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Abstract

Ancillary ligands, especially the tripodal ligands such as tris(triazolylmethyl)amines, have been
widely used to accelerate the Cu-catalyzed azide-alkyne cycloaddition (CUAAC, a “click”
reaction). However, the relationship between the activity of these Cu(l) complexes and their
stability against air oxidation and ligand dissociation/exchange was seldom studied, which is
critical for the applications of CUAAC in many biological systems. In this work, we synthesized
twenty-one Cu(l) tripodal ligands varying in chelate arm length (five to seven atoms), donor
groups (triazolyl, pyridyl and phenyl), and steric hindrance. The effects of these variables on the
CuAAC reaction, air oxidation, and ligand dissociation were evaluated. Reducing the chelate arm
length to five atoms, decreasing steric hindrance, or using a relatively weakly-binding ligand can
significantly increase the CUAAC reactivity of the Cu(l) complexes, but the concomitant higher
degree of oxidation cannot be avoided, which leads to rapid degradation of a histidine-containing
peptide as a model of proteins. The oxidation of the peptide can be reduced by attaching
oligo(ethylene glycol) chains to the ligands as sacrificing reagents. Using electrospray ionization
mass spectrometry (ESI-MS), we directly observed the tri- and di-copper(l)-acetylide complexes
in CUAAC reaction in the [5,5,5] ligand system and a small amount of di-Cu(l)-acetylide in the
[5,5,6] ligand system. Only the mono-Cu(l) ligand adducts were observed in the [6,6,6] and [5,6,6]
ligand systems.
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being oxidized in the CUAAC reaction.
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Introduction

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction!: 2 as a typical “click”
reaction® has been widely used in drug discovery,*-5 materials science,’:
bioconjugation,® %15 and many other fields. Ancillary ligands such as nitrogen (amine,
N(sp?)-Type), carbon (A-heterocyclic carbene), phosphorous and sulfur donors, have been
extensively studied to accelerate the reaction, and to stabilize the Cu(l) against
disproportionation and oxidation by 0,.16 In bioconjugation reactions, the tripodal
tris(triazolylmethyl)amine ligands, such as THPTA,17- 18 BTTAA,1® BTTES,20 BTTPS,2!
BTTP,22 and 1 (Fig. 1 & 2),23 are the most efficient ligands that enable the reaction to be
completed within minutes at tens of micromolar level of copper.24 25 However, in the
complex biological systems, the cytotoxicity of Cu(1)26-28 and the presence of strong-
coordinating biological chelators that deactivate the copper catalyst?4 29 greatly hampered
the application of CUAAC reaction in living systems.39

In most cases, a reducing agent (e.g., ascorbate) is needed to maintain the catalytically active
Cu(l) oxidation state. 31 Nevertheless, the Cu(l)/Cu(ll)/ascorbate/O, redox cycle rapidly
generates reactive oxygen species (ROS)32 that can degrade the biomolecules and the Cu(l)
ligands,26-28 which is one of the major drawbacks of CUAAC reaction compared to the
copper(l)-free bioconjugation methods.33 The oxidation mechanism of Cu(l) complexes has
been extensive studied.3* 35 Increasing the denticity of ligands,38 expanding the size of the
chelate ring,3’ reducing the electron-donating ability of ligands,38 and adding sterically
demanded substituents36 can improve the stability of Cu(l) complexes against oxidation.
Tripodal ligands with a six-membered chelate ring bearing pyridyl and phenyl chelating
arms exhibit a relatively high stability in air,37- 3%-41 which are potential candidates for
CUuAAC reaction in bioconjugation.

On the other hand, the competition from biological Cu(l) ligands, such as glutathione (GSH,
dissociation constants Kp % 9 x10712 M1),29 an abundant copper-binding tripeptide
presenting in micromolar concentration inside live cells,*2 43 also greatly reduce the
catalytic activity of Cu(l) complexes in bioconjugation reactions.3? We performed CUAAC
reaction inside live mammalian cells using tris(triazolylmethyl)amine ligands.3° Although an
overall yield of ~18% was obtained on membrane proteins including those in the
intracellular membranes, the yield of the reaction in cytosolic proteins was only 0.8%, which
was attributed to the deactivation of the copper catalyst mainly by GSH. Therefore, to
improve the efficiency of CUAAC reaction inside live cells, we need to develop efficient
copper catalysts that are stable against dissociation by GSH.

Despite the above challenges for bioconjugations, the CUAAC reaction produces a small
triazole linkage resembling a peptide linkage, which possibly imposes the least perturbation
on the biological function of the conjugates.** In addition, the small ethynyl and azido
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handles can be easily incorporated to synthetic-and bio-molecules. These unique advantages
of CUAAC3C over the copper-free click reactions3% 45 have motivated us and other
researchers to develop more efficient catalysts that overcome the above challenges.

In this work, we systematically evaluated the factors influencing the activity of Cu(l)
complexes in CUAAC reaction and their stability against oxidation and dissociation,
including the chelate arm length (atom number from the central tertiary amine to copper),
donor types, and steric demands. A series of tripodal tertiary amine ligands bearing triazolyl,
pyridyl, and phenyl arms with a chelate arm length of 5-7 atoms were analyzed. The
apparent rate constant (4yps) and yield of a model CUAAC reaction, the initial rate () of
the ascorbate oxidation catalyzed by the Cu(l) complexes, and the dissociation constant (Kp)
of the Cu(l) complexes were reported. The efficiency of these Cu(l) ligands was
quantitatively analyzed by a factor representing the CUAAC activity vs. anti-oxidation
capability. Electrospray ionization mass spectrometry (ESI-MS) was employed to analyze
the active Cu(l)-acetylide intermediates in the CUAAC reaction. Finally, selected ligands
were evaluated for their performance in the CUAAC reaction involving a histidine-
containing peptide.

