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Benchmarked density functional theory is used to design and evaluate a series of novel atom transfer radical polymerization (ATRP) catalysts with a view to 
identifying those which best promote a model ATRP reaction between the [LCuI]+ catalyst and methyl α-bromoisobutyrate in acetonitrile. Calculations were 
performed at the ωB97XD/Def2TZVP//ωB97XD/SDD/6-31G(d) level of theory with CPCM solvent corrections. Locating the axial N of the tetradentate ATRP 
ligand at a sterically unhindered quinuclidine bridgehead site, with the cage carrying three pendant 2-pyridyl arms to serve as equatorial ligands causes a 
significant increase in activity. The effects are greater for the CH2-linked quinuclidine cages compared with the O-linked cages, although both systems out-
perform the best available ATRP ligands in current use. Inclusion of this cage structure introduces opportunities for stereoisomerism, and while all stereoiso-
mers examined function as effective catalysts, there is significant variation in performance. Incorporation of electron donating 4-(dialkylamino) groups on the 
2-pyridyl arms improves ligand activity by stabilizing CuII over CuI, however, one needs to be careful of unfavorable steric crowding, particularly for some 
stereoisomers. Replacing the 2-pyridyl arms with other types of neutral heterocycles, such as NHC-containing heterocycles and imidazoles, does not appear 
to offer an advantage over pyridine. However, ligands with negatively charged donor nitrogens could offer 10 orders of magnitude improvement in catalyst 
activity over the best available neutral ligands, which could help make ATRP and other small molecule processes that employ ATRP catalysts applicable to 
unactivated alkyl halides. 

INTRODUCTION 

Atom Transfer Radical Polymerisation (ATRP)1,2 is one of the 
leading methods for controlling radical polymerisation, permit-
ting the production of precisely defined polymers.3-6 Control in 
ATRP is achieved through the introduction of a rapid and dy-
namic equilibrium between a dormant alkyl halide species and 
a radical chain which can add to monomer, as displayed in 
Scheme 1. Due to the strength of the alkyl halide bond, a medi-
ator, usually a Cu (I) complex with tri or tetradentate nitrogen-
based ligands, is needed to effect and modulate this equilibrium 
via an inner-sphere electron transfer mechanism.7,8  

 
Scheme 1. Control equilibrium in Cu (I)-catalyzed ATRP. 

The rational design of highly active catalysts has been and still 
remains a primary objective in ATRP research.9 The most active 
ATRP catalysts currently available10-12 afford values of kact for 
common ATRP initiators that are over 8 orders of magnitude 
faster than the corresponding values of the originally-used1 
Cu(I)Br precatalyst – 2,2-bipyridine ligand system (Chart 1). 
Nonetheless, even the most active catalysts currently available 
are unable to cleave the strong C-Br bonds in the dormant alkyl 
bromide in vinyl and olefin-based polymerizations (e.g., unacti-
vated primary alkyl bromides such as 1-bromoethyl acetate in 
vinyl acetate polymerization and bromoethane in ethylene 
polymerization). The scope of other processes, such as atom 
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transfer radical addition13 and sp3 C–N cross-coupling,14 that 
use ATRP catalysts to mediate C–X activation is likewise limited. 
Higher catalyst activity also suppresses unwanted side reactions 
by lowering the activator concentration at equilibrium, broad-
ens the scope of possible alkyl halide initiators and permits 
lower catalyst loadings.9  

 
Chart 1. Key ligands that have been important in ATRP catalyst development. Activation 
rate constants (L mol–1 s–1) are given for ATRP with the initiator (CH3)2C(COOCH3)Br in the 
presence of CuIBr in acetonitrile at 22 °C.18 Ligand quin-TPMANMe2 (in blue) has yet to be 
synthesized; its computationally predicted rate coefficient is shown in lieu of an experi-
mental value.15 

Structure-reactivity relationships with respect to the catalyst 
and initiator in ATRP are reasonably well understood.7,8,15,16 The 
activity of the ATRP catalyst is governed largely by the ability of 
the ligand to stabilise the CuII species over the CuI species. 
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Naturally, ligands with a higher electron-donating capacity tend 
to stabilise the oxidised species more effectively, which is why, 
for example, the para-amino substituted TPMANMe2 ligand is sig-
nificantly more effective than TPMA itself. Because the alkyl hal-
ide activation occurs via inner-sphere electron transfer, 7,8,17 the 
reaction site needs to be available, without being too sterically 
encumbered by the ligand. Thus, for example, Me6TREN is sig-
nificantly more effective than Et6TREN.18 Additionally, the en-
ergy barrier will be smaller if the ligand conformational changes 
throughout the process are minimised.  

