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CHAPTER 1: INTRODUCTION 

 

There is a growing interest in the ability to produce an efficient anodic electron-transfer 

(ET) process to induce new carbon-carbon coupling reactions.
1
 Large amounts of time and 

energy are required to gain a synthetic entry into new carbon-carbon coupling reactions of 

unsubstituted alkenes (e.g. cyclooctene) which are inherently hard to oxidize.
2,3,4

 Such reactions 

must be energetically facile. Using methods such as photolysis  require a seven-day procedure in 

the presence of a copper(I) triflate catalyst to induce [2+2] carbon-carbon coupling reaction of 

nonconjugated unstrained alkenes, which still produced low yields (<30%).
5,6

 More traditional 

organic synthesis of similar dimerization reactions (e.g. 1,3-cyclooctadiene) require 

photosensitization conversion and then require being heated at temperatures of 80˚C or higher to 

produce similar [2+2] dimerization products at low yields (<53%).
7
 Therefore, it is indispensably 

essential to improve the reaction time and yield with new electrochemical methods to produce 

new [2+2] dimerization products of unsubstituted alkenes. Using electrocatalytic methods it is 

possible to induce new [2+2] carbon-carbon coupling reactions of unactivated terminal alkenes. 

Synthetic entry into these carbon-carbon coupling reactions of unsubstituted terminal alkenes is 

accomplished by taking advantage of the in situ generated [ReCp(CO)3]
+
 (1

+
, Cp = η

5
-C5H5)  as a 

powerful ET mediator which provides new carbon-carbon coupling products.
3
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1.1 Previous [2+2] Carbon-Carbon Coupling Reactions 

 Previously, Bauld published in the late 90’s, and explained how he was successful in 

preforming [2+2] cyclization reactions, of activated olefin couplings with the use of a special 

cation radical aminium salt catalyst prepared in situ, as shown below in equations (Eq) 1 and 2.
8,9

 

This, however, can be viewed as an easier task given that they are reacting activated olefins 

which have methyl and methoxyphenyl activating substituents. Successful [2+2] carbon-carbon 

coupling reactions of unsubstituted alkenes is a much more difficult challenge to overcome.  

Me
MeO2

CH2Cl2

 0

C

Ar3N

Me

Me

OMe

MeO

(Eq 1)

 

 

   

CH2Cl2

 0

C

Ar3N (Eq 2)

Me

Me

+

Me

OAr

Me

Me

Me

OAr

     

 

 In previous studies performed and reported by Chong and Geiger in 2009, they found that 

using the ReCp(CO)3 (1, Cp = η
5
-C5H5) they were able to oxidize and create a very powerful 

one-electron oxidant that would ultimately provide a synthetic entry point into [2+2] cyclization 

coupling of unactivated cyclic olefins such as cyclooctene as shown below in equation 3.
3
 This 

leads us to investigate other alkene systems using this powerful one-electron oxidant with 

unsubstituted terminal alkenes such as 1-hexene and 1-octene and also presents some other 

avenues for investigations such as 1,7-octadiene, coupling reactions as well. 
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(Eq 3)1 (5%)

at 1.3 V

2

 

 

The electrochemical oxidation of 1 was further studied to show how 1
+
 could function as 

a catalyst to induce [2+2] cyclization reactions of unsubstituted terminal alkenes and dienes 

under mild conditions. Finding quicker, more effective and economical procedures to induce 

carbon-carbon coupling reactions will prove to be very beneficial to the polymer, petroleum, and 

pharmaceutical industries. The carbon-carbon coupling products from 1-octene (such as 

hexadecane and cyclobutyl derivatives) are beneficial due to their long hydrocarbon chains 

which can be utilized in the petroleum industry.  These can be produced readily via electrolysis 

in a good yield (60-73%) in less than 30 minutes. Synthetic entry into these carbon-carbon 

coupling reactions of 1 piano-stool complex with unsubstituted terminal alkenes is accomplished 

by applying a potential needed (1.16 V vs. FeCp2
0/+

) to successfully initiate this reaction.
3
 This 

produces a powerful one-electron oxidant, 1
+
,
 10

 which can react with terminal alkenes such as 1-

octene forming a reactive radical cationic species which ultimately results in the formation of 

new carbon-carbon coupled products.  