Results and discussion

Ligands and measurement methods

Twenty-one structurally-related tripodal amine Cu(l) ligands (1-21, Fig. 2) were synthesized
to investigate the effect of ligand type, chelate arm lengths and steric demands on the
CuAAC activity and stability against oxidation and dissociation. Ligand BTTAAL reported
as a highly efficient ligand for CUAAC in bioconjugation was used for comparison. The
results were summarized in Fig. 3 and Table S1, ESIT.

The CuAAC reactivity of the ligand-Cu(l) complexes was evaluated with a fluorogenic
reaction?0: 46 between propargyl alcohol and azido-coumarin (AC) to yield the fluorescent
coumarin-triazole product (CT, Scheme 1A). The yields were calculated based on a
calibration curve of the fluorescence intensity of the CT (Fig. S4), and the rate constants
(kops) were fitted using second order kinetic model (Fig. 3A, and Fig. S6+S7, ESIT).

The stability of the Cu(l) complexes against oxidation in air was evaluated by the initial rate
of oxidation of ascorbate acid (Asc), as the reducing agent for converting the oxidized Cu(ll)
back to Cu(l) (Scheme 1B).4” The initial rate (%) for the consumption of ascorbate in the
presence of the Cu(l) complex (Fig. 3B) was monitored by the decrease of its maximum
absorbance at 265 nm in aqueous solutions and plotted in Fig. S3, ESIt.

The dissociation constants (Kp) of the ligand-Cu(l) complexes were determined using
bicinchoninic anion (Bca) as a competing ligand (Scheme 1C),8: 49 which forms a 2:1
complex with Cu(l) (formation constant B, = 1.58 x 1017 M~2) that is essentially pH-
independent at pH > 7.0.48. 50 |_ower affinity probes such as Ferene would give better
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accuracy for ligands with Kp > 1079 M,9 but all ligands in Fig. 2 possess sufficient binding
affinity (Fig. 3C) that can compete with Bca at (Bca)/Cu(l) of 40 uM/16 pM. Excess of Bca
was used to ensure the dominance of Cu(l)(Bca), over Cu(l)(Bca), which is also a
prerequisite for use of the competitive equilibrium method to determine Kp of the
complexes.*8: 50 The influence of anions and solvents on the CUAAC reaction has been
investigated.>1 52 The anions (CI~, SO42~, and PFg~) and solvent (H,0) in our system
coordinate with Cu(l) much more weakly compared to the ligands, thus should have a
limited influence on the reaction.

Effect of chelate arm length, chelate angle and Cu-N distance

In ligand/Cu(l) 1:1 complexes, the length of the three chelate arms (designated as [m,n,0],
where m, n, 0 = 57 are the number of atoms from the central amine to copper, see Fig. 4)
largely influenced the ability of the ligands to stabilize Cu(l) against O, oxidation. Among
all the ligands tested (Fig. 2), the tris(triazolylethyl)amine ligand 2 ([6,6,6]) offered the best
protection of Cu(l), showing more than 9-fold lower oxidation rate compared to most of the
other ligands tested (Fig. 3B & Table S1, ESIt), including the reported [6,6,6]
tris(pyridylethyl)amine 10.53 Complex 18-Cu(l) with [6,6,6-Me] structure also showed high
stability against oxidation. Note that the [6,6,6] 10-Cu(l)-Cl complex has been proved more
stable against oxidation compared to the [5,5,5] 11-Cu(l)-CI complex.3° The increased
chelation arm length in the [6,6,6] 10-Cu(1)-CI creates a more sterically demanding
complex, forming a square-based pyramidal structure that offered more protection of Cu(l)
against oxidation by O, compared to the [5,5,5] 11-Cu(l)-Cl complex with a trigonal
bipyramidal structure that promotes oxidation of Cu(1).3”

We performed density functional theory (DFT, B3LYP>*/LANL2DZ>®) calculations to
obtain the optimized geometry of selected ligand-Cu(l) complexes, including the Cu(l)
complexes bearing triazolyl (1, 2, 3 & 5) and pyridyl (10, 11) ligands. As shown in Fig. 4
and Table 1, the chelate arm length of Cu(l) complexes mainly influenced the angles
between the aromatic nitrogen donor N(1), the Cu(l), and the central amino nitrogen N(2).
For example, an average of 78.4° N(1)—-Cu(1)-N(2) angle in 1-Cu(l) ([5,5,5]) and 95.1° in 2-
Cu(l) ([6,6,6]) were calculated. A clear correlation between the chelate angle and the
oxidation property was revealed, 7.e., larger N(1)—-Cu(l1)-N(2) angle gives better protection
of Cu(l) against oxidation. It can be elucidated by the proposed oxidation mechanism of
Cu(l) complexes, involving the activation of O, by formation of a Cu/O, 1:1 adduct,
followed by coordination with another Cu(1).34 The smaller chelation angle in ligand 1
system significantly facilitates the formation of the Cu,0, complex.37: 56 In comparison, the
[6,6,6] complexes 2-Cu(l) and 10-Cu(l) adopt a pseudo-tetrahedral geometry on Cu(l),
which offered better protection of the Cu(l) oxidation state.

The distance between Cu and N(1) does not vary a lot with the chelate arm length. The
Cu(1)-N(2) interaction, on the other hand, reflects a plausible influence on the oxidation of
Cu(l) complexes. The [6,6,6] systems that are most stable against oxidation did show the
strongest Cu(l)-N(2) interaction among the calculated complex of the same donor type.
However, the [7,7,7] system of no Cu(l)-N(2) interaction is better in protecting the Cu(l)
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against oxidation compared to the [5,5,5] system that exhibits weak Cu(l)-N(2) interaction
(Table 1).

Although the [6,6,6] chelate structure is the best for stabilizing Cu(l) against oxidation, it
also exhibits a poor CUAAC reactivity with >10-fold lower Agps values compared to the
[5,5,5] system bearing the same ligand type. In general, the coordination geometry of Cu(l)
complex generates the same effect on their activity in oxidation and CUAAC reaction: larger
N(1)-Cu()-N(2) angle often gives lower CUAAC activity. An exception is the [7,7,7] 3-
Cu(l) complex, which displayed much lower CUAAC activity compared to the [5,6,6]
complex 5-Cu(l) with a similar N(1)-Cu(l)-N(2) angle (86.3° vs. 89.0°, respectively). The
primary structural difference between these two complexes is the Cu(l)-N(2) interaction in
the [5,6,6] complex (Cu(1)-N(2) 2.472 A) that does not exist in the [7,7,7] complex.
Therefore, we suggest that the central amine donor may also play a role in accelerating the
CuAAC reaction.