 

Figure 1. (a) HOMO and (b) geometry and POAV N-pyramidalization angles for 
[CuI(Me6TREN)]+ and also (c) an analogue in which the axial nitrogen is enclosed in a qui-
nuclidine cage. Images taken with permission from Ref 15. 

Recently, based on computational studies, we proposed a new 
strategy for further increasing catalyst activity, beyond current 
experimental limits.15 For nitrogen-based ligands at least, we 
showed that the oxidation potential of the [LCuI]+ species fol-
lows Koopman’s theorem: that is, it is inversely proportional to 
the energy of the highest occupied molecular orbital (HOMO) of 
the complex. Because this HOMO also contains a node along the 
axial Cu-N bond, we predict that, all things being equal, de-
creases to the axial Cu-N bond length should be accompanied 
by destabilization of the HOMO and hence, by Koopman’s the-
orem, the promotion of oxidation. Thus, we leveraged the ste-
rically unhindered yet electron rich nature of the bridgehead 
amine nitrogen of quinuclidine systems to promote shorter ax-
ial Cu–N bond lengths (see Figure 1). Based on benchmarked 
density functional theory calculations, we predicted that when 
used as a ligand, the quinuclidine derivative of Me6TREN has a 
kact value for the ATRP reaction with (CH3)2C(COOCH3)Br rate 
that is 350 times faster than that of Me6TREN.15 Likewise, the 
quinuclidine derivative of TPMANMe2 is predicted to be approxi-
mately 4 orders of magnitude more active than TPMANMe2 itself, 
which would make it 3 orders magnitude more active than any 
synthesised catalyst to date (see Chart 1).15  

While there is synthetic precedent in the patent literature for 
analogues of the tripodal quinuclidine ligands carrying 2-(naph-
thalen-1-yl)pyridyl and 2-(6-bromo)pyridyl arms,19 quin-
TPMANMe2 is yet to be synthesised, with the substituted quinu-
clidine cap proving synthetically challenging. The corresponding 
triphenyl-substituted quinuclidine was synthesised in 8 steps 
from 4-pyridone by Corey in 2010,20 and the presence of the 

three pyridyl groups in place of the phenyls was anticipated to 
lead to significant additional synthetic challenges and complica-
tions. We envisaged a solution to this problem that involved a 
diverted total synthesis strategy,21 whereupon we would re-
place one of the methylene groups in the quinuclidine cap with 
an oxygen. Synthetically, this would in principle permit a simpler 
synthesis, as seen in the proposed synthetic route outlined in 
Scheme 2. Thus, a twofold aza-Michael addition of ammonia to 
a simple Claisen-Schmidt condensation product would be ex-
pected to give a 2,6-disubstituted 4-piperidone,22 which could 
be reduced to the secondary alcohol then converted into the 
caged hemiaminal ether L1 using the condensation conditions 
of Hardgetter and Ott.23 However, this raises the questions to 
what extent does the oxygen alter the activity of the ligand, and 
which if any of the possible diastereomeric products L1-L4 
(which differ in relative configurations at C2, C4 and C6) is most 
effective as a ligand. Moreover, for both the O and CH2 linked 
quinuclidine systems, to what extent can the activity be further 
tuned by altering the para-substituent of the pyridine and/or 
replacing the pyridine altogether with other heterocycles?  

 

 
Scheme 2. The proposed synthesis of analogues of Quin-TPMANMe2. The production of 
four different diastereomers (L1, L2, L3 and L4) is possible with an oxygen in the quinu-
clidine cap. When the oxygen is replaced with a CH2 linker, L2, L3 and L4 are equivalent. 

