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ABSTRACT:

The reaction properties of copper acetylacetonate, Cu(acac)2, toward nitrile 

activation to generate triazine-containing species are being examined. Results indicate 

necessity of a nitrogen containing base for the reaction to result in the desired species. 

Studies are aimed at determining the role of the base and assessing the scope of tolerable 

nitriles. Copper dimer species containing triazine rings have been confirmed by x-ray

crystallography.
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INTRODUCTION:

Triazines are a class of nitrogen containing aromatic heterocycles. Figure 1 shows 

a symmetrically substituted 1,3,5-triazine, or s-triazine. The nomenclature associated 

with triazines can be demonstrated using the example from Figure 1. The name is 

determined first by the points around the ring which contain nitrogen atoms (1,3,5). The 

next step is designating the points at which the molecule is substituted by functional 

groups which appear as R in Figure 1, (in this case the 2,4, and 6 positions). The 5 

designates that the nitrogens are symmetrically arranged about the ring.

R

R
Figure 1: 2,4,6-trialkyl-l,3,5-triazine

Triazines have wide applications in the commercial production of chemical

products such as herbicides, explosives, pharmaceutical precursors, epoxy resins, and 

porous coordination polymers (PCPs). RDX, the active ingredient in plastic explosives is 

a substituted triazine produced worldwide for military and mining interests. Figure 2

shows the chemical structure of RDX. Another triazine, melamine is used in the

production of epoxy resins which are used as insulating materials for electrical equipment 

and composite materials such as chemically resistant table tops for laboratories1. 

Additionally several herbicides have been produced that contain substituted triazines. For 

example, Atrizine (2-chloro-4-ethylamino-6-isopropylamino- 1,3,5-triazine) is a

commonly used herbicide (Figure 2).
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A

Figure 2: (A) RDX a symmetrically substituted Triazine ring (B) Atrizine or l-chloro-3- 

ethylamino-5isopropylamino-2,4,6-triazine

PCPs are an active field of research that may potentially benefit from more energy

and mass efficient preparations of triazines. PCPs are metal frameworks of ligated metal 

complexes joined with organic linkers to create frameworks which have many

applications. Figure 3 displays two examples of triazine containing PCPs.

2
Figure 3: two examples of triazine containing PCPs

The functionality of PCPs could be improved by the ability to have custom designed 

frameworks3. Triazines can play an important role in the customization of these 

frameworks. Variation of the functional groups R, (Figure 1) allows production of

frameworks with different sized internal spaces. Two different examples can be seen in

Figure 3; the empty spaces in the first example compared to the bipyramidal structure

representing the empty space inside of the second example illustrate the differences in 

internal area available in these PCPs. The internal space of the framework is important
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because it is the area which creates the size selectivity of a PCP. Promising potential uses 

of these frameworks include specificity for enzymatic reactions (via sequestration of 

enzymes), specific binding of contaminates for wastewater remediation, site specific drug 

delivery, and gas sorption applications such as hydrogen storage for fuel cells and carbon 

dioxide sequestration3.

The cyclotrimerization of nitriles shows promise as a method for triazine 

production4 due to its high atom economy. Atom economy is a description of the level to 

which the reactants are incorporated into the final product. If all the reactants end up as 

part of the final product the reaction is said to have perfect atom economy. Such 

efficiency is desirable in order to limit the amount of by-product formation which must

be discarded as waste. An increase in the atom economy of the reaction therefore yields 

benefits to both the environment and industry in the form of less waste and less wasted

materials.

The cyclotrimerization of nitriles in the presence of equimolar amounts of amine 

and a catalytic amount of lanthanide (III) ions has previously been described (Scheme 

l)5. Specifically triazine formation has been observed when secondary amines are reacted 

with equimolar concentrations of nitrile, but when primary amines are used triazine 

formation was only observed when reacted with excess quantities of nitrile5. In this work 

it was reported that lanthanide ions activate the nitrile which is subject to a nucleophilic

attack by the amine to form an intermediate amidine. The amidine then reacts with two 

more equivalents of nitrile forming a triazine ring as shown in Scheme 1. Interestingly, in

one case where the intermediate amidine could be isolated, it reacted with two more

equivalents of nitrile to form s-triazine in the absence of the lanthanide(III) ions.



