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2002 – catalytic version 
 

CuAAC reaction introduced independently by the groups of Meldal and Sharpless 

1964 – origins 
 

Huisgen reaction – 1,3-dipolar [3+2] cycloaddition between an azide and alkyne 

R. Huisgen, R. Grashey, J. Sauer in Chemistry of Alkenes, Interscience, New York, 1964, 806-877!
V. V. Rostovstev, L. G. Green, V. V Fokin and K. B. Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2596-2599!
C. W. Tornoe, C. Christensen and M. Meldal. et al.  J. Org. Chem. 2002, 67, 3057-3064!
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1,4-disubstituted-1,2,3-triazoles	  

Historical Context/ Background!

Wide application!
•  bioconjugation!
•  synthesis!
•  materials and surface science !
•  combinatorial chemistry!

•  Rate acceleration up to 107 (compared to the thermal process) 
•  Selective 
•  Good functional group tolerance  
•  Stable in a wide range of solvents, temperatures and pH values and in the presence of oxygen 
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V. V. Rostovstev, L. G. Green, V. V Fokin and K. B. Sharpless, Angew. Chem. Int. Ed., 2002, 41, 2596-2599 
F. Himo et al., J. Am. Chem. Soc, 2005, 127, 210-216 

•  Original Catalytic Cycle for CuAAC proposes a stepwise mechanism involving mono-nuclear copper (I) intermediates!
!
•  DFT studies suggest a stepwise mechanism is favoured!

Early Mechanistic Studies!

!
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Rate limiting step 
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KEY OBSERVATIONS!
!

•  Kinetic studies by Finn et al (2005) find the reaction between benzyl azide and phenylacetylene is 
second order in copper suggesting the involvement of two copper centres in the catalytic cycle.!

!
!
!
!
•  DFT studies by Fokin et al (2007) support the observed second order rate law in copper .!
!
!
!
•  Reactive σ-acetylides react with azide to form 1,4-disubstituted-1,2,3-triazoles, suggesting that copper 

catalyst may act through weak π-interactions with the formally internal alkyne!

!
!
!
!
HYPOTHESIS:!
!
!
!
!
!
!
!

Recent Work Inspires a New Mechanistic Proposal !

V. O. Rodionov, V. V. Fokin and M. G. Finn, Angew. Chem. Int. Ed., 2005, 44, 2210-2215 
M. Ahlquist and V. V. Fokin, Organometallics, 2007, 26, 4389-4391 
B. H. M. Kuijpers et al ., Synlett, 2005, 3059  
J. E. Hein, J. C. Tripp, L. B Krasnova, K. B. Sharpless and V. V. Fokin, Angew. Chem. Int. Ed., 2009, 48, 8018  
D. V. Partyka et al., Organometallics, 2009, 28, 6171  
Y. Zhou et al., Angew. Chem. Int. Ed., 2010, 49, 2607  

4	  

R1 X

X = Br, I, Au, Al

R2 N3
N

N
N

R1
X

R2

N
N

N

[CuAL]
R2R1

[CuBL]

TS

Azide–Alkyne Cycloadditions

Mechanism of the Ligand-Free CuI-Catalyzed
Azide–Alkyne Cycloaddition Reaction**

Valentin O. Rodionov, Valery V. Fokin,* and
M. G. Finn*

The 1,3-dipolar cycloaddition of azides and alkynes[1] is an
effective way to make connections between structures that
bear a wide variety of functional groups.[2] The process is
strongly favored in thermodynamic terms, yet both azide and
alkyne units are highly selective in their reactivity; they are
inert to most chemical functionalities and are stable in wide
ranges of solvents, temperatures, and pH values. The discov-
ery of copper(i) catalysis of this process[3] has opened a myriad
of applications in bioconjugation,[4] organic synthesis,[5] mate-
rials and surface science,[6] and combinatorial chemistry.[7]

Herein we report the results of the first experimental
investigation of the mechanism of the fundamental reaction
catalyzed by copper(i) species generated in situ from cop-
per(ii) and ascorbate.[8] This “ligand-free” process, which lacks
the heterocyclic chelates that have been found to accelerate
the reaction,[9] has been used in many situations and
represents a good starting target for mechanistic study.