To address these questions, and thereby identify the most 
promising ATRP ligands for follow-up synthetic studies, in the 
present work we used accurate computational chemistry to 
study the kinetics and thermodynamics of the ATRP reaction of 
methyl α-bromoisobutyrate,7,8,15,16 chosen for consistent com-
parison with previous studies, for a broad range of ligands 
(Chart 2). Included in this ligand library are molecules with dif-
ferent para substituents and different heterocycles to elucidate 
the effect of each of these components. Each ligand was studied 
with both an oxygen and a CH2 in the quinuclidine core, and the 
ligands with different para substituents were studied for the 
three most synthetically accessible diastereomers (L1, L2 and 
L3) to determine the impact of these factors on mediator 
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activity in order to better inform the synthesis of more active 
ligands. Ligand L4 was not included in this study since its gener-
ation in the synthetic pathway shown in Scheme 2 was consid-
ered unlikely. In principle, both L1 and L4 can be formed in the 
final condensation step of Scheme 2. However, since L4 is the 
more sterically strained hence less thermodynamically stable 
(i.e. non-propeller) C* epimer of L1, its formation is disfavoured.  

 
Chart 2. Scope of the present work. Note that only two diastereomers exist for X = CH2, 
meaning that 2aCH2 is equivalent to 3aCH2, 2bCH2 is equivalent to 3bCH2, etc. 

Computational Procedures 

Standard density functional theory (DFT) calculations were per-
formed using Gaussian 1624 at a level of theory previously 

shown to reproduce experimental kact values of ATRP reac-
tions.7 Geometries and frequencies were first calculated in the 
gas phase using ωB97XD,25 with a mixed basis set of SDD26 for 
Cu and 6-31G(d) for other atoms.27 Single point energies were 
then calculated using ωB97XD/Def2TZVP in acetonitrile using 
the CPCM solvation model.28 Gibbs free energies in acetonitrile 
solution were then calculated via a thermocycle method, in con-
junction with the harmonic oscillator - rigid rotor approxima-
tion, and include a correction for the change of state from 1atm 
to 1M.29 Total energies and optimized geometries, including 
heat maps of the Cu-ligand bond lengths in the [LCuI]+, [LCuII]2+ 
and [LCuIIBr]+ complexes, are provided in the Electronic Supple-
mentary Information. 

Results and Discussion 

Figure 2a shows the predicted reaction Gibbs free energies (298 
K, acetonitrile) for the model ATRP reaction of methyl α-bro-
moisobutyrate with the full test set of catalysts in Chart 2; cor-
responding forward and reverse barrier heights for a subset of 
the ligands are provided in Figure 3. To better understand the 
trends in Figure 2a, we used a simple Hess cycle (Scheme 3) to 
express the reaction Gibbs free energy as the sum of the reac-
tion Gibbs free energy for the (hypothetical) dissociative elec-
tron transfer reaction between the catalyst and substrate (ET), 
and that of the halogen association reaction between the oxi-
dised catalyst and the bromide ion (HA). The resulting ET and 
HA contributions are provided in Figure 2b. It should be noted 
that Scheme 3 is a Hess cycle; the reaction itself occurs via a 
single step inner-sphere electron transfer mechanism so that 
the large energetic cost of oxidising the catalyst is simultane-
ously offset by the energy gained by halogen association. 
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Figure 2. (a) Reaction Gibbs free energy (DG, kJ mol–1, 298 K, acetonitrile) for the model ATRP reaction of methyl α-bromoisobutyrate with the full test set of catalysts in Chart 2. The 
corresponding experimental value for the synthesised ligand having the best reported thermodynamics to date (TPMANMe2) is given for comparison.12 (b) Electron transfer (ET) and 
halogen affinity (HA) contributions (see Scheme 3 for definitions) to the overall reaction Gibbs free energy under the same conditions. 

 

Figure 3. Forward (activation) and reverse (deactivation) Gibbs free energy barriers and 
reaction energies (DG‡, kJ mol–1, 298 K, acetonitrile) for the model ATRP reaction of me-
thyl α-bromoisobutyrate with both the O-linked and CH2-linked 1d, 2d and 3d ligands in 
Chart 2. 