Gill 14

Therefore, the authors conclude that the metal species is necessary only for the formation

of the amidine.

Scheme 1: Cyclotrimerization of nitrile into s-triazine through interaction with 

metal ions and amidine5

Despite benefits such as enhanced rate for catalytic reactions and the selectivity of 

homogeneous catalysts in particular, potentially catalytic systems for triazine-based 

products, such as the one described in Scheme 1 in which La3+ is a potential 

homogeneous catalyst, have not been subject to much research. A homogeneous catalyst 

is a catalyst that is present in solution along with the reactants. Selectivity is a description 

of the molecular precision of the catalyst which is to say the desired catalytic reaction is 

the only reaction taking place on the catalyst. This is significant because homogeneous 

catalysts are molecularly precise catalytic species. Conversely heterogeneous catalysts 

have many different catalytically active sites. Therefore homogenous catalytic systems 

result in a high level of selectivity. They do however have the drawback of making 

separation of product from the catalyst very difficult.

Catalysis can also assists in energy efficiency. By definition a catalyst lowers the 

activation energy required to transform the reactants into products. The energy of 

activation is usually provided as heat; therefore a catalyzed reaction would typically

require less thermal energy input. This is significant because increased energy efficiency

could result in a net decrease in the energy input required in order to synthesize the

desired chemical product. For catalytic reactions which are diffusion-rate limited,
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homogeneous catalysis provides an additional advantage. The rate of encounters between 

the reactants and the catalyst increases because the reaction can occur throughout all 

space versus only one surface of a heterogeneous catalysis. These factors become 

significant when considering the size and amount of the molecules being synthesized in a 

catalytic reaction.

In a different type of reaction which also results in cyclotrimerization, a method 

for the formation of triazines which can be performed at room temperature and pressure

is demonstrated by using triflic anhydride, Tf2O, and dialkylcyanamides to form s- 

triazines (Scheme 2)4. This involves the coordination of triflate ions to the carbon of the 

dialkylcyanamide in order to activate it towards nucleophilic attack as shown in Scheme

2. This work was extended to a range of nitriles in the place of the dialkylcyanamides. 

This method does suffer from a drawback however in the generation of large amounts of

triflic acid that require neutralization.

R<
r-n' ■CN

TfjO R< z0Tf
N-Tf 

3

2x1

R2

R1 R1
I I

N N N
R2' Y R2

N^N

R-%1

2
Scheme 2: Cyclotrimerization of dialkylcyanamides to form tris-(dialkylamino)-s-triazine 

(note: Tffd is a reactant not a catalyst)

By comparison, in work by Forsberg the lanthanide(III) salt is lanthanum triflate, 

La(OTf)35. This is significant because the mechanism proposed in that work is the 

activation of the nitrile to be susceptible to nucleophilic attack by coordination to a metal

ion. It is possible however, that upon dissociation of the lanthanide(III) ions from the

triflate that the carbon of the nitrile is activated by the triflate instead of the metal ion. 

This is reinforced by work done in the same study in which different lanthanide species,
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La(NC>3) and LaCb, failed to result in the formation of s-triazines5. This may indicate that 

the mechanism proposed for the reaction in Scheme 1 is incorrect and that it is instead

similar to the process described in Scheme 2.

Another frequently used synthetic method for s-triazines is the oxidation of 

aromatic aldehydes4. This method however, requires long reaction times and results in 

low yields6. If a less energy intensive, time consuming, and byproduct heavy method of 

synthesizing s-triazines were developed it would be advantageous for both environmental 

reasons and industrial interests. Collectively, the current synthetic methods for the 

cyclotrimerization of nitriles have several disadvantages in that they require large

amounts of energy, produce large amounts of byproducts, and have long reaction times 

(12 hours to 5 days).

A serendipitous discovery of a triazine-containing compound crystallized from 

the combination of diaquobis(3-tert-butyl-4-cyanopyrazole)bis(triflate)manganese(II), 

Mn(OTf>2(Hpz3 tbu'4CN) and copper acetylacetonate, Cu(acac)2 indicates that an alternative 

preparation of triazines may be possible7 (Scheme 3). Therefore, an investigation of this 

system, with the intent of developing a catalytic method for the preparation of s-triazines

via nitrile cyclotrimerization, was begun.