Comparing all the Cu(l) complexes tested (Fig. 3), the influence of the chelate arm length
(of the same ligand type) on Cu(l) oxidation follows the order of [5,5,5] > [7,7,7] ~ [5,5,6] »
[5,6,6] >> [6,6,6], while on the CUAAC activity follows a general trend of [5,5,5] > [5,5,6] ~
[5,6,6] >> [7,7,7] > [6,6,6] among all the tris(N-donor)amine ligands ([Tr,Tr,Tr] &
[Py,Py,Py]) and the unsubstituted bis(N-donor)(phenyl)amine ligands ([Tr,Tr,Ph] &
[Py,Py,Ph]). The methyl substitution(s) on the bis(N-donor)(phenyl)amine ligands (13-16
and 18-20) also showed influence on the ligand’s CUAAC activity (see discussions below).

The dissociation constants (Kp) of the Cu(l) complexes reflect the extent of potential ligand
exchange during the CUAAC reaction, e.g., with alkyne or azide. The Kp of tested Cu(l)
complexes (Fig. 3C) is in the range of 1 pM to 1 nM. Among the tris(triazolyl)amines,
ligands 1 ([5,5,5]) and 4 ([5,5,6]) showed 10-folds weaker coordinating strength toward
Cu(l) compared to the ligands 2, 3 and 5 that form [6,6,6], [7,7,7], and [5,6,6] chelate rings.
The chelating strengths of the [7,7,7] 3-Cu(l) complex and the [5,6,6] 5-Cu(l) complex, the
calculated chelate angles, and the oxidation rate of the two complexes are very close.

Increasing the chelate arm lengths in [Tr,Tr,Ph] ligands (6—17, 21—20—19—18)
generally results in decreased CUAAC activity and oxidation rate (vide supra). However, the
stability of these Cu(l) complexes (Kp) follows the reversed trend: the [5,5,5] shows the
strongest coordination, followed by [5,5,6], [5,6,6], and [6,6,6] structure.

Effect of ligand types

The phenyl ring offers weak rt-coordination towards Cu(l). For the N-coordinating ligands,
the rt-accepting ability of triazolyl ligands is lower than that of the pyridyl ligands because
of the presence of p lone pair on the alkylated nitrogen of triazole. The basicity of pyridine is
also stronger than triazole.81 Therefore, the pyridine ligand can form a more stable complex
with the d19-filled Cu(l) ion as compared to the triazole ligands.52 Indeed, as calculated
(Table 2), the distances between Cu(l) and the central amino nitrogen N(2) in the triazolyl
complexes are much longer than those in the pyridyl complexes of similar structure. It can
be attributed to the weaker rt-accepting ability of triazole rings compared to pyridines®! as a
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better acceptor of the back-donation of electron by Cu(l) thus strengthen the electron-
donating interaction of the central amine toward the Cu(l).

The measured Kp for Cu(l) complexes bearing ligands 1-21 is in general agreement with
this trend (Fig. 3C). For the [6,6,6] chelate structure, the Kp increased in the order of
[Py,Py,Py] (10) < [Tr,Py,Py] (9) < [Tr,Tr,Py] (8) ~ [Tr,Tr,Tr] (2) << [Py,Py,Ph] (12) ~
[Tr,Tr,Ph] (17), while for the [5,5,5] system: [Py,Py,Py] (11) << [Tr,Tr,Tr] (1) = [Tr,Tr,Ph]
(6). On the other hand, appending a triazolyl group to 1 as the tetra-triazole 7 further
decreased the Kp.

In the [6,6,6] system, although the tris(pyridyl) complex 10-Cu(l) possesses larger chelate
angle and shorter Cu-N(2) distances than the tris(triazolyl) complex 2-Cu(l) (Fig. 4), the
latter shows an order of magnitude lower V4 than most of the other ligands. This result
indicates that Py ligand promotes oxidation due to stronger sigma donating ability and also
stronger capacity for accepting back donation from Cu(l) than triazoyl ligand. Besides, the
ligand 18 bearing [Tr,Tr,Ph]-[6,6,6-Me] structure also offers good stability. Introducing an
extra N-donor to 1 (as ligand 7) has little effect on the oxidation rate. Therefore, as discussed
above, the oxidation property of a Cu(l) complex can be affected by the chelating geometry
and steric demands around the Cu(l) center, but the electronic environment>3 and donor
types may also work together to stabilize the complexes. In the [5,5,5] systems, triazole
donors are more efficient than pyridines to enhance the CuAAC reactivity (Fig. 3A), with
the reactivity (4qps) following the order [Tr,Tr, Tr] (1) > (BTTAA) > [Tr, Tr,Ph] (6) >
[Py,Py,Py] (11). Replacement of a triazole donor in 1 with a weaker phenyl group (6)
resulted in a decrease in the CUAAC reactivity while replacing a triazole with a stronger rt-
accepting pyridine (11) caused a significant decrease in the CUAAC reactivity.