  

Scheme 3. Hess cycle showing the relationship between the reaction Gibbs free energy 
for the ATRP reaction, and that for the dissociative electron transfer between the reac-
tants (ET) and association of the resulting bromide with the oxidised catalyst (HA). 

Effect of Linker Atom.  

The principal objective of the present work was to assess 
whether the oxygen linker had a detrimental effect on catalyst 
performance. From Figure 2a, it is clear that the oxygen-linked 
species follow the same trends as their CH2 linked analogues, 
but their reactions are generally less thermodynamically favour-
able than their corresponding CH2 linked counterparts by 5-10 
kJ mol–1. Nonetheless, even with the O-linker, the para-amino 
substituted ligands (i.e., 1e/2e/3e and 1f/2f/3f) display consid-
erably more exergonic reactions than the best-available ligands, 
TPMANMe2 and TPMAPyr. Moreover, if we examine the barrier 
heights for the unsubstituted systems (Figure 3), we see that 
while their trends follow those of the thermodynamics, the dif-
ference in barrier heights for the forward (activation) reaction 
between corresponding O-linked and CH2-linked catalysts are 
much smaller than the differences in their thermochemistry. As 
a result, the O-linked catalysts strike the best compromise be-
tween having low activation and deactivation barriers, thus 
making them particularly attractive as control agents. In sum-
mary, the presence of the quinuclidine cage significantly im-
proves catalyst performance over the corresponding ligands 
that lack this cage structure, and even the O-linked systems 
would be worth pursuing synthetically. 

From Figure 2b, it is seen that the O-linked species are harder 
to oxidise than their corresponding CH2-linked counterparts, 
presumably due to the 𝜎-inductive effects of the oxygen linker 
which renders the binding nitrogens less electron rich and less 
able to stabilize CuII over CuI. For the same reason, the halogen 
association energies for the O-linked species are systematically 
more exergonic than their CH2-linked counterparts. Overall, the 
O-linked species are less effective than their CH2-linked coun-
terparts because their more favourable HA values only partially 
offsets their less favourable ET values. To help understand why, 

Br++

∆GATRP

∆GHA∆GET

∆GATRP = ∆GET + ∆GHA

OMe
Br

MeMe

O

[LCuI] + [LCuII–Br]       + OMe
Me

Me
O

•

OMe
Me

Me
O

•
[LCuII]2



 

 

the structures of the Cu(I) complexes of the quin-TPMA-substi-
tuted compounds (i.e., 1d/2d/3d) were examined. Figure 4 
shows the axial and average equatorial Cu-N bond lengths of 
the respective [LCuI]+ and [LCuIIBr]+ complexes; individual bond 
lengths are provided in Tables S1 and S3 of the Electronic Sup-
plementary Information. While axial Cu–N distances are similar 
between corresponding O-linked and CH2-linked ligands, the 
equatorial bonds are longer because the shorter O-C versus C-C 
bond in the quinuclidine cages effectively makes the arms of the 
tripodal ligands shorter and it becomes harder to optimally ac-
commodate all 4 Cu-N bonds simultaneously. However, these 
longer Cu-N bonds in the O-linked catalysts provide more room 
around the Cu centre, which is presumably why the O-linked 
compounds are more reactive than one would expect based on 
the reaction energies. 

 

 

Figure 4. (a) Binding of 1d, 2d and 3d to Cu(I). The axial (black) and average equatorial 
(red italic) Cu-N bond lengths (Å) are also shown. Individual bond lengths are shown in 
Table S1 of the Supporting Information. (b) Corresponding Cu(II) complexes of 1d, 2d and 
3d. Individual bond lengths are shown in Table S3 of the Supporting Information. 

Stereochemistry.  