Mn(OTf)2(Hpz3-tbu4CN) + Cu(acac)2

Scheme 3: Possible formation of triazine-containing copper dimer species
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Copper species have previously been described as potential catalysts for triazine 

synthesis. Observations have suggested that triazine rings are formed with reduced 

thermal requirements during the synthesis of epoxy resins in the presence of Cu(acac)2- 

However, a mechanism and the unique properties of this reaction were not investigated1. 

The investigators found that Cu(acac)2 reduced the temperature required for the 

formation of s-triazines, thus displaying characteristics of a catalyst1. This finding 

establishes the potential usefulness of copper species in catalysis of reactions resulting in

the formation triazines.

This project seeks to identify the roles of key species in the formation of s- 

triazines, develop a method for the isolation of the s-triazine species, and to develop

analytical methods for the detection and quantification of s-triazine products.

Additionally this project aims to determine the functional group tolerance of the reaction,

which is the ability to generate triazines with different functional groups, R (Scheme 1).

The knowledge gained from this investigation could reveal a synthetic method that 

demonstrates increased energy efficiency and mass intensity for the synthesis of s- 

triazines7.

EXPERIMENTAL:

Reagents acquired commercially through Sigma-Aldrich were used without 

modification unless otherwise noted. FT-IR spectra were recorded using a potassium 

bromide (KBr) pellet or a carbon tetrachloride (CCI4) mull and a Perkin Elmer Spectrum 

BX FT-IR System. Mass spectra of samples were obtained with a 5890 Hewlett Packard 

GC-MS System equipped with a HP-5MS (Crosslinked 5% PH ME Siloxane) 30m x 

0.25mm x 0.25qm Film Thickness column. UV visibility spectra were obtained using a
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Hewlett Packard 8453 UV Visible Spectrophotometer. Tetrahydrofuran was purified by 

distillation using a sodium benzophenone ketyl still. X-ray crystallography of products 

was carried out by Dr. David Eichom at the University of Wichita.

Synthesis of Reagents required for Triazine Production

Synthesis of the 3-tert-butyl-4-cyanopyrazole (Hpz3 tbu’4CN) and 3-phenyl-4- 

cyanopyrazole, (Hpz3Ph'4CN), ligands were accomplished by the method described by 

Zhao et al8. Manganese triflate salts were prepared by Dr. Colin Thomas using methods 

described by Dixon et al9. Manganese(II) acetylacetonate was prepared by Dr. Colin 

Thomas according to the method described in Charles10.

The synthesis of manganese diaquobis(3-tert-butyl-4-cyanopyrazole)bis 

(trimethylsulfonate)manganese(II), Mn(Hpz3tbu,4CN)2(CF3SO3)2(H2O)2 was accomplished 

by dissolving Mn(CF3SC>3)2 2CH3CN (0.4013grams) in 10 mL freshly distilled THF.

This solution was placed under argon and a solution of Hpz3 tBu,4CN (0.2814 grams) in 10 

mL of freshly distilled THF was added and stirred for approximately one hour. The

solvent was removed in-vacuo and the resulting solid was re-dissolved in methylene

chloride, filtered, and the solvent removed in-vacuo. A white solid (0.3645 grams 55.4%) 

of [Mn(Hpz3 tbu’4CN)2(CF3SO3)2(H2O)2 ] was collected and analyzed via IR (KBr): 

2239(vCn, s)8.

Triazine Synthesis

The synthesis of 2,4,6-trimethyl-l,3,5-triazine was attempted for the purpose of 

producing a standard to measure against experimental products as reported by Herrera et 

al4. In our hands no appreciable amount of product was produced by this method. The 

synthesis of 2,4,6-trimethyl-l,3,5-triazine was repeated with the addition of Cu(acac)2 in
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methylene chloride, CH2CI2 (20 ml). The resulting solution was stirred for 12 hours at 

room temperature. The mixture was then neutralized using sodium bicarbonate. Three 

extractions using methylene chloride were preformed in order to isolate the product. The 

solution was then dried using magnesium sulfate and the solvent removed in-vacuo. No 

appreciable amount of product was isolated as a result of the reaction.