Effect of steric demands

We have discussed the steric effect caused by the length of the chelate arms. In addition, to
study the steric effect we introduced methyl groups either to the methylene groups between
the central amine and the phenyl arms (as in 13, 15, 18-21, designated as [m,nh,0-Me]), or to
the 6-position of the pyridyl rings (as in 14 and 16, designated as [m,n,0-Me2]). By adding a
methyl group at the benzylic CH,, the interaction between Cu(l) and the phenyl ring can be
enhanced due to the reduced free rotation of phenyl ring. It was reported that such methyl
substitution greatly reduced the reactivity with 0,.39 In our systems, reduced rate of
oxidation (V) was observed for 13 compared to 12, 18 to 17, and 21 to 6 (Fig. 3 and Table
S1). However, the effect on Kp was not consistent. The methyl substitution on the pyridine
ring of ligand increased the stability of its Cu(l) complex against oxidation, /7e., 14 vs. 12 in
Fig. 3. However, a larger drop in Ayps than in V;, was observed. The generally higher
influence of steric demands on CUAAC activity than oxidation can be first attributed to the
smaller size of dioxygen compared to the azide and alkyne, which is facile to attack the
ligand-Cu(l) complexes. In addition, during the oxidation reaction, only one dioxygen
molecule is bridged by two Cu(l), while the CUAAC reaction need both azide and alkyne to
interact with Cu(l), which is more susceptible to the steric hindrance of the ligand.
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Evaluation of data correlation and overall ligand efficiency

Collectively, the data for the 1:1 mixture of ligand 1-21 and BT TAA with Cu(l) (Fig. 3A-C
and Table S1, ESIT) showed no direct correlation between the ligand-Cu(l) dissociation
constant (Kp) and the oxidation rate (V4), with the correlation coefficient (/) being —0.16. In
addition, no correlation between Kp and the CUAAC reaction rate (kyps) was found (7=
0.08). However, there was a substantial correlation between the oxidation rate and CUAAC
rate (= 0.66). The statistical analysis on the present ligand systems indicate that: 1) neither
Cu(l) oxidation nor CUAAC reactions is directly determined by the ligand-Cu(l) binding
affinity; 2) in general, the Cu(l) catalysts showing higher CUAAC accelerating ability are
more prone to be oxidized. Notably, current mechanistic studies suggest that both oxidation
of Cu(l) by O, and CUAAC reactions involve a bi-nuclear copper intermediate.35 63,64

Despite the positive correlation between the CUAAC activity and Cu(l) oxidation, there is
room for optimizing the ligand efficiency. To evaluate the overall efficiency of tested ligands
and to optimize the trade-off between the CUAAC activity and anti-oxidation ability, the
kops! Vo values of each ligand are plotted in Fig. 3D. In general, the tris(triazolyl) ligands are
the most efficient ligands for CUAAC, having the best trade-off between CUAAC efficiency
and anti-oxidation ability. The superior performance of the tris(triazolyl) ligands might be
attributed to their relatively weak o-donating ability. This type of ligand can be further
optimized based on the Ayps/ V; value. For example, the oligo(ethyleneglycol)-terminated
tris(triazolyl) ligand 1 (Aops/ Vo = 1.3) exhibits an enhanced anti-oxidation ability compared
to the carboxylic acid-terminated BTTAAL® (ks V4, = 0.56, Table S1, ESIT) in PBS.

Faster oxidation of Cu(l) in air results in a drop of the CUAAC reaction yield (Table S1,
ESIT) due to the rapid consumption of ascorbate reductant. Although ligand 1 exhibits the
highest rate constant Aops (34 + 7 M~1s71), the reaction only achieved 89% yield during the
60 min reaction period. In comparison, the [5,6,6] ligand 5 with lower Agps (Agps = 11 £ 3
M=1s71 kope/ Vi = 0.9) achieved the highest CUAAC yield (97%). The Cu(l) complex
showed a 2-folds lower rate of ascorbate oxidation and 6-folds lower dissociation constant
than the [5,5,5] ligand 1.

Note that both Aqs and V4, may be substantially influenced by the solvent,1” and hence the
optimization should be performed under conditions relevant to the specific application.

To evaluate the overall efficiency of tested ligands for their CUAAC activity over Cu(l)
binding affinity, we plotted the A,ps/ Kp values of each ligand in Fig. 3E. The
tris(pyridylmethyl)amine ligand 11 showed much higher value than other ligands. This
ligand not only accelerates the CUAAC reaction (kgps = 5.1 = 0.5 M~1s~1 compared to
ligand-free condition 0.6 + 0.2 M~1s™1, Table S1 and Figure S7, ESIT), but also strongly
binds the Cu(l) with a dissociation constant (Kp = (1.5 * 0.6) x 10712 M~1) substantially
lower than the cellular free thiol GSH (9 x 10712 M~1).29 |n addition, the 11-Cu(l) complex
showed a reduced oxidation rate compared to the tris(triazolylmethyl)amine ligand 1.

Besides ligand 11, the tris(triazolyl)amine ligand 5 bearing one five-member ring and two
six-member rings also exhibited a good CUAAC activity (kyps = 11 + 3 M~1s71), high Cu(l)
binding affinity (Kp = (18 + 4) x 10712 M~1, ten-fold smaller than ligand 1 and has the same
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order of magnitude as GSH), and slower oxidation compared to ligand 1. Therefore, ligand
11 and ligand 5 appear to be the best candidates among the ligands 1-21 for bioconjugation
inside living mammalian cells.

Ligand capability of stabilizing di-Cu(l)-acetylide active species in CUAAC reaction

The mechanism of CUAAC reaction was proposed to go through a stepwise pathway
involving two Cu(l) ions.84-70 The di-Cu(l)-acetylide has been proven as a much more
active intermediate in the CUAAC reaction than the mono-Cu(l) species.®3 Recently, results
of our kinetic study of CUAAC reaction promoted by tris(triazoylmethl)amine ligands
indicated the possibility that the trinuclear acelylide-Cus-ligand complexes might be active
intermediates in the reaction.”? Herein, we employed electrospray ionization mass
spectrometry (ESI-MS) to detect Cu(l)-alkyne or Cu(l)-acetylide complexes with [Tr,Tr,Tr]
ligands (1, 2, 4, 5) bearing different chelate ring size. By comparing the ability of these
ligands in stabilizing the multinuclear Cu(l)-acetylide complexes, we aimed to find a
possible correlation with the CUAAC reactivity.

ESI-MS has been widely employed for online monitoring of reactions, detecting elusive
reaction intermediates, 2 studying the metal-ligand solution equilibria,”3 7 and
investigating organometallic reaction mechanisms.”3 75-77 In 2015, lacobucci et al. reported
the direct observation of CUAAC intermediates stabilized by the strong ligand
triphenylphosphine using ESI-MS method.’8 Our group also successfully detected multi-
Cu(l) intermediates in the tris(triazolylmethyl)amine accelerated CUAAC reaction and
quantitatively compared their activity.’!