 

1.2 Solvent Effect 

Choosing a proper solvent is always one the most important decisions that must be made 

when performing an electrochemical experiment because E1/2 shifts are sensitive to both the 

solvent and supporting electrolyte effects.
11

 In electrochemical laboratories focused on non-

aqueous organometallic reaction systems, solvents such as dichloromethane, acetonitrile, and 
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tetrahydrofuran are used.  For these experiments it was necessary to choose a solvent (L) that 

was not going to react with any of the metal complexes (M) or products in the solution to create 

solvato-complexes (M-L).
12

 If some interactions had happened between the solvent and the 

reagents or the products of these experiments then this would interfere with the reaction and 

possibly cause a precipitate to form on the electrode surface and make analysis inaccurate. Donor 

solvents with dielectric constant (ε) values ranging from 5.6 to 36.7 can cause irreversible follow 

up chemical reactions to occur during oxidation reactions.
12

 This could lower peak intensities of 

the voltammograms and not allow the desired reactions to occur.  Dichloromethane having 

lower-polarity and a low dielectric constant (ε=8.93) and a low donor number (DN=0) proved to 

not form strong solvato-complexes with oxidized products because it has a little amount of 

electrons to give to an electrophile.
12

 Acetonitrile having higher polarity and a higher dielectric 

constant (ε=36.7) and a higher donor number (DN=14.1) can form solvato-complexes with 

oxidized products, which would interfere with the desired products because rhenium, upon 

oxidation, could make a solvato-complex with acetonitrile, which eventually lowers its 

electrocatalytic activity.
11,12

 The oxidized radical cation produced could undergo rapid follow up 

chemical reactions with donor solvents such as acetonitrile creating more complexity for this 

process.
12

 It is a poor choice for an anodic oxidation reaction. Dichloromethane is the better 

choice for the reactions presented here and will restrict any solvato-complexes from forming and 

prevent any of our reactants from precipitating into the solution and onto the electrode surface. 
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1.3 Electrolyte Selection 

 It is important to avoid traditional electrolyte anions such as [PF6]
-
 and [BF4]

-
 which 

could generate a high degree of ion pairing with some oxidized reagents causing them to become 

insoluble in dichloromethane coating onto the electrode, ultimately spelling catastrophe for the 

experiment.
12,13

 The [B(C6F5)4]
-
 weakly coordinating anion, TFAB has relatively weak-ion-

pairing properties due to the many electron withdrawing fluorine atoms on the aryl groups, seen 

in Figure 1 below, making the overall molecule perform more like a neutral molecule.
12,13

 This 

makes the ion-pairing weak, and will not interfere with any oxidized reagents.
12,13

 Using this 

bulky supporting electrolyte [NBu4][B(C6F5)4], (TBAT) helps balance the overall charge of the 

solution. 

 

 
Figure 1. The structure of tetrakis pentafluoroarylborate (TFAB) weakly coordinating anion. 

 

 

Using this weakly coordinating anion, it ensures a greater dissociation in low-polarity 

solvents such as dichloromethane because the ion is more non-polar, and it also ensures less iR 

(ohmic) drop in the solution.
14

 This low iR drop means there is less resistance in the solution 

because the ion’s formal charge is spread throughout the entire molecule, which appears almost 

neutral in character, so it provides very little charged resistance in the solution. It also expresses 

low nucleophilicity because its overall negative formal charge is weak and spread throughout the 
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molecule and pulled toward the electronegative fluorine atoms. This low nucleophilicity results 

in less ion-pairing between this negative species and any positively charged molecules in the 

solution. This characteristic allows us to focus on new anodic reactions that would have 

previously been dismissed by the use of traditional electrolyte anions.
12,13

  

 

1.4 Electrochemical and Spectroscopic Methods 

 Cyclic voltammetries (CV), linear sweep voltammetries (LSV), and differential pulse 

voltammetries (DPV) and controlled potential electrolysis (CPE) are used to explain the redox 

behaviors that exist in a given solution. The reaction products are characterized by gas 

chromatography-mass spectrometric (GC-MS), nuclear magnetic resonance (NMR), 
1
H-NMR, 

13
C-NMR, distortionless enhancement polarization transfer (DEPT), and 2D-NMR heteronuclear 

magnetic quantum correlation (HMQC) spectroscopic data analyses. Possible reaction pathways 

will be suggested. 