RESULTS AND DISCUSSION:

In order to confirm the previously discovered copper triazine dimer prepared by 

Dr. Thomas that reaction was repeated. Equimolar amounts of Mn(Hpz3tbut’4CN)2(OTf)2 

and Cu(acac)2 were mixed at ambient temperature and pressure in excess acetonitrile. 

Cu(acac)2 was added to solution first followed by addition of the Mn(Hpz3" 

tbut’4CN)2(-Qjf)2_ coior change from a colorless to a green solution occurred immediately 

upon mixing. In order to generate crystals for diffraction analysis separation of the 

product from excess Cu(acac)2 was accomplished by removing the top half of the 

solution for slow evaporation. Following x-ray crystallographic analysis the serendipitous 

formation of a copper triazine dimer was confirmed in the formation of a green crystal

with the crystal structure shown in Figure 4.

Figure 4: Shows crystal structure of the previously identified copper dimer 
triazine species.
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This result indicates that it is possible to form triazine containing species using the 

method discussed and that Cu(acac)2 was not being fully consumed in the reaction.

The next experiment varied the molar ratio of Cu(acac)2 to Mn(Hpz ' 

tbut,4CN)2(OTf)2 jn or(jer determine if reduced levels of Cu(acac)2 would result in the 

structure described in Figure 4 without precipitation of reactants. Additionally the 

reactants were added to solution in the opposite order, Mn(Hpz3 tBu'4CN)2(OTf)2 was 

added first in order to insure that one reactant alone was not responsible for the observed 

color change. The reaction conditions were altered such that there was twice the molar 

concentration of Mn(Hpz3 tbut'4CN)2(OTf)2 relative to the concentration of Cu(acac)2. This 

alters the previous 1:2 (Cu:Hpz) stoichiometry to 1:4 (Cu:Hpz). Color change occurred 

immediately upon addition of Cu(acac)2. Crystallography indicated that the triazine 

containing species had been generated under these conditions. Table 1 displays the 

conditions of the reaction relative to the original reaction.

Table 1: Altered mole ratio reaction compared to original reaction
Triflate Mole

Ratio
Copper Mole

Ratio
Solvent Color

Result
Copper-
Triazine
Dimer

Mn(Hpz3'tbut,4CN)2
(OTf)2

1 Cu(acac)2 1 Acetonitrile Green
Color

Yes

Mn(Hpz3'tbut,4CN)2
(OTf)2

2 Cu(acac)2 1 Acetonitrile Green
Color

Yes

This result suggests the hypothesis that the previous reaction contained excess Cu(acac)2 

is valid, implying that a stoichiometric excess of base is required for the reaction. It also 

confirms that the color change associated with the generation of the structure in Figure 4 

occurs only upon mixing of both the Cu(acac)2 and Mn(Hpz3 tbut’4CN)2(OTf)2 with

acetonitrile. This implies that all three components are necessary for the formation of the



Gill |11

triazine species to occur but it does not provide evidence for what the contribution of 

each component is to the overall reaction.

To test the relevance of copper to the reaction, Mn(acac)2 was reacted with 

Mn(Hpz3'tbu’4CN)2(OTf)2 in equimolar quantities with excess acetonitrile. The result was a 

colorless solution upon mixing. The reaction conditions and results are described in Table

2 relative to the original reaction.

Table 2: Reaction of pyrazole without copper species
Triflate Mole

Ratio
Copper Mole

Ratio
Solvent Color

Result
Triazine
Copper
Dimer

Mn(Hpz3'tbut’4CN)2
(OTf)2

1 Cu(acac)2 1 Acetonitrile Green
Color

Yes

Mn(Hpz3'tbut’4CN)2
(OTf)2

1 Mn(II)(acac)2 1 Acetonitrile No
Color

-

The result of this experiment seems to indicate that the reaction requires the presence of 

copper. This finding may demonstrate the necessity of having a specific metal species to 

coordinate to the nitrile in order to make it susceptible to nucleophilic attack similar to 

the reaction described previously in Scheme l5. Scheme 3 represents a possible reaction 

intermediate, similar to the one postulated by Forsberg5.

Scheme 4\ Possible reaction resulting in the generation of intermediate amidine



Gill 112

In our system the lanthanide ions may have been replaced by some copper species which 

activates the nitrile to undergo nucleophilic attack by the amine, Hpz. The resulting 

intermediate could then react with two equivalents of nitrile to form the triazine. Another 

possibility is that the metal ions are necessary for all stages of the reaction by some yet

undetermined mechanism.