In the present study, we employed a water-soluble oligo(ethyleneglycol)-terminated alkyne
(2-[2-(2-propyn-1-yloxyl)ethoxy]ethanol, PE, Fig. 5) to replace the volatile propargyl
alcohol, while keeping the same Cu/ligand/alkyne ratio (1:1:0.5) as used in the Agps
measurement, Cu(l) was generated /7 situ from reducing CuSO, by sodium ascorbate.?: 31

As shown in Fig. 5A, the [5,5,5] tris(triazolyl) amine ligand 1 formed a mixture of mono-
Cu(l) ligand complex ([1+Cu]*), mono-Cu(l)-alkyne complex ([1+PE+Cu]*), a significant
amount of di-Cu(l)-acetylide complex ([1+PE-H+2Cu]*), and a tiny amount of tri-Cu(l)-
acetylide complex ([1+PE-H+3Cu]?*). The assignment is based on a good fitting of the
theoretical and experimental /m/z value and the corresponding isotope distribution patterns
(Fig. S8, ESIT). In comparison, we did not detect any multi-Cu(l)-acetylides in the [6,6,6]
(ligand 2) and [5,6,6] (ligand 5) ligand systems. Only the mono-Cu(l) ligand adducts were
observed (Fig. 5B & 4D). Nevertheless, the ligand 4 with a shorter chelate arm length
([5.5,6]) generated a small amount of di-Cu(l)-acetylide ([4+PE-H+2Cu]*), showing low
intensity in the spectrum (Fig. 5C). Adventitious oxidation of the OEG chain either in the
alkyne or the ligand to vinyl or carboxylic acid derivatives (see below) was observed in the
ESI-MS spectra of the mixtures, which can be attributed to the presence of a small amount
of O, during sample preparation and transfer to the mass spectrometer. The degree of
oxidation increased with the rate of CUAAC reaction promoted by the ligandsas 1 >4 >5 ~
2.
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The presence of a larger portion of di-Cu(l)-acetylide active species in the Cu(l)/1/alkyne
1:1:0.5 system was consistent with the superior activity of ligand 1 in CUAAC reaction
compared to other three ligands (Fig. 3A, Agps: 1 >> 4 ~ 5 >> 2).

Furthermore, by increasing Cu(l)/ligand ratio from 1:1 to 2:1, there are 1.3-fold more tri-
Cu(l) species, 15% less di-Cu(l) species, 22% more mono-Cu(l) species, and 0.8-fold less
free Cu(l) species generated (Fig. S9 & Table S3, ESIt).

Peptide oxidation assay

To evaluate the performance of the lead ligands 1 and 5 in bioconjugation with CUAAC
reaction, we incorporated an azido group to the A-terminal of a histidine-containing peptide
Gly-Gly-His-Gly-Gly-His, the 15-20 fragment of the antimicrobial peptide Shepherin |
(Shep 1).7% 80 The reported ligand BTTAA was also tested for comparison. As shown in
Scheme 2, the azido-peptide AP was subjected to the common CuAAC reaction conditions
for bioconjugation, using propargyl alcohol (1 equiv., 50 pM) in the presence of ligand (2
equiv.), CuSOy (1 equiv.) and sodium ascorbate (10 equiv.). The product triazolyl-peptide
TP yield and extent of oxidation during the CUAAC reaction were monitored by liquid
chromatography-mass spectrometry (LC-MS), using samples taken at 5, 10, 30, and 60 min
reaction time. The result is depicted in Fig. 6 where the red and blue bars representing the
remaining azidopeptide AP and product triazolyl-peptide TP, respectively.

The results show that without the ligands, a large extent of oxidative side reaction also took
place and both the azidopeptide and triazolyl-peptide were rapidly oxidized. Only <4% of
the peptides AP and TP remained intact after reacting for 30 min. The resultant by-products
mainly include the oxidized histidine residue, showing an increase of mass by 16 amu or 32
amu, consistent with the oxidation of the imidazole ring in the histidine residues to the 2-
imidazolidone derivatives APVIVIN TP/ (Scheme 2),81 which were observed by LC-
MS (Fig. S10, ESIY).

On the contrary, the presence of the ligands, especially the OEG-tethered [5,5,5] ligand 1
and [5,6,6] ligand 5, significantly reduced the peptide oxidation during CUAAC reaction.
These two ligands offered better protection to peptide compared to the ligand BTTAA. As
shown in Fig. 6, 44%, 61% and 24% of the peptides AP and TP remained intact in the
presence of ligands 1, 5, and BTTAA, respectively. The tendency of the peptide oxidation
follows the order of 5 <1 < BTTAA, which is in accordance with the aforementioned
ascorbate oxidation rate V4 (Fig. 3B). Thus, the peptide oxidation is correlated to the

amount of reactive oxygen species (ROS) generated by Cu(l)/Cu(ll)/ascorbate/O, redox
cycle.26-28, 32

As recommended by Finn et a/,17 a typical bioconjugation CUAAC reaction can be
conducted with 5-6 equivalents of ligand in order to maintain the Cu(l) oxidation state in
air. However, due to the triazoles-Cu(l) coordination that competes with the alkyne, the
overall reaction rate was decreased when increasing the ligand to Cu(l) ratio from 1:1 to 6:1.
Therefore, we employed the ligand/Cu(l) 2:1 ratio as the standard condition in our
bioconjugation study. The ligand 1 was most efficient in CUAAC reaction, resulting in 32%
product yield compared to 20% achieved by BT TAA system. During the 60 min reaction
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period, the CUAAC efficiency correlated with the oxidation rate of Cu(l) and peptides AP
and TP. For ligand 1, the maximum yield of TP reached around 30 min, beyond which the
yield started to decline due to oxidation. In comparison, for BTTAA, the maximum yield
was achieved around 10 min.