 

CHAPTER 2: EXPERIMENTAL 

 

The electrochemical experimental procedures were performed in an oxygen and moisture 

free glove-box (MBRAUN, seen in Figure 2 (Left) below) under argon at room temperature 

(23C). The Oxygen and water levels in the glove box were observed mostly <0.5 ppm during 

the experiments.  The ReCp(CO)3 (1, Cp = η
5
-C5H5) was purchased from Strem Chemical and 

used as received. The reagent grade CH2Cl2 solvent was purchased from Sigma-Aldrich dried 

using CaH2 and transferred using solvent-vac-transfer procedures with three 15 minute freeze-

pump-thaw cycles. The electrolyte TBAT was synthesized using a previously reported 
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procedure.
15

 Alkenes used in these experiments were purchased from Sigma-Aldrich and stored 

in the glove box under conditions explained previously. Glassware used for the electrochemical 

experiments was cleaned in aqua regia, followed by several rinsings with millipore water and 

dried for at least 12 hours in a 120˚C oven. This warm glassware was placed in the antechamber 

of the glove box and allowed to cool under vacuum conditions. These experiments were 

conducted using a standard three-compartment “H-type” electrochemical cell where the 

compartments are separated by a fine frit. In Figure 2 (Right) below, A refers to the reference 

electrode, which is silver/silver chloride which was rinsed with millipore water and acetone and 

then placed in 120˚C oven overnight, then dried further in the antechamber under vacuum. B is 

the counter electrode, made of platinum, which measures the current and was treated with nitric 

acid overnight, rinsed with millipore water and acetone, then placed in 120˚C oven overnight, 

and dried further in the antechamber under vacuum. C is the working electrode, made of gold, 

platinum, or glassy carbon electrodes (2mm diameter) for cyclic voltammetries. The working 

electrode for these experiments was a glassy carbon electrode (Bioanalytical Systems, Dia. = 

2mm).  The known E1/2 for 1 is 1.16 V vs. ferrocene/ferrocenium couple, Cp2Fe
0/+

.
12,16,17

 All the 

data was adjusted to this standard and all the potentials are referenced to Cp2Fe
0/+

, as mentioned 

elsewhere.
12,16,17

  The glassy carbon electrode was polished and rinsed properly before each use 

with diamond polish (BASi, MF-2054 1µM) and millipore water, and then finally dried in the 

antechamber under vacuum conditions. A Princeton Applied Research (PAR 273A model) 

potentiostat connected to a laptop was used to perform all the voltammetry scans and electrolysis 

procedures. 
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Figure 2. (Left) Image of the glove box and potentiostat. (Right) Image of a standard 

electrochemical cell 

 

All the equipment and reagents were loaded into the antechamber and put under three 20 

minute cycles of vacuuming and purging with Ar gas. After which, they were brought into the 

glove box under condition previously explained. The electrolyte medium was prepared by 

dissolving 0.1 M TBAT in 18 mL CH2Cl2. A 17 mg total of 1 was added to 10mL electrolyte 

medium in the middle working electrode compartment to make the desired concentration which 

was typically 5mM catalyst. Then several cyclic voltammetry scans were taken at 0.2 V s
-1

 to 

confirm that addition of 1. The 1-octene was added using a 10µL syringe to the desired 

concentrations. Bulk electrolyses were performed using a Pt mesh basket with stirring in the 

working compartment. This Pt mesh basket had been treated with nitric acid overnight, then 

washed with copious amounts of millipore water, then dried in a 120˚C oven overnight and 

followed by evacuation in the antechamber. Electrolysis was typically performed by applying 1.3 

V vs. Cp2Fe
0/+

 at room temperature with moderate stirring until the current ratios fell to nearly 

0.1% and 0.01-0.3 F/mol of alkenes to complete the reactions. Electrolysis was stopped after <30 

minutes. Cyclic voltammograms were taken before and after electrolysis to make comparisons of 

the redox behaviors of the solution after the reaction was completed to see if any new products 
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have been formed. GC-MS samples (1mL) were obtained before and after electrolysis and the 

remaining working electrode solutions were saved in a clean vial for further isolation and 

characterization. 

 

2.1 General Information Regarding Product Isolation and Characterization 

 Isolation of the resulting product after electrolysis was performed by allowing the 

dichloromethane to evaporate slowly at room temperature using a slow flow of argon gas over 

the surface of the solution with moderate stirring.  The resulting residue was then dissolved in 

pentane and filtered through a Silica column to separate any organic products from the 

electrolyte and 1 in solution.  The filtrate was then placed in a secure location and the pentane 

was allowed to evaporate slowly over a period of time providing approximately 172 to 202 mg 

(60-72%) residue was weighed and then dissolved in chloroform-D received from CIL, and used 

for NMR and GC-MS analysis. NMR spectra were recorded with a JEOL 400 MHz FT-NMR 

16mm 
13

C and 
29

Si switchable probe, or a JOEL NMR spectrometer with a 
1
H operational 

frequency of 300 or 400 MHz. GC-MS measurements were performed on an Agilent 

Technologies 7890 A GC equipped with a 24233-USPB™-Octyl L column and 5975 C mass 

detector. Reaction products were determined using molecular mass and mass fragmentation 

patterns.  