The stereochemistry of the ligand has a significant effect on the 
thermodynamics of the ATRP reaction (Figure 2). For the CH2-
linked species, the (equivalent) L2/L3 isomers generally give rise 
to more exothermic reactions than the L1 isomers. For the O-

linked species the L3 ligand also outperforms L1. However, L2, 
which in the O-linked series is not equivalent to L3, tends to give 
the least exothermic reactions. The L1 isomer displays the best 
geometry for binding CuI, giving rise to the shortest average Cu-
N distances, both in the parent quin-TPMA systems (Figure 4) 
and the para-substituted ligands (Figure 5). This is because the 
propeller geometry of the L1 isomer is best able to accommo-
date all 4 Cu-N bonds in the preferred tetrahedral geometry of 
the CuI complexes. Complexes of CuI with L2 and L3 are dis-
torted from the tetrahedral form, and are best approximated as 
trigonal bipyramidal (see for example Figure 4a). Despite this, 
the L3 ligand is still able to accommodate all 4 Cu-N bonds with 
only minor distortions compared with L1, except in the two 
bulkiest cases (3cCH2 and 3fCH2). Importantly, upon oxidation the 
trigonal bipyramidal CuII complexes can better accommodate 
the L3 versus L1 isomers (Figure 4b), and this gives the L3 iso-
mers the advantage. However, in O-linked compounds, the L2 
isomer is not able to bind effectively, with at least one Cu-N 
bond semi-detaching (i.e., Cu–N > 3Å) in all but the least hin-
dered para-unsubstituted ligand (i.e. 2dO). These problems, 
which stem from the C-O linker bond effectively making one of 
the tripodal arms shorter, remain in the oxidised form (Figure 
5b) and result in this isomer being least effective. 

 

 

 

Figure 5. (a) Average axial and equatorial bond lengths (Å) for the CuI complexes of the 
para-TMPA substituted quinuclidine ligands in Chart 1 (i.e. all except 4a/4b/4c), with av-
erages calculated separately for the L1, L2 and L3 stereoisomers and O-linked and CH2-
linked compounds. Individual bond lengths are shown in Table S1 of the Supporting 



  

 

Information. (b) Corresponding data for the [LCuIIBr]+ complexes of the ligands. Individ-
ual bond lengths are shown in Table S3 of the Supporting Information. 

Para Substituents.  

As expected, the ATRP equilibrium is significantly affected by 
substituents para to the donor nitrogen on the 2-pyridyl moiety, 
with electron withdrawing groups such as NO2 promoting the 
reaction to a much lesser extent than electron donors such as 
NMe2 and N-pyrrolidinyl. This effect has previously been ob-
served; the activity of the original ATRP ligand, 2,2’-bipyridine 
was found to increase with the inclusion of para electron donat-
ing groups and decrease with the inclusion of para electron 
withdrawing groups.30 Indeed, this observation was leveraged 
to design the most active synthesised ligands to date, by substi-
tuting TPMA with para-NMe2 and para-N-pyrrolidinyl groups.10-

12 Consistent with previous studies,7,15 electron donation re-
duces the energy cost for ET by helping to stabilize CuII relative 
to CuI, but in doing so also makes HA less exergonic by reducing 
the electrostatic interaction between CuII and the Br– (see Fig-
ure 2b). Nonetheless, the former effect outweighs the latter 
leading to increased performance with incorporation of elec-
tron donors as para-substituents.  

 

 
Figure 6. (a) Binding of 4a, 4b and 4c to Cu(I). The axial (black) and average equatorial 
(red italic) Cu-N bond lengths (Å) are also shown. (b) Corresponding Cu(II) complexes of 
4a, 4b and 4c. 

While the effects of para-substituents are largely as anticipated, 
it is worth noting that bulky para-substituents display less exer-
gonic behaviour than otherwise expected, particularly in the 
more crowded L2 and L3 isomers. Thus, for example, as the 
strongest donor, the para-N-pyrrolidinyl substituted ligand is 
expected to display the best overall thermodynamics. Indeed, it 
does out-perform para-NMe2 for the L1 ligand but loses some 
or all of its advantage in the L2/L3 ligands. As a result, the L3 
para-NMe2 ligand (3eCH2) is predicted to perform best overall 
with CH2-linker, though with the O-linker the L3 para-N-pyrroli-
dine ligand (3fO) narrowly retains its advantage over 3eO.  

Alternative heterocycles.  