A second experiment to test the relevance of the copper species was undertaken 

by altering the composition of the acac. Bis(3-cyanoacetylacetonate)copper(II), 

Cu(CNacac)2, was used in a reaction in which all other conditions were identical to the 

first reaction. This resulted in the immediate formation of a green solution upon mixing.

The reaction conditions and results are described in Table 3 relative to the original

reaction.

Table 3: Reaction containing altered acac species
Triflate Mole

Ratio
Copper Mole

Ratio
Solvent Color

Result
Triazine-
Copper
Dimer

Mn(Hpztbut’4CN)2
(OTf)i

1 Cu(acac)2 1 Acetonitrile Green
Color

Yes

Mn(Hpztbut,4CN)2
(OTf)2

1 Cu(CNacac)2 1 Acetonitrile Light
Green

No

Contrary to the expected result given the color change, a crystal recovered from the

reaction mixture was analyzed by diffractometry and showed no formation of a triazine- 

containing species; however, a novel Cu-pyrazole species was identified. The crystal

structure of this species is representative of the components that were put into the

reaction vessel, namely bis(cyanoacetylacetonate)bis(3-tert-butyl-4-

cyanopyrazole)copper(II), Cu(Hpztbut 4CN)2(CNacac)2. This result demonstrates that color
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formation indicates the possible formation of a copper amidine complex as well as the 

possible formation of a triazine containing species. It proves that further structural 

analysis of the product is necessary in order to confirm that any triazine containing 

products have been generated in an experiment.

The tolerance the reaction for varied copper species was examined by repeating 

the reaction with copper species containing ligands other than acac such as copper 

carbonate, CuCO3, and copper acetate, Cu(OAc)2. The copper species were added at 0.01 

mole percent relative to the other reactants. Due to solubility issues of CuCO3 and 

Cu(OAc)2 in methylene chloride, deionized water was added until the copper compounds 

went into solution. The resulting solutions were added to equimolar ratios of acetonitrile 

and butylamine in methylene chloride. The contents of Table 4 represent the results 

immediately observed following the mixing of the different components.

Table 4: Reactions with different copper species

Cu Species Nitrile Amine
Initial
Color

1

CuCO3 Acetonitrile Butylamine Purple Blue

Cu(OAc)2 Acetonitrile Butylamine
No
Change

Blue

CuCO3 Acetonitrile None
No
Change

Blue

The results presented in Table 4 show that the only reaction system displaying 

similar characteristics to the systems in the previous studies is the CuCO3 system; 

however over the course of approximately one hour the color of all solutions began to 

change. Each solution equilibrated to a different shade of blue than the original copper 

species indicating the possible formation of copper complexes. Interestingly the reaction

in which CuCO3 was used without butylamine present appeared to develop slight blue

CORETTE LIBRARY
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color in its organic layer. This result was unclear and difficult to quantify and may 

represent the formation of simple ionic complexes due to insolubility of the copper 

species in organic solvents. Multiple trials of larger scale reactions will be necessary in 

order to understand the chemistry taking place in this particular system. The overall result

of a shift in solution color to blue for all reactions supports the idea that the important 

component of the copper species is not the ligand but rather the copper.

The contribution of the Hpz ligand were further examined by altering the 

chemical composition of this component from Mn(Hpz3 tbut'4CN)2(OTf)2to Mn(Hpz3" 

Ph’4CN)2(OTf)2. This experiment was carried out with all other conditions identical to the 

original experiment. The reaction conditions and results are described in Table 5 relative 

to the original reaction.

Table 5: Reaction involving altered Hpz ligand
Triflate Mole

Ratio
Copper Mole

Ratio
Solvent Color

Result
Triazine- 

Copper Dimer

Mn(Hpztbut,4LN)2
(OTf)2

1 Cu(acac)2 1 Acetonitrile Green
Color

Yes

Mn(HpzPh,4CN)2
(OTf)2

1 Cu(acac)2 1 Acetonitrile Green
Color

Upon mixing of the reactants the result was an immediate change of color from a 

colorless to a green solution suggesting the formation of a copper complex. Analysis by

crystal structure was unsuccessful for this reaction as no crystals suitable for analysis

have yet been formed. The structure of the resulting compound is of significant interest

however, for the determination of functional group tolerance of the reaction system. If the 

Hpz ligands are acting similarly to the amines described in Scheme 1 substitution of the
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phenol groups in place of the tert-butyl groups should result in a change in the functional 

groups (R) present in the triazine containing species described in Figure 4.