 

2.2 Spectroscopic Results 

1) Reaction of 1-octene in Glove box. 
1
H NMR (400MHz, CDCl3) δ 1.98 (1H, m), 1.89 (1H, 

m), 1.46 (2H, q), 1.25 (2H, quin), 1.13 (2H, quin), 1.09 (2H, sex), 0.826 (3H, t) 
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13
C NMR (100MHz, CDCl3) δ 39.6 (-CH), 34.7 (-CH), 32.1 (-CH2), 30.3(-CH2), 29.5     

(-CH2), 22.8 (-CH2), 14.2 (-CH3) 

DEPT NMR (45°) (100MHz, CDCl3) δ 39.6 (-CH, weak), 34.7 (-CH, weak), 32.1 (-CH2, 

strong), 30.3(-CH2, strong), 29.5 (-CH2, weak), 22.8 (-CH2, strong), 14.2 (-CH3, strong) 

DEPT NMR (90°) (100MHz, CDCl3) δ 39.6 (-CH, weak), 34.7 (-CH, weak), 32.1 (-CH2, 

strong), 30.3(-CH2, strong), 29.5 (-CH2, weak), 22.8 (-CH2, strong), 14.2 (-CH3, strong) 

DEPT NMR (135°) (100MHz, CDCl3) δ 39.6 (-CH, weak), 34.7 (-CH, weak), 32.1         

(-CH2, strong), 30.3(-CH2, strong), 29.5 (-CH2, weak), 22.8 (-CH2, strong), 14.2 (-CH3, strong) 

HMQC NMR (
1
H, 

13
C) (400MHz↔100MHz, CDCl3) δ 1.98↔39.6 (-CH, weak), 

1.89↔34.7 (-CH, weak), 1.46↔32.1 (-CH2, strong), 1.25↔30.3 (-CH2, strong), 1.13↔29.5        

(-CH2, weak), 1.09↔22.8 (-CH2, strong), 0.826↔14.2 (-CH3, strong) 

GC-MS (M
+
, m/z) 224.2 

2) Reaction of 1-octene in the Dry box. 
1
H NMR (400MHz, CDCl3) δ 1.25 (2H, strong), 0.87 

(3H, strong) 

13
C NMR (100MHz, CDCl3) δ 32.01 (-CH2), 29.78 (-CH2), 29.45 (-CH2), 22.77 (-CH2) 

14.19 (-CH3) 

3) Reaction of 1-hexene. GC-MS (M
+
, m/z) 168.0 

4) Reaction of 1,7-octadiene. GC-MS (M
+
, m/z) 296.9 
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CHAPTER 3: RESULTS AND DISCUSSION 

 

 Using a more traditional supporting electrolyte anions such as [PF6]
-
 and BF4]

-
 provided 

poor cyclic voltammetry redox behaviors of ReCp(CO)3 (1, Cp = η
5
-C5H5)  in dichloromethane, 

which has been previously characterized. Most likely this is result of insoluble precipitates being 

formed from the supporting electrolyte anion and the newly formed 1
+
 cation pairing in solution 

which can adsorb on the electrode surface. To alleviate this issue, the weakly-coordinating anion 

tetrakis pentafluoroarylborate (TFAB) was employed for reasons previously explained. This 

allowed for more anodic oxidative investigations to be made. 

  
Figure 3. Cyclic voltammograms of 1mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, 0.2 V s
-1

, and room temperature. (From Ref. 10) 

 

Using a 1mM concentration of 1, displays redox behaviors as seen above in Figure 3. The 

CVs indicate a large anodic peak representative of the oxidation of 1 at Epa =1.21 V vs. Cp2Fe
0/+
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seen in Figure 3. At Epc = 1.10 V vs. Cp2Fe
0/+

 a cathodic peak appeared and is representative of 

the reduction 1
+
 to 1. At Epc = 0.481 V vs. Cp2Fe

0/+
 a cathodic peak appeared and is 

representative of the reduction of the dimer dication formed, [Re2Cp2(CO)6]
2+

 (2
2+

) 
16

 in CV-

time-scale. At these lower concentrations the reversibility of the oxidation of 1 to 1
+
 is easily 

observed and is quasi-reversible. To successfully oxidize 1 to 1
+
 it is necessary to apply a 

potential greater than the Epa using controlled potential electrolysis procedures as previously 

explained. For the investigations explained in this thesis it was necessary to use increased 

concentrations for electrocatalysis. 

