brown circles) can react with either of the two alkynes in 19. The resulting copper acetylide complexes can 
undergo intermolecular reactions with the capping agent or intramolecular reactions to give duplexes at rates determined by the relevant EM and the 
concentration of capping agent [cap]. The outcome is illustrated for conditions where [cap] is greater than EM for the parallel ZIP reaction (purple) 
and less than EM for the antiparallel ZIP reaction (green). Less likely reaction channels are greyed out. The two most probable reaction pathways both 
lead to the capped antiparallel duplex, a-24.

 

Figure 16 shows 1H NMR spectra of the products obtained by car-
rying out the CuAAC reaction on 19 in the presence of increasing 
amounts of capping agent. The two sets of signals in the triazole re-
gion of the spectra were assigned as the antiparallel duplex a-24 
(green) and parallel duplex p-24 (purple) based on the values of EM 
in Table 1. As the concentration of capping agent was increased, the 
amount of parallel duplex formed decreased. At a concentration of 5 
mM capping agent, the antiparallel duplex was the only product de-
tected. As shown in Figure 10, the amount of doubly capped product 
is also negligible at this concentration, so under these conditions, 5 
mM azide capping agent provides excellent control over the product 
distribution of the CuAAC reaction by blocking intermolecular oli-
gomerisation reactions and the parallel ZIP reaction. These results 
should be transferrable to longer oligomers. Alkynes in the middle of 
a chain will always have a choice between parallel and antiparallel 
ZIP reactions and will preferentially form antiparallel linkages. 
There is only one alkyne for which the antiparallel ZIP reaction is 
not an option, one of the terminal alkynes, but when the capping 
agent is present at a concentration of 5 mM, it will preferentially re-
act with this group preventing the formation a parallel linkage. 

The duplex product a-24 obtained from the ZIP reaction of 19 in 
the presence of the capping azide was hydrolysed using lithium hy-
droxide. Cleavage of the duplex was quantitative giving the starting 
benzoic acid homo-dimer template and the templated phenol 
homo-dimer copy as the only products (see ESI). 

 

Figure 16. Partial 500 MHz 1H-NMR spectra in DMSO-d6 at 298 K of 
the duplex products obtained from CuAAC reactions of 19 in the pres-
ence of different concentrations of capping agent (4-t-butylbenzyl az-
ide): (a) 1.25 mM, (b) 2.5 mM, (c) 5 mM. All reactions were carried out 
using 19 (25 µM) and CuTBTA (50-500 µM) in THF at room temper-
ature. The triazole signals are labelled green for a-24 and purple for p-
24. 

Conclusions 
Template-directed synthesis is the method used in biology for the 

synthesis of linear oligomers of defined sequence. Although templat-
ing strategies are commonly used in supramolecular chemistry for 
the synthesis of macrocyclic oligomers, methods for the template-
directed synthesis of linear oligomers are still in their infancy. Linear 
oligomers present a challenge for current templating methodologies, 
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because the chain ends represent reactive sites that can lead to mac-
rocyclization or further intermolecular oligomerisation. We show 
here that covalent template-directed oligomerisation reactions in 
combination with capping agents that block further reaction on the 
chain ends provides a promising solution to the controlled synthesis 
of linear oligomers. By using kinetically inert covalent bonds to at-
tach the monomer units to the template, it is possible to operate at 
very high dilution without compromising the template-monomer in-
teractions. Intramolecular templated reactions are much more fa-
vourable than intermolecular reactions at high dilution, which allows 
the use of an excess of a capping agent to terminate the oligomer 
chains without competing with the desired monomer-monomer 
coupling reactions. 

The covalent bond used to attach the monomer units to the tem-
plate is an ester between a phenol and a benzoic acid. The phenol 
and benzoic acid monomer building blocks were each equipped with 
an alkyne and an azide so that they could be oligomerised using Cu-
AAC reactions. Covalent template-directed oligomerisation reac-
tions were carried out on two different dimeric templates in the pres-
ence of an azide capping agent. In the absence of the capping agent, 
complex product mixtures were obtained due to intermolecular re-
actions. It was not possible to reduce these side reactions by dilution, 
because the rate limiting step of the CuAAC reaction is formation of 
an activated copper complex, and the resulting copper acetylide re-
acts rapidly with the nearest available azide. However, it was possible 
to find a concentration of capping agent that blocked the undesired 
intermolecular reaction without interfering with the desired intra-
molecular reaction, resulting in a quantitative yield of the templated 
dimeric product.  

The backbone resulting from the CuAAC reaction in this system 
has a direction, which means that the reaction on the template gives 
two isomeric products, which have parallel and antiparallel back-
bones. Titration of the capping agent allowed determination of the 
effective molarities for these two templated reactions, and the reac-
tion leading to the antiparallel duplex is significantly faster than the 
reaction leading to the parallel duplex. Thus it was possible to find a 
concentration of capping agent that gives exclusively the antiparallel 
dimer product. 

The findings are not limited to the specific backbone architecture 
described here. Any orthogonal combination of base-pairing and 
backbone chemistry could be used, provided the resulting bonds are 
kinetically inert, and the capping strategy provides a general method 
for controlling the product distribution in template-directed synthe-
sis of linear oligomers. It is likely that capping will be more effective 
in controlling covalent template-directed oligomerisation reactions 
compared with non-covalent templating, because it is possible to op-
erate at lower dilutions. Importantly for CuAAC reactions, the 
mechanism dictates that the capping agent must be an azide and can-
not be an alkyne.  

Supporting Information 
Materials and methods, synthetic procedures and compound character-
ization, and details of LCMS methods used for reaction monitoring are 
available in the Supplementary Materials. This material is available free 
of charge via the Internet at http://pubs.acs.org.	
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