In order to test the hypothesis that the Hpz ligands are acting similarly to the

amine in Forsberg’s work (Scheme 1) a series of experiments in which a primary amine, 

butylamine, replaces the Hpz ligands in the reaction system were carried out in which all

other conditions remained the same as in the original reaction. The nitrile used in each 

experiment was varied in order to rule out the formation of a copper amine species by 

color change as well as to determine if different triazine containing species could be

formed in this way. The results of the experiments are described in Table 6.

Table 6: Primary amine reacted with series of nitriles
Amine Nitrile Cu Species Color Result

Butylamine Acetonitrile Cu(acac)2 Green
Butylamine Proprionitrile Cu(acac)2 Turquoise/Green
Butylamine Benzonitrile Cu(acac)2 Turquoise

The results seem to indicate the possible formation of different copper complexes 

based upon the nitrile used, which suggests species other than simply a copper n-

butylamine complex are forming. These findings support the hypothesis that the Hpz 

ligands are acting as amines in a necessary interaction that results in the formation of 

something other than a copper amine complex, possibly an amidine intermediate.

In order to verify that nitrile is taking part in the chemistry involved with the

observed color change a step wise study of the first reaction described in Table 4 was

undertaken using IR spectroscopy and carbon tetrachloride mulls. IR spectra were taken 

of carbon tetrachloride alone, carbon tetrachloride containing acetonitrile, butylamine, 

Cu(acac)2, acetontrile with Cu(acac)2, buytlamine with Cu(acac)2, butylamine with
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acetonitrile, and the three reactants mixed together as described in Table 7. The mull of 

the three reactants was prepared by two different methods of mixing; the first by applying 

each to the sodium chloride plates separately and the second by mixing the reactants 

together with a pasture pipette in a small vial followed by immediate addition to the 

plates. Table 7 displays the reaction components investigated via IR spectroscopy.

Table 7: Description of stepwise reaction

Spectrum Mull Nitrile Metal Base
Mix

Method

A CC14 - Cu(acac)2 - Plates

B CC14 - - Butylamine Plates

C CC14 Acetonitrile - - Plates

D CC14 - Cu(acac)2 Butylamine Plates

E CC14 Acetonitrile - Butylamine Plates

F CC14 Acetonitrile Cu(acac)2 - Plates

G CC14 Acetonitrile Cu(acac)2 Butylamine Plates

H CC14 Acetonitrile Cu(acac)2 Butylamine Vial

A B
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Figure 5: Spectra of the stepwise reaction experiment as described in Table 7 

The spectra from the stepwise analysis mentioned above are useful for

establishing the contribution of each reactant to the reaction. Figures 5A-C are control

c

F
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spectra for each reactant in CCI4. Figure 5D is a control that demonstrates that the 

addition of Cu(acac)2 alone does not result in an observable change when compared to 

butylamine by itself (5B). Figures 5E and 5F are controls which demonstrate that without 

the presence of the third reactant the disappearance of the nitrile peak present in 5C 

(sharp peak located at 2200 cm'1) does not occur. Analysis of these spectra provides 

valuable information about the importance of each reactant.

Of primary interest to the current study is the disappearance of the previously 

described nitrile peak observed in Figure 5C when all three reactants are present as 

demonstrated in the Figures 5G and 5H. It is interesting to note that the two different 

methods of mixing resulted in slightly different spectra. It appears that a more complete 

conversion of the nitrile occurred when the reactants are mixed via pipette and vial, 

(Figure 5H), when compared to mixing on the salt plates, (Figure 5G). This difference 

may be due to increased opportunity for chemistry to take place within the vial versus on 

the surface of the sodium chloride plates. These results strongly suggest that acetonitrile 

is participating in the observed chemistry, that it is unlikely that a copper amine complex 

is the only product formed in this reaction system, and that the amine base is a necessary

component of the reaction system.