Using a 5mM concentration of 1 and performing electrolysis at a potential sufficient to 

fully oxidize this complex to 1
+
 effectively produces a strong one-electron oxidant as an electron 

transfer mediator that provides a synthetic entry for [2+2] cyclization reactions and linear 

dimerization. The 1
+
 essentially functions as an electrochemical catalyst for the initiation of new 

carbon-carbon coupling reactions for unactivated terminal alkenes. This electrochemical catalyst 

has formerly been proven to induce the [2+2] cycloaddition reactions with cycloalkene 

molecules such as cyclooctene.
3
 However, terminal alkenes such as 1-octene with a molar mass 

112.24 g/mol, has not been reported and it is a viable candidate for this electrocatalysis. Using 

75mM 1-octene and 5mM 1 is necessary to react with a catalytic amount of 1 (2-6%). Terminal 

alkenes such as 1-hexene, 1,7-octadiene, and 1-octene were employed using these 

electrocatalysis procedures. Increased concentrated experiments with 1-hexene and 1-octene 

were each executed and the products were isolated for further analysis and characterization. 
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3.1 Reaction of 1-Octene in the Glove Box (<0.1 ppm O2 and <0.1 ppm H2O).  

Several cyclic voltammetry (CV) scans were obtained, and suitable backgrounds were 

observed for each experiment performed with potential windows ranging from 1.4 V to -2.0 V 

vs. Cp2Fe
0/+

, as seen in Figure 4 following. 

Figure 4. Cyclic voltammograms of CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy carbon 

electrode and room temperature. υ (scan rate) = 0.2 V s
-1

 

 

Once obtaining an adequate background composed of a 0.1 M solution of TBAT in 18 mL of 

dichloromethane, 1 was added to the working electrode solution (10 mL) to provide a 

concentration of 5 mM 1. The CVs indicate a large anodic peak representative of the oxidation of 

1 at Epa =1.27 V vs. Cp2Fe
0/+

 seen in Figure 5 below. At Epc = 0.272 V vs. Cp2Fe
0/+

 a cathodic 

peak appeared and is representative of the reduction of the dimer dication formed, 

[Re2Cp2(CO)6]
2+

 (2
2+

) 
16

 in CV-time-scale.   
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Figure 5. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, 0.2 V s
-1

, and room temperature. 

 

 Higher concentrations (5mM) provide an increased anodic peak current, and little to no 

reversibility of this oxidation of 1 to 1
+
. In CV-time-scale, a large amount of 1 is being oxidized 

and very little is being reduce immediately. The reversibility is not prominent in these higher 

concentrated scans. 1
+
 cannot diffuse back to the electrode surface to be reduced in larger 

quantities in CV-time-scale. Therefore, there is little reduction 1
+
 to 1 observed. This is referred 

to as quasi-reversibility. It is understood that the oxidation is a diffusion controlled process 

where the square-root of the scan rate is directly proportional to the current. Increased scan rates 

will result in an increased peak height. This is because increased amounts of potential are being 

applied over a shorter period of time which results in an increase of oxidation of 1 which 

produces increased anodic current. The increased cathodic peak height of the dimer dication 
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formation peak at 0.272 V vs. Cp2Fe
0/+

 is result of larger quantities of 1
+
 in solution offer a 

greater probability for two 1
+
 to couple and create the dimer 2

2+
. Increased concentrations of 1

+
 

directly result in increased cathodic peaks representing the 2
2+ 

formation, as seen in Figure 5. 

Figure 6 below depicts the investigation of the redox behaviors of 1 with the terminal 

alkene 1-octene in different concentrations that was added to the solution. 1-octene itself does 

not show any redox behaviors within the potential window.  Upon the addition of the 1-octene 

little change is observed in the voltammograms.  One significant difference is that upon addition 

of 1-octene, there is an increase in the anodic oxidation peak of 1 and is an indication of a new 

reaction. Upon oxidation of 1 this creates a powerful one-electron oxidant (E1/2=1.16 V) which 

can oxidize terminal alkenes and provide a synthetic entry into new carbon-carbon coupling 

reactions. As soon as the 1 is oxidized it reacts with the 1-octene thereby returning 1 to its 

reduced state for reoxidation.  This results in an increase in the oxidation peak of 1 as observed 

below in Figure 6.  
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Figure 6. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, under various concentrations of 1-octene, 0.2
 
V s

-1
, and room temperature. 

There is a significant increase in the anodic oxidation of 1 and a decrease in the cathodic 

formation of 2
2+

. 