Pseudo-first-order (initial rate) kinetics experiments were
performed on the reaction of benzyl azide (1) and phenyl-
acetylene (2). Aliquots taken at intervals from the reactions
by an automated liquid handler under inert atmosphere were
quenched with H2O2. Quantitative LC–MS analysis of the
resulting samples (Agilent Zorbax C18 column, MS detection
in single-ion mode) allowed the collection of reliable kinetic
data for reactions with concentrations of organic starting
materials ranging from 0.4 to 100 mm. Examples of the data
are shown in Figure 1, and the results are summarized in
Table 1.[10]

Under conditions of excess CuI (Table 1, entries 1, 4, 7),
the experimental rate law was:

rate= k[alkyne]1.3!0.2[azide]1!0.2[Cu]0.

With catalytic CuI under saturating conditions (Table 1,
entries 2, 3, 5, 9; rate independent of [alkyne]), the reaction
was second order in metal. A small amount of deuterated
triazole product [D7]3, prepared from perdeuterobenzyl
azide, was added as an internal standard in some cases. The

presence or absence of [D7]3 made no difference in the
observed rate law, except in the cases of catalytic copper. In
the absence of supplemental triazole, the reaction rate
increased more slowly than expected with increasing [Cu]
(Figure 1c), suggesting that less-reactive species—presuma-
bly higher aggregates—accumulate at higher metal concen-
trations. The addition of 30 mm [D7]3 prevents this phenom-
enon, which permits the observation of a clean second-order
dependence on [Cu] (Figure 1b). Benzyl azide was found to
be slightly inhibitory when present in large excess over copper
(Figure 1d–f and Table 1, entry 6), which reveals the presence
of an unproductive Cu–azide association.

The kinetics results are consistent with a stepwise
mechanism that involves a dynamically exchanging family
of Cu–acetylide complexes.[11] We propose the broad outline
shown in Scheme 1. In the presence of excess copper, no
catalyst turnover is required and all of the organic compo-
nents are engaged with the metal, making the reaction zero
order in CuI. Under these conditions, the reaction was found
to be first order in azide, and between first and second order
in alkyne. We have not yet determined if two pathways are
operative (requiring one and two alkynes, respectively) or if
the preferred catalytic mechanism involves two alkynes but is
inhibited by excess alkyne, giving rise to the intermediate
observed rate order. (While s-acetylide–Cu complexes are
shown in Scheme 1 and are proposed to be the active form,[12]

p complexes of alkynes may also play a role. Commercially
available copper acetylides have so far proven to be
ineffective in this reaction.)

It is envisioned that azide is activated by the appropriate
Cu–acetylide; compound 4 represents one of many possible
structures consistent with density functional theory calcula-
tions performed earlier.[12] Formation of the resulting Cu"C
bond-containing (triazole) species is then followed by pro-
teolysis of the Cu"C bond to regenerate the catalyst.[13] When
the amount of azide and alkyne was increased to stoichio-
metric levels with respect to metal (Table 1, entry 5), the rate

Table 1: Observed rate orders in the variable component derived from
kinetics measurements.[a]

Entry Component[b] [PhC#CH]
[mm]

[BnN3]
[mm]

[Cu]
[mm]

Rate order

1 PhC#CH[c] 0.4–1.0 0.04 10 1.3!0.2
2 PhC#CH 1–2.5 100 5 0
3 PhC#CH[c] 10–25 1 0.1 0
4 BnN3

[c] 0.04 0.4–1 10 1.0!0.2
5 BnN3 1 1–25 10 0
6 BnN3

[c] 1 1–25 0.1 "0.25!0.1
7 Cu 1 1 1–10 0.1!0.1
8 Cu 10 10 0.5–2 0.6!0.2
9 Cu[c] 0.4 0.4 0.04–0.16 2.0!0.1