As shown in Table 2, the % recovery of ligand 1 was almost the same as that of BTTAA
(LC-MS quantification at 5, 10, and 30 min). However, the CUAAC reaction with BTTAA
almost ceased at 10 min due to complete consumption of ascorbate or oxidation of the
ligand. To rationalize the better performance of the ligand 1, we hypothesized that the OEG
chain tethered on 1 sacrificially protected the tris(triazolylalkyl)amine core structure against
oxidization by ROS generated by the Cu(l)/Cu(ll)/ascorbate/O, redox cycle, while the
BTTAA ligand was oxidized on the tris(triazolylalkyl)amine core structure. Therefore,
although the OEG degradation was prevalent, the CUAAC catalytic core
[tris(triazolylalkyl)amine] of ligand 1 was intact. Indeed, a series of the OEG degradation
products were observed by LC-MS (Fig. 7), including aldehydes and carboxylic acids and
shortened OEG chains.

In the case of [5,6,6] ligand 5, although the system offered the best protection of Cu(l), the
rise of ligand/Cu(l) ratio from 1:1 to 2:1 resulted in a drop of the CUAAC reaction rate. The
excessive ligands reduced the accessibility to alkynes and azides for CUAAC reaction.
Hence, while ligand 5 gave 97% yield in the fluorogenic CUAAC reaction (Cu/5 1:1, Fig.
3A), but <10% yield in the peptide CUAAC reaction (Cu/5 2:1, Fig. 6).

Proposed mechanism of CUAAC and Cu(l) oxidation

On the basis of the data from ESI-MS, Cu(l) oxidation,36: 84-86 and our previously proposed
mechanism involving a di- or tri-Cu(l)-acetylide stabilized by tris(triazoylmethyl)amine
ligands,8” we proposed the mechanism of CUAAC and O, oxidation for Cu(l)-ligand |
(Scheme 3). Due to the positive correlation between the CUAAC activity and Cu(l) oxidation
(Fig. 3 and Table S1, ESIt), the alkyne and O, coordination are the competing processes.8”
In the CUAAC pathway, the alkyne interacts with I in both o- and r-coordination modes,
resulting in llcq or llc, (see ESI-MS of ligand 1 with the tri-Cu(l) complex in Fig. 5). The
di- and trinuclear Cu(l) complex Ilcq and llc; coordinates with an azide to form the
intermediate 111cq and I11¢,.84 85 111c, coordinates with another ligand or alkyne to form
the intermediate 1Vc,. I1lcq and V¢, goes through the transition state metallacycle TScq
and TSc,, leading to the triazolide 1Vc; and Vc,.87 Protonation of the triazolide 1Vc; and
Ve, by proximal alkyne or protonic solvent generates the triazole product and regenerates
the catalyst I1cy and 11¢c,.87 On the other hand, in the Cu(l) oxidation pathway, dioxygen is
competing with alkyne in coordination with I. The oxygen coordinates with I in a o-
coordination mode to form intermediate 110.81-83 The active mono-Cu(ll) complex llo
interacts with another mono-Cu(l) complex I, and generates di-copper complex I110.81-83
The Cu(l) ion in 110 rapidly oxidizes to Cu(ll) ion in Vo, through the inner-sphere electron
transfer pathway.8* Finally, the overall reactions form the peroxodicopper(ll) complex
V0.81-83 Sodium ascorbate reduces Cu(ll) ion back to Cu(l) ion, accompanied with the
formation of reactive oxygen species (ROS).32 As discussed above, the oligo(ethylene
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glycol) (OEG) side arms from tris-triazole amine ligands can be sacrificially oxidized to
partially protect the active Cu(l) catalyst in the CUAAC reaction.

Conclusions

In summary, we have systematically investigated the structural effects of Cu(l)-ligand
complexes including chelate arm length, donor type (triazoyl, pyridyl and phenyl) and steric
demands on the CUAAC reactivity, stability against oxidation, and ligand dissociation/
exchange. The tris(triazolylethyl)amine ligand 2 offered the best protection on Cu(l) against
oxidation, the tris(pyridylethyl)amine ligand exhibited the best Cu(l) binding affinity, and
the tris(triazolylmethyl)amine ligand 1 offered the best CUAAC activity.

Chelate arm length strongly affects both the O, and CUAAC reactivity of Cu(l)-ligand
complexes. In general, larger N(1)-Cu(l)-N(2) angle gives better protection of Cu(l) against
oxidation, but also lower the CUAAC activity. The influence of chelate arm length (of the
same ligand type) on Cu(l) oxidation follows the order of [5,5,5] > [7,7,7] ~ [5,5,6] % [5,6,6]
>> [6,6,6], and in CUAAC reaction follows [5,5,5] > [5,5,6] = [5,6,6] >> [7,7,7] > [6,6,6] for
the tris(N-donor)amine ligands ([Tr,Tr,Tr] & [Py,Py,Py]). The central amine donor could
play a role in accelerating the CUAAC reaction, but has no evident influence on the
oxidation process. Optimization of the ligands with mixed chelate arm lengths ([5,6,6] and
[5,5,6]) may achieve better trade-off between the CUAAC reactivity and stability of the
catalyst.

Ligand donor type is the most important factor in ligand stability against dissociation/
exchange. The phenyl ligands can offer a weak protection on Cu(l), while the pyridyl group
is the strongest chelator. The pyridine ring offered the best r-accepting ability that
strengthened the electron-donating interaction of central amine toward the Cu(l). No clear
correlation between the ligand types and the stability of Cu(l) complexes against oxidation
was observed, but in the [5,5,5] systems, triazole donors showed better activity than
pyridines in CUAAC reaction.

For a given chelate arm length and donor type, incremental steric demands within a family
of ligands tend to retard all the processes (oxidation, dissociation and CUAAC). In general,
the influence of steric hindrance on the CUAAC activity is higher than the oxidation process.