 

Bulk anodic electrolysis of the 5mM 1 at ca. 1.3 V vs. Cp2Fe
0/+

 in CH2Cl2/0.1 M 

[NBu4][TFAB] at room temperature passed precisely 0.16 F/mol in twenty-five minutes. This 

0.16 F/mol transferred is indicative of electrocatalysis as indicated in Figure 5 above. The 

working-electrode compartment underwent a distinct color-change to a dark-yellow color, within 

5 minutes. The reaction was complete within twenty-five minutes. Electrolysis was stopped once 

the current ratios fell to near 0.1%. CVs revealed that after electrolysis about 56.7% of 1 was still 

present based on comparisons of the peak currents before and after electrolysis seen in Figure 7 

below. This is because upon oxidation of 1 to 1
+
 the radical cation will couple to form the dimer 

dication 2
2+

. However, once electrolysis is completed it is reasonable to say that this radical may 
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be converted back to starting material after electrolysis is complete being reduced easily by the 

solvent electrolyte medium or the electrode surface itself during post electrolysis. 

 
Figure 7. Pre and Post electrolysis cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M 

[NBu4][TFAB] at 2mm glassy carbon electrode, 0.2 V s
-1

, and room temperature. There is a 

significant decrease in the oxidation of 1. 56.7% of 1 remains. 

 

In Figure 8 below new irreversible cathodic features were observed after electrolysis in 

the potential range -0.25 to -2.5 V vs. Cp2Fe
0/+

 which is a due to unidentified organic side 

products. 
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Figure 8. Post-electrolysis cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 

2mm glassy carbon electrode, 0.2 V s
-1

, and room temperature. There is a significant new 

cathodic peaks present after electrolysis indicative of new unidentified organic side products. 

 

The major products of this reaction were shown by GC-MS and NMR techniques after 

isolation of the products as previously described. GC-MS results indicate that new product 

signals appear at 16.650 minutes retention time with appropriate m/z ratios of 224.2 seen if 

Figure 9 below. Based on mass fraction analysis, these are conceivable indications of [2+2] 

carbon-carbon coupling reaction products. 

-3-2.5-2-1.5-1-0.500.511.52

E (V vs. Cp2Fe0/+) 

ic 

ia 

20 mA 
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Figure 9. Gas chromatography-mass spectrometry (GC-MS) analysis of the organic product 

identified at approximately 16.65 minutes with a 224.2 m/z ratio. 

 

The organic product was isolated using techniques previously described which provided 

approximately 50 mg (60%) yield for the 2+2 cyclobutyl derivative products. Several NMR 
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analyses were conducted. The isolated product residue was dissolved in a minimal amount of 

chloroform-D and put into an NMR tube for analysis. 
1
H-NMR analysis is as seen below in 

Figure 10.  

 

 
Figure 10. 

1
H-NMR (400MHz, CDCl3) spectrum of the isolated major product of the bulk 

anodic electrolysis of 1 with 1-octene. No evidence of alkene hydrogen shifts from the terminal 

1-octene. R=Hexyl. 

 

The 
1
H-NMR reveals the solvent peak around 7.2 ppm (CHCl3) and another low intensity 

peak around 5.4ppm which is indicative of the cyclopentadienyl hydrogen resonance from 1, and 

all the other proton shifts appear to be strictly hydrocarbon between 0.8 to 2.0 ppm, and there 

appears to be no indication of any alkene hydrogen signal from the terminal alkene 1-octene. 

13
C-NMR with the same sample was collected and analyzed as seen below in Figure 11.  
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Figure 11. 

13
C-NMR (100MHz, CDCl3) spectrum of the isolated major product of the bulk 

anodic electrolysis of 1 with 1-octene. Significant evidence of the –CH cyclobutyl derivative 

carbon shift. R=Hexyl. 

 

These 
13

C-NMR scans are definitive of the cyclobutyl-derivative product as a major 

product. In this case there is a signal around 39.6 ppm indicative of the –CH carbons which 

supports the formation of the appropriate [2+2] cyclobutyl derivative products. Following the 

13
C-NMR analysis, to further confirm the formation of the cyclobutyl –CH, distortionless 

enhancement polarization transfer (DEPT)-NMR was employed and produced the following 

spectrum. This is at 135 degrees as a default setup for the selection angle. In this spectrum the 
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CH3’s and CH’s are positive phase shifts and the CH2’s as negative phase shifts as seen in Figure 

12 below. 