[a] Reactions were performed at 20!2 8C in DMSO/H2O (4:1), [Na
ascorbate]=20 or 40 mm. Addition of organic reagents did not change
the pH value of the solution. [b] Reaction component with varied initial
concentration. [c] Performed with the addition of [D7]3 as internal
standard.
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ʻNon-classicalʼ Reaction Progress Kinetic Analysis Using Calorimetry Provides 
Evidence an Exogenous Copper Atom is Required!

Where         q = reaction heat flow (W) 
              ∆Hrxn = heat of reaction (J/mol) 
                    V = reaction volume (L) 
                     r = reaction rate (M/s) 
 
 
 
 

Trend is consistent over a variety of conditions 
 

•  Lowering catalyst concentration resulted in a corresponding decrease in maximum rate (i.e. positive order dependence 
on the exogenous copper) 

•  Multiple exogenous copper sources exhibit similar catalytic efficacy 
•  Organic azides bearing sterically hindered or aliphatic functional groups show comparable rate acceleration in the 

presence of added copper 
•  Similar rate differences were observed in other solvents including chloroform and DMF 

5	  

 9 

storage the title compound was placed into a brown glass bottle and stored in a glove box for 

several months with no signs of degradation.  

 

(2) White to pale-yellow solid; mp = 195 – 200 ºC (dec.); FT-IR (film) !max 2960, 2867, 2089, 

1590, 1504, 1478, 1456, 1384, 1363, 1325, 1299, 1269, 1214, 1179, 1104, 1057, 1017, 935, 816, 

802, 756, 730, 709, 618, 508 cm–1; 1H NMR (CDCl3, 400 MHz) " = 7.39 (t, J = 7.84 Hz, 2H), 

7.25 (d, J = 7.74 Hz, 4H), 7.14 (dt, J = 8.41, 1.88 Hz, 2H), 7.07 (dt, J = 8.41, 1.88 Hz, 2H), 3.97 

(s, 4H), 3.15 – 3.05 (m, 4H), 1.42 (d, J = 6.83 Hz, 12H), 1.34 (d, J = 6.93 Hz, 12H), 1.21 (s, 9H) 

ppm; 13C NMR (CDCl3, 100 MHz) " = 205.07, 148.08, 146.76, 134.76, 131.56, 129.71, 124.56, 

124.49, 124.28, 119.89, 105.82, 53.84, 34.45, 31.33, 29.04, 25.63, 24.06 ppm. 

 

General Procedure for Reactions in Omnical Heat Flow Calorimeter 

Heat flow calorimetric data were acquired on Omnical Insight_CPR_210, which allows 

continuous monitoring of the instantaneous heat flow around the reaction vessel. In the absence 

of side reactions, the isothermal reaction heat flow, q, is proportional to the reaction rate, r, 

where !Hrxn is the heat of the reaction and V is the volume.  

 

The enthalpy change of the reaction, !Hrxn, can be calculated by the integration of the total heat 

flow curve over time and divide the integral sum by the mole (n) amount of the limiting reagent 

consumed. 
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Catalyzed reaction of azide 1 and acetylide 2 monitored by GC-MS (reaction aliquoted at 1 
hour): 
 

 

Table S2. Endpoint control experiments in the presence of an exogenous copper catalyst (GC-
MS). 