The CUAAC activity of Cu(l) complexes followed the ranking of 1 = BTTAA >7>6 > 20 >
5>4>21>11,12,15,16,19> 2, 3, 8, 9, 10, 13, 14, 17, 18. It can be correlated with their
ability of forming the active tri- and di-Cu(l) acetylide species, which was observed by ESI-
MS. The ligand 1 showed a much higher portion of di-Cu(l) acetylide than other ligands
exhibiting lower CUAAC activity.

In the demanding bioconjugation applications, the ligand protection is compulsory. The
OEG-tethered tris(triazolyl)amine ligands are recommended for their good performance in
protecting the oxidative damage to biomolecules while maintaining the active
tris(triazolyl)amine catalytic structure, which was achieved by the sacrificing oxidation of
OEG chain.
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Our result indicated that tris(pyridylmethyl)amine ligand 11 and the tris(triazolyl)amine-
[5,6,6] ligand 5 might be good ligands for intracellular CUAAC reaction since both ligands
exhibited high Cu(l) affinity, good stability against oxidation, and a considerable CUAAC
activity.

Experimental

Determination of Cu(l)-ligand dissociation constant (Kp)

Following the method described by Xiao et a/,*8 50 the dissociation constants (K)5) of Cu(l)
complexes with the ligand BTTAA and 1-21 were determined using Bca as the probe
(Scheme 1). The concentration of Cu!(Bca), was measured with a Varian Cary 50 Bio UV-
visible spectrophotometer. For details, see ESIt.

Measurement of ascorbic acid oxidation rate (V)

The ascorbate decomposition (Scheme 1) in the presence of [Cu(l)-ligand] = 100 uM and
initial [AA] = 200 uM was monitored by the decrease of ascorbate absorbance at 265 nm (e
=1.5 x 10* M~1 cm™1) recorded with a Varian Cary 50 Bio UV-visible spectrophotometer.
For details, see ESIT.

Measurement of CUAAC apparent rate constant (Kgps)

A modified fluorogenic assay was employed in a 96 well plate to evaluate the relative
activity and kinetic properties of each ligand for the model CUAAC reaction of non-
fluorescent 3-azido-7-hydroxycoumarin (100 uM) and propargyl alcohol (50 uM) in the
presence of ascorbate (5 mM) and CuSO,4 (100 uM) in 0.01 M PBS (Scheme 1).46
Formation of the fluorescent triazole product was monitored using a Perkin Elmer HTS 7000
BioAssay Reader to estimate the yields and kinetic constants. For details, see ESIT.

Characterization of Cu(l)-ligand-alkyne complexes

Deoxygenated water was used as the solvent for the reaction. Positive ion ESI-MS data were
acquired using a Thermo Finnigan LCQ Deca XP ion trap mass spectrometer operated with
Xcalibur® software package (Thermo Fisher Scientific Inc.). The spectra were scanned in
the m/zrange from 400 to 1200. An optimization procedure carried out at the beginning of
this work was conducted to achieve a good signal intensity. The ESI spray condition was:
flow rate 10 uL/min; electrospray capillary voltage: 4.49 kV; source temperature: 40 °C.
Typically, all MS measurements were carried out 3 min after mixing the reactants and the
accumulated ESI-MS time is 5 min.

The preparation of the Cu(l)-ligand-alkyne complexes was conducted in the anaerobic
chamber. 100 pL ligand (1 mM), 50 pL PE (1 mM), 100 pL CuSO4 (1 mM), and 100 pL
sodium ascorbate (10 mM) in Milli-Q water (650 pL) were mixed together in a 1.5 mL
Eppendorf tube and vortexed for 30 seconds. A total sample amount was 250 uL for ESI-MS
injection. For details, see ESIT.
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Peptide oxidation Assay

The biomolecule (peptide) oxidation was evaluated by the % peptide remaining during the
model CUAAC reaction of azidopeptide (50 uM), propargyl alcohol (50 uM), ligand (100
M), CuSOy4 (50 pM), and sodium ascorbate (500 uM) in Milli-Q water. The % peptide
remaining was quantified by LC MS/MS using a Thermo Finnigan LCQ Deca XP Plus with
a gradient elution (2-70%, 0.1% formic acid in acetonitrile/0.1% formic acid in H,0, 10
min) through a C18 column (Kinetex™ 5 um XB-C18 100 A, LC Column 50 x 4.6 mm,
Phenomenex Inc.). For details, see ESIt.

Computational method

The DFT calculations were performed using Q-Chem 4.1 on [Cu'(1)]*, [Cu!(2)]*, [Cu!(3)]",
[Cu'(5)]*, [Cu!(10)]* and [Cu'(11)]* complexes, in which anion of each Cu(l) complex has
been omitted and each oligo(ethylene glycol) chain was replaced with a methyl group for
simplicity.88 Optimizations were started from reported crystallographically derived
parameters using the B3LYP/LANL2DZ basis set.37: 56. 89 For details, see ESIT.

Synthesis of tripodal amine ligands

The detailed synthesis, purification, and chemical characterization were given in ESIt.

Evaluation of data correlation

Correlation coefficient (7) was calculated by the CORREL function in Excel to find the
correlation coefficient between each two parameters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structural formulas of tripodal tris(triazolylmethyl)amine ligands for bioconjugation

reaction.
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Fig. 2.
Structural formulas of Cu(l) ligands (1-21). The ligands are classified according to 1) donor

types: [Tr,Tr,Tr] for 1-5, [Tr,Tr,Py] for 8, [Tr,Py,Py] for 9, [Py,Py,Py] for 10 and 11,
[Py,Py,Ph] for 12-16, and [Tr,Tr,Ph] for 6 and 17-21, where Tr = triazoyl, Py = pyridyl, and
Ph = phenyl; 2) chelate arm lengths: [6,6,6] for 2, 8-10, 12-14, 17 and 18, [5,5,5] for 1, 6,
11 and 21, [5,5,6] for 4 and 20, [5,6,6] for 5, 15, 16 and 19, and [7,7,7] for 3; and 3)
methylation as in 13-16 and 18-21 to enhance the steric hindrance and electron donating
property.
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Fig. 3.