 
Figure 12. Distortionless-Enhancement-Polarization-Transfer (DEPT) NMR (100MHz, CDCl3) 

spectrum of the isolated major product of the bulk anodic electrolysis of 1 with 1-octene. 

Significant evidence of the –CH cyclobutyl derivative carbon shift. R=Hexyl. 

 

 It is clear that in Figure 12 above there exists a good indication of –CH shift around 38 to 

40 ppm in the negative phase. This is indicative of the cyclobutyl derivative –CH carbon that is 

created when [2+2] carbon-carbon coupling occurs. 

 

 

 

 

(Cp=C
5
H

5
) 
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Table 1. NMR (
1
H, 400MHz, 

13
C, 100MHz, CDCl3) spectroscopic analysis of 1-octene reaction 

product(s). 

NMR -CH -CH -CH2 -CH2 -CH2 -CH2 -CH3 
1
H 1.98 1.89 1.46 1.25 1.13 1.09 0.826 

13
C 39.6 34.7 32.1 30.3 29.5 22.8 14.2 

DEPT 

(45˚)  

39.6 34.7 32.1 30.3 29.5 22.8 14.2 

DEPT 

(90˚) 

39.6 34.7 32.1 30.3 29.5 22.8 14.2 

DEPT 

(135˚) 

39.6 34.7 32.1 30.3 29.5 22.8 14.2 

HMQC 

(
1
H, 

13
C) 

1.98, 39.6 1.89, 34.7 1.46, 32.1 1.25, 30.3 1.13, 29.5 1.09, 22.8 0.826, 

14.2 

 

 Table 1 above shows the NMR characterization of the 1-octene experiment product. It is 

very indicative of the formation of the cyclobutyl derivative dihexylcyclobutane product. It is 

evident that there may be different isomers such as 1,2-dihexycyclobutane or 1,3-

dihexylcyclobutane present. Approximately 60-73% gram yields of the organic products 

(dihexylcyclobutane) where found. All were produced by anodic electrolysis in CH2Cl2/0.1M 

[NBu4][B(C6F5)4] with 2-6% 1 with 250 mM 1-octene by applying Eapp = 1.3 V vs. Cp2Fe
0/+

.  

  

3.2 Reaction of 1-Octene in the Dry Box.  

Several cyclic voltammetry (CV) scans were obtained, and suitable backgrounds were 

observed for each experiment performed with potential windows ranging from approximately 1.5 

V to -1.4 V vs. Cp2Fe
0/+

 seen in Figure 13 following. The difference between this example and 

the previous example is that the previous experiment was conducted in the glove box under Ar 

gas (<0.1 ppm H2O and <0.1 ppm O2), and this experiment was conducted in the dry box under 

Ar gas where there is significant amounts of trace water and oxygen present which affect the 

reaction. Once obtaining an adequate background composed of a 0.1 M solution of TBAT in 18 
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mL of dichloromethane, the correct amount of 1 was added to the working electrode solution (10 

mL) to provide a concentration of 5 mM 1. The CVs indicate a large anodic peak representative 

of the oxidation of 1 at Epa =1.29 V vs. Cp2Fe
0/+

 seen in Figure 11 below. At approximately 0.45 

V vs. Cp2Fe
0/+

 a cathodic peak appeared and is representative of the dimer dication formation 

[Re2Cp2(CO)6]
2+

 (2
2+

).
16

  

 
Figure 13. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, under dry box conditions, 0.2 V s
-1

, and room temperature. The dashed line (--) 

is the background taken before the addition of 1. The solid line (–) is after the addition of 1. 

There is a significant increase in the anodic oxidation of 1 and a decrease in the cathodic 

formation of 2
2+

. 

 

 These CV redox behaviors are the same as explained in the previous example with the 

same setup and concentrations. Figure 14 below depicts the investigation of the redox behaviors 
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of 1 with the terminal alkene 1-octene added to the solution.  1-octene itself does not show any 

redox behaviors within the potential window. 1-octene is oxidized at potentials greater than the 

potential window. Little change is observed upon the addition of the 1-octene.  One significant 

difference is that upon addition of 1-octene, there is an increase in the anodic oxidation peak of 1 

and is an indication of a new reaction. Upon oxidation of 1 this creates a very powerful one-

electron oxidant which can oxidize terminal alkenes and provide a synthetic entry into new 

carbon-carbon coupling reactions. As soon as the 1 is oxidized it reacts with the 1-octene thereby 

returning 1 to its reduced state for reoxidation.  This results in an increase in the oxidation peak 

of 1 as observed below in Figure 14. 
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Figure 14. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, under 75mM 1-octene, 0.2 V s
-1

, and room temperature. There is a significant 

increase in the anodic oxidation of 1 and a decrease in the cathodic formation of 2
2+

. 