Exp Area of 
Triazole 

Area of 
Biphenyl Ratio % Yield Avg yield 

1 63785475 41679010 1.5304 94.1 

97.1% 2 69721347 42969306 1.6226 99.8 

3 66491711 41947400 1.5851 97.4 

 

 

 

 

 

 

 26 

Uncatalyzed reaction of azide 1 and acetylide 2 monitored by GC-MS (reaction aliquoted at 1 
hour): 
 

 

Table S4. Endpoint control experiments in the absence of exogenous copper catalyst (GC-
MS) 
 

Exp 
Area of 

Triazole 

Area of 

Adamantane 
Ratio % Yield Avg yield 

1 3991816 34536408 0.115582 7.1  

6.9% 2 9568908 59908927 0.159724 9.8 

3 2455832 39385254 0.062354 3.8 

 

 

 

 

 

•  Agreement in conversion measured by GC-MS and 
heat flow validates the use of reaction calorimetry. 
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Investigating the Role of Each Copper Species in the Catalytic !
Cycle!

•  A stoichiometric crossover study using an istopically 
    pure exogenous 63Cu catalyst was carried out to test 
    the discrete bonding hypothesis  
 
•  The ratio of triazolide[63Cu]: triazole[65Cu] peaks is 
    85:15 showing a 50% enrichment of 63Cu, disproving 
    the discrete bonding hypothesis 
 
•  The observed statistical enrichment could  
    occur in one of three steps 
 
1.  Via the acetylide intermediate 2 
2.  Via the triazolide 
3.  Within the cycloaddition step  
 
 
 

 32 

Procedure for the stoichiometric crossover experiment of azide 1, acetylide 2 and 

63Cu(MeCN)4PF6 (5) giving enriched triazolide 6: 

 

25.0 mg (0.0409 mmol, 1 equiv) of acetylide 2, 5.98 mg (0.0449 mmol, 1.1 equiv) of benzyl 

azide (1) and 15.2 mg (0.0409 mmol, 1 equiv) of 63Cu(MeCN)4PF6 (5) were placed in a 1-dram 

vial filled with 1 mL of dry THF. The vial was tightly capped, agitated for several minutes (30 

min) and analyzed directly by TOF mass spectrometry via direct injection. The resulting mass 

spectrum is shown in Figure S9 below. 

 

 

 

 

 

 

 

 

 

 

 

 

63Cu(MeCN)4PF6

Cu(NHC)ArN3 Bn
THF, rt

N
N

N

Bn

Cu(NHC)30 min

Ar

(1 equiv)

1 2 6

5

Cu = 63Cu: 69% Cu = 63Cu: 85%
65Cu: 31% 65Cu: 15%

Natural isotopic

distribution

50% isotopic

enrichment
cycloaddition
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Figure S9. TOF-MS spectrum of enriched triazolide 6. 

744.4435 = M+1 of enriched triazolide 6 – 63Cu isotope 
746.4443 = M+1 of enriched triazolide 6 – 65Cu isotope 

The relative intensity of the above peaks corresponds to the 85:15 63Cu:65Cu content (or 50% 

enrichment with 63Cu). 
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1. Via the acetylide intermediate 2 
 
 
 
 
 
 
No enrichment in TOF mass spectrum 
 
** no enrichment with added azide 
 
 
 
2. Via the triazolide intermediate 4 
 
 
 
 
 
 
 
No enrichment in TOF mass spectrum 
 
 
 
3. Thus, the observed 50% isotopic enrichment must occur within the cycloaddition step  
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Procedure for the stoichiometric crossover experiment of acetylide 2 with 63Cu(MeCN)4PF6 (5): 

 

25.0 mg (0.0409 mmol, 1 equiv) of acetylide 2 and 15.2 mg (0.0409 mmol, 1 equiv) of 

63Cu(MeCN)4PF6 (5) were placed in a 1-dram vial filled with 1 mL dry THF. The vial was 

tightly capped, agitated for 30 min, and the mixture was analyzed directly by TOF mass 

spectrometry via direct injection. The resulting mass spectrum is shown in Figure S10 below. 

 

Figure S10. TOF-MS spectrum of attempted crossover between acetylide 2 and enriched copper 
source 63Cu(MeCN)4PF6 (5). 
 