An interesting observation was also achieved by way of serendipity. The 

premixed reaction, (Spectrum G) from Table 7, left sealed in a small vial under ambient

conditions results in a color shift from slightly blue to red orange over the period of a 

day. This result may be indicative of a different complex forming when carbon 

tetrachloride is used as the solvent instead of methylene chloride.
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It is necessary to further test the hypothesis that the relevance of the pyrazole 

ligand is as a secondary amine for the formation of triazine containing species. A reaction 

in which manganese triflate and Cu(acac)2 were present without the pyrazole ligand was 

performed in order to determine if the pyrazole was necessary for the observed color

change. The reaction conditions and results are described in Table 8 relative to the

original reaction.

Table 8: Comparison of reaction without Hpz ligand to original reaction
Triflate Mole

Ratio
Copper Mole

Ratio
Solvent Color

Result
Triazine,
Copper
Dimer

Mn(Hpztbut,4CN)2
(OTf)2

1 Cu(acac)2 1 Acetonitrile Green
Color

Yes

Mn(OTf) 1 Cu(accac)2 1 Acetonitrile Green
Color

The result from this experiment indicates the possible formation of triazine 

containing species; however, crystal analysis could not be successfully completed for this

experiment as no crystals sufficient for analysis have yet been grown. The results of such 

an analysis is of great interest as it may generate data regarding a possible alternative 

activation of the nitrile similar to that seen in the triflate ion promoted reactions4. 

Dissociation of triflate from the manganese salt in the original reaction (Table 1) may 

initiate the cyclotrimerization of the nitrile similar to the reaction described by Herrera4.

It is interesting to note that while the mechanism may be similar to that described 

previously this reaction appears to occur immediately implying that the copper species 

may be significant in the increased rate of the reaction. These results suggest that it is
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indeed possible to carry out the chemistry resulting in the generation of copper species

without the base.

CONCLUSION:

The current study supports the conclusion that both a copper ion and a Hpz ligand 

are necessary for conversion of the nitrile into a component of the copper dimer. 

However, there is also evidence that the reaction may be occurring in the absence of a 

nitrogen-containing base based upon color change. The activation of the nitrile is 

hypothesized to take place by coordination to a metal ion, coordination to a triflate ion, or

possibly both. IR data indicate the consumption of nitrile. However, the intermediacy of 

an amidine or a similar species containing the pyrazole has not been established.

The intense colors of copper complexes are used in this context to indicate the 

presence of some copper containing species other than the reactant. The instantaneous 

color change is significant because it indicates a fast, room temperature conversion of the

copper species. IR data indicate the acetonitrile is consumed as part of this process, but 

crystallographic data is still required. It is important to note that this is not a definitive 

test for the formation of a triazine complex, and is in no way quantitative. Color change 

represents the potential formation of triazine containing complexes similar to the 

previously observed x-ray crystal structure to occur in similar reactions. Current evidence

supports this hypothesis; however, further analysis of the solutions observed to change 

color is required. Additional trials will generate additional crystals which can be analyzed 

to determine if the formation of triazine containing species, copper amidine species, or

both, occurs in the various reactions.
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The generation of triazine containing species at ambient temperature and pressure 

has been confirmed for the reaction system that sparked the investigation. The crystal 

structure shown in Figure 4 was determined by x-ray crystallography and shows the 

presence of an s-triazine species contained within a copper dimer. The generation of this 

product under ambient conditions implies a more energy efficient reaction method. 

Additionally the reduced amount of byproducts associated with a cyclotrimerization 

represents good atom economy. These are significant findings as they potentially satisfy 

several goals of green chemistry: 1) having reactions take place at ambient temperature 

and pressure, and 2) the goal of using chemistry that demonstrates good atom economy* *.

Goals for future work include the development of in-house analytical methods for 

more accurate determination of the product(s) generated, determination of the functional 

group tolerance, determination of the reactant responsible for the activation of the nitrile, 

and release or regeneration of the species responsible in order to identify a catalytic 

system. One potential avenue to increase understanding of the reaction system include 

completion of step wise IR studies for each of the reaction experiments described. 

Another option is to perform additional trials of each experiment in order to generate 

crystals suitable for x-ray diffraction analysis in order to determine definitively which 

products are being generated.
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