Finally, we screened three additional heterocycles, as alterna-
tives to the 2-pyridyl substituents on our quinuclidine ligands. 
Of these, the N-heterocyclic carbene (NHC) ligand (4a) gave rise 
to endergonic ATRP reactions, the N-methylimidazol-2-yl ligand 
(4b) gave rise to slightly less exergonic reactions than those with 
the corresponding 2-pyridyl ligands, while the negatively 
charged (i.e. N-deprotonated) 2-pyrrolyl ligand gave rise to sig-
nificantly more exergonic reactions than any other ligand 
known or tested (4c). In both cases the O-linked species was 
again slightly less active than the CH2-linked species, but these 
differences were minor when compared with the differences 
arising from alternative heterocycles.  

The poor performance of the NHC ligand was initially surprising 
as it was expected to be a good electron donor. However, on 
examination of Figure 2b it was clear that the problem was not 
its ability to stabilize CuII over CuI. In fact, its ET term is very sim-
ilar to that of 2-pyridyl; however, its halogen association is much 
less exergonic than any other as increased steric crowding 
lengthens the Cu-Br bond (Cu-Br bond lengths are 2.41 Å in 
4aCH2 and 2.34 Å 1dCH2, respectively). The N-methylimidazol-2-
yl ligand displays behaviour that is more analogous the 2-pyridyl 
ligands, though performs slightly worse than anticipated be-
cause the more hindered heterocycle leads to an increase in the 
axial Cu-N bond (Figure 6). Unsurprisingly, the negatively 
charged ligand stabilizes CuII over CuI so much so that even the 
electron transfer term is exergonic. For the test reaction, this 
process is clearly too favourable for an effective ATRP as the de-
activation reaction would be inhibited and there would be no 
control. However, such ligands would potentially be suitable for 
unactivated alkyl halides, depending on activation and deacti-
vation kinetics. 

CONCLUSIONS  

Motivated by a possible synthetic pathway towards oxygen an-
alogues of the highly active but synthetically challenging quin-
TPMANMe2 ligand, a computational study was undertaken to 
screen a series of potential ATRP catalysts to better understand 
structure-reactivity trends and identify promising synthetic tar-
gets (Figure 7). “Tying back” the three alkyl substituents of the 
axial N of the ATRP ligand in a quinuclidine ring then substituting 
each with equatorial donor groups leads to tetradentate ligands 
with significantly increased activity. The effects are greater for 



 

 

(CH2-linked) quinuclidine cages compared with their hemiami-
nal ether (O-linked) analogues. Nonetheless, the latter are still 
predicted to out-perform the best available ATRP ligands in cur-
rent use.  

The adoption of this new ligand design introduces opportunities 
for stereoisomerism, and while all stereoisomers examined 
bind CuI and CuII and function as effective catalysts, there is sig-
nificant variation in performance. Interestingly, the most effec-
tive isomers (generally L3 in Scheme 2) are not those best able 
to bind CuI in its preferred tetrahedral geometry, rather those 
that bind in a less optimal trigonal bipyramidal geometry and 
thus undergo smaller changes upon oxidation. As with the non-
caged ligands, inclusion of electron donating para-amino 
groups on the pyridine arms improves ligand activity by stabiliz-
ing CuII over CuI, however one needs to be additionally careful 
of unfavourable steric crowding, particularly for L2 and L3 dia-
stereomers. While not examined here, an additional attractive 
feature of this caged ligand system is its chirality, which offers 
thus far unexplored opportunities for enantioselective catalysis.  

Finally, replacing the pyridine arms with other types of neutral 
heterocycles, such as NHCs and imidazoles, does not appear to 
offer an advantage over pyridine. However, if synthetically at-
tainable, ligands with negatively charged donor nitrogens could 
offer 10 orders of magnitude improvement in catalyst activity 
over the best available neutral ligands, which could help make 
ATRP and other small molecule processes that employ ATRP cat-
alysts applicable to unactivated alkyl halides. Work to synthe-
sise and test the most promising, synthetically accessible lig-
ands identified through this study is currently underway. 

 

 
Figure 7. The effect of different aspects of quin-TPMANMe2 based ligands on the thermo-
dynamics of ATRP. 
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