Pegrformance of the 21 ligands (1-21) of Cu™. (A) Apparent second-order rate constant (kops)
for the reaction of azido-coumarin AC (100 pM) with propargyl alcohol (50 pM) in the
presence of the ligand (100 uM), CuSQ, (100 uM), and sodium ascorbate (5 mM) in
phosphate buffered saline (PBS, pH = 7.4) in air at 24 + 1 °C during 60 min.>’-6% (B) The
initial air-oxidation rate (V) of sodium ascorbate (200 uM) by diffused O, in the presence
of ligand/Cu(l) 1:1 complexes (100 uM) in PBS (pH = 7.4) at 24 + 1 °C. (C) Dissociation
constants of the Cu(l)-ligand complexes measured by competitive binding assay with Bca.
(D) The trade-off between CUAAC over oxidation (kgps/ Vo). (E) The trade-off between
CUuAAC over dissociation constants (kyps/ Kp)- Error bars represent the standard deviation
from three-repeated measurement. [m,n,o] represents the chelate arm length. Me in [m,n,o-
Me] represents the methyl substitution on the methylene group between central amine and
phenyl arm, for 13, 15, 18-21. Me2 in [m,n,0-Me2] represents the methyl substitutions on
the 6-position of pyridyl arms, for 14 and 16.
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Fig. 4.

DIgT (B3LYP/LANL2DZ)-optimized geometries of the Cu(l) complexes bearing 1, 2, 3, 5,
10, 11 ligands (A-F, respectively), in which the EG,4 group was replaced with a methyl
group. Red: Cu, blue: N, gray: C. Hydrogen atoms were omitted for clarity. The average of
the three bond angles between N(1)-Cu-N(2), oxidation rate V4 (1078 M s™1), and CUAAC
second-order rate constants Aops (M~1s71) were labeled on each complex.
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Fig. 5.

Species corresponding to the assigned ESI-MS peaks obtained after mixing the alkyne with
the ligand [Tr,Tr, Tr] 1, 2, 4 or 5, and CuSO,4/Na-ascorbate. * and ** were formed by
adventitious oxidation of the OEG side chain in the alkyne or the ligand during sample
introduction to the ESI-MS. ESI-MS spectra of the Cu(l)-ligand-alkyne 1:1:0.5 mixture in
water. CuSOy4 (100 pM), ligand (100 pM), PE (50 uM), Na ascorbate (1 mM). (A) Ligand 1.

(B) Ligand 2. (C) Ligand 4. (D) Ligand 5.
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Fig. 6.

Regcovery (%) of the azido-peptide peptides AP (red) and the triazolyl-peptide TP (blue)
during CuAAC reaction of AP in air with propargyl alcohol. Reaction conditions: the azido-
peptide AP (50 uM), propargyl alcohol (50 uM), ligand (100 uM), CuSO4 (50 pM), and
sodium ascorbate (500 uM) in Milli-Q water at 24 = 1 °C. There was no ligand added in the
(=) control. The red and blue bars represent the % amount of AP and TP relative to the
amount of AP starting material, respectively, measured by LC-MS. The total represents the
% peptide starting material and product withstanding the oxidation under the CUAAC
conditions. Each data point was the mean of three replicates and the error bar represented
the standard deviation.
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Fig. 7.

Total ion mass spectrum of ligand 1 fragments (total ion). The spectrum was obtained from
the 60 min CUAAC reaction mixture containing the peptides by zoom in the region of m/z =
520-840 and retention time from 5-7 min. The experimental condition is given in ESIT. The
oligo ethylene glycol (OEG) unit is designated as the [m,n,I] system where m, n, | = 1-4.
The labeled peaks were summarized in Table S4, ESIT (Red: alcohol derivatives; Yellow:
aldehyde derivatives; Blue: acid derivatives; Green: ether derivatives).82 83 The single and
multiple labeling represents the single and multiple components of the ligand fragments,
respectively.
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Scheme 1.

Reactions for the measurement of (A) CUAAC activity; (B) initial rate of oxidation; and (C)
Kp of the Cu(l) complexes with the ligands listed in Fig. 2.
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Scheme 2.
The CuAAC reaction of the peptide AP (50 uM) with propargyl alcohol (50 uM), ligand

(100 pM), CuSQOy4 (50 pM), and sodium ascorbate (500 uM) in Milli-Q water at 24 + 1 °C in
air to form the product TP and the oxidation byproducts (2-imidazolidone derivatives)
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Proposed mechanism of CUAAC and Cu(l) oxidation. L: ligands; L’: ligands or alkyne; Aky:
alkyne; ROS: reactive oxygen species; OEG: oligo ethylene glycol side arms from ligands.
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DFT (B3LYP/LANL2DZ)-optimized bond angles and distances of Cu(l) complexes bearing ligands 1, 2, 3, 5

Ligand  Chelate arm length

Bond angle ® [7] (N(1)-Cu-N(2))

Distance [A] Cu-N(1)2

Distance [A] Cu-N(2)P

1 [5,5.5]
2 [6,6.6]
3 [7.7.7]
5 [5,6,6]
10 [6,6.6]
11 [5,5.5]

78.33, 78.40, 78.44
95.02, 95.14, 95.25
75.52, 91.87, 91.51
79.05, 93.68, 94.34
99.31, 99.35, 99.43
82.25, 82.39, 82.51

2.027,2.028, 2.032
2.017, 2.018, 2.019
2.016, 2.022, 2.032
1.986, 2.027, 2.031
2.058, 2.061, 2.063
2.056, 2.057, 2.063

2474
2.393
4.028
2472
2.226
2.252

aN(l): the nitrogen on triazole or pyridine ring.

bN(Z): the central amine nitrogen.
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Table 2

Recovery (%) of the ligand? during the CUAAC reaction

Time (min) 1 5 BTTAA
5 68+7 992 70x4
10 46+1 41+1 45%3
30 241 20+4 29+2
60 19+1 15+1 26+2

Page 28

aDerived from Eq. 27-29 (ESIT). Each data point was the mean of three replicates and the error bar represented the standard deviation (SD).
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