611.32 = M+1 of acetylide 2 – 63Cu isotope 
613.32 = M+1 of acetylide 2 – 65Cu isotope 

The relative intensity of the above peaks corresponds to the normal isotopic distribution for a 
non-isotopically enriched copper source.  
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Figure S10. TOF-MS spectrum of attempted crossover between acetylide 2 and enriched copper 
source 63Cu(MeCN)4PF6 (5). 
 
611.32 = M+1 of acetylide 2 – 63Cu isotope 
613.32 = M+1 of acetylide 2 – 65Cu isotope 

The relative intensity of the above peaks corresponds to the normal isotopic distribution for a 
non-isotopically enriched copper source.  
 

Mechanistic Explanation for the Statistical Enrichment of the Triazolide  
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directly by TOF mass spectrometry via direct injection. The resulting mass spectrum is shown in 

Figure S13 below. 

 

 

Figure S13. TOF-MS spectrum of attempted crossover between triazolide 4 and enriched copper 
source 63Cu(MeCN)4PF6 (5). 
 
744.4479 = M+1 of triazolide 4 – 63Cu isotope 
746.4484 = M+1 of triazolide 4 – 65Cu isotope 

The relative intensity of the above peaks corresponds to the normal isotopic distribution for a 

non-isotopically enriched copper source.  

 

 

 

8	  
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Procedure for the stoichiometric crossover experiment of non-enriched copper triazolide 4 with 

63Cu(MeCN)4PF6 (5): 

 

A 15 mL septum-capped vial equipped with a magnetic stir bar was loaded with 150.0 mg (.245 

mmol, 1 equiv) of acetylide 2 inside of an argon-filled glove box. This vial was removed from 

the glove box, and the contents were dissolved in 2 mL of dry THF, placed into the reaction 

calorimeter, and was allowed to equilibrate to 35 ºC for 60 minutes. While this vial was 

equilibrating, a separate 1-dram Teflon capped vial was loaded with 35.9 mg (0.270 mmol, 1.1 

equiv) of benzyl azide (1), capped and taken out of the glove box. Additionally, inside of a glove 

box, a 5 mL volumetric flask was loaded with 39.9 mg (0.0613 mmol, .05 equiv/1 mL) 

Cu(MeCN)4PF6, and capped with a rubber 24/40 septum. This vial was removed from glove box, 

and the contents were dissolved in 5 mL dry THF. The copper solution was agitated for several 

minutes until the complete dissolution of the copper could be visualized and 1 mL of this 

homogeneous solution was removed via syringe and added to the vial containing the azide. The 

contents of the vial were extracted with a 1 mL plastic syringe; the needle was capped with a 

small piece of Teflon and placed into the calorimeter needle jacket. After the system had 

equilibrated, the reaction was initiated by the injection of azide/copper solution. After 3 hours in 

the calorimeter and completion of the reaction had been observed (baseline heat output), the vial 

was removed from the calorimeter, and 500 µL of the solution was extracted via syringe and 

transferred to a 1-dram vial. After 15.2 mg (0.0409 mmol, 1 equiv) of 63Cu(MeCN)4PF6 (5) were 

added to this vial, it was tightly capped, agitated for several minutes (30 min), and analyzed 
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Enrichment in the Cycloaddition Step via Rapid Ligand Exchange!
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Summary of Mechanistic Studies, Why is this Work Significant!

!
•  The study deduces the existence and role of two non-isolatable copper species in the catalytic cycle of the CuAAC reaction which!
    have eluded more conventional mechanistic studies !
!
•  The proposal of a plausible mechanism allows the rationalisation of experimental results and the design of new and improved !
     systems!
!
•  Broad Implications beyond the CuAAC reaction include:!
    – New insight into the interaction of metals with carbon-carbon multiple bonds (a mechanism for all electron rich σ-acetylides)!
    – potential for new reactions which exploit of the weak interaction of copper catalysts with triple bonds!
!
•  The copper isotope analysis employed in this study could be used to track the metal in biological systems where its function is !
    important but not well understood!
! Steph McCabe @ Wipf Group Page 10 of 10 4/21/2013