 

Bulk anodic electrolysis of the 5mM 1 at ca. 1.3 V vs. Cp2Fe
0/+

 in CH2Cl2/0.1 M 

[NBu4][TFAB] at room temperature passed precisely 0.3 F/mol in approximately sixty minutes. 

This 0.16 F/mol transferred is indicative of electrocatalysis as indicated in Figure 14 above. The 

working-electrode compartment underwent a distinct color-change to a dark-yellow color. The 

reaction was complete within 1 hour. Electrolysis was stopped once the current ratios fell to near 

0.1%. CVs revealed that after electrolysis 1 was still present based on comparisons of CVs 

before and after electrolysis seen in Figure 15 below.  
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Figure 15. Post-electrolysis cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] 

at 2mm glassy carbon electrode, 0.2 V s
-1

, and room temperature. There is a significant new 

cathodic peaks present after electrolysis indicative of new unidentified organic side products. 

 

In Figure 15 above new irreversible cathodic features were observed after electrolysis in 

the potential range -0.7 to -1 V vs. Cp2Fe
0/+

 which is a due to new unidentified organic side 

products that are result of electrolysis. The major products of this reaction were shown by NMR 

techniques after isolation of the products as previously described. The organic product was 

isolated using techniques previously described which provided approximately 65% yield for the 

carbon-carbon coupling product. Several NMR analyses were conducted. The isolated product 

residue was dissolved in a minimal amount of chloroform-D and put into a NMR vessel for 

analysis. 
1
H-NMR analysis is as seen below in Figure 16.  
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Figure 16. 

1
H-NMR (400MHz, CDCl3) spectrum of the isolated major product of the bulk 

anodic electrolysis of 1 with 1-octene in the dry box for one hour. No evidence of alkene 

hydrogen shifts from the terminal 1-octene. 

 

The above is a 
1
H-NMR of the isolated organic product. Some cyclopentadiene hydrogen 

atom signal is detected at 5.36ppm, but most of what can be detected is simply hydrocarbons as 

indicated in this spectra between 0.85 and 2.0 ppm. There appears to be no indication of any 

alkene hydrogen signal from the terminal alkene 1-octene. To further characterize the product 

13
C-NMR was employed.  
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Figure 17. 

13
C-NMR (100MHz, CDCl3) spectrum of the isolated major product of the bulk 

anodic electrolysis of 1 with 1-octene. Significant evidence of the linear product hexadecane. 

 

 The above spectra is a 
13

C-NMR of my isolated product that was collected overnight for 

at least 12 hours, and it is quite evident that instead of a cyclobutyl derivative product as the 

major product, it is possible that the major product may be totally linear hexadecane. The carbon 

signals can be seen as indicated in the Figure 17 and assigned appropriately.  This was performed 

with chloroform-D as the solvent and compared to the known assignment of hexadecane to 

confirm this assignment. Approximately 65% gram yields of the organic product hexadecane 
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was found. This was produced by anodic electrolysis in CH2Cl2/0.1M [NBu4][B(C6F5)4] with 2-

6% 1 with 75 mM 1-octene by applying 1.3 V vs. Cp2Fe
0/+

 under inert Ar gas for 1 hour in the 

dry box conditions where two hydrogen atoms where employed to produce hexadecane carbon-

carbon coupling linear product. There was increased trace amounts of water and oxygen in the 

dry box that could have played a role in this reaction. 

 

3.3 Reaction of 1-hexene in the glove box. 

 Several cyclic voltammetry (CV) scans were obtained, and a suitable backgrounds was 

observed for this experiment performed with potential windows ranging from approximately 1.4 

V to -2.2 V vs. Cp2Fe
0/+

. This experiment was conducted in the glove box under Ar gas (<0.1 

ppm H2O and <0.1 ppm O2). Once obtaining an adequate background composed of a 0.1 M 

solution of TBAT in 18 mL of dichloromethane, the correct amount of 1 was added to the 

working electrode solution (10 mL) to provide a concentration of 5 mM 1. The CVs indicate a 

large anodic peak representative of the oxidation of 1 at Epa =1.28 V vs. Cp2Fe
0/+

 seen in Figure 

18 below. At approximately 0.23 V vs. Cp2Fe
0/+

 a cathodic peak appeared and is representative 

of the dimer dication formation [Re2Cp2(CO)6]
2+

 (2
2+

).
16

 



39 
 

 
Figure 18. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, 0.2 V s
-1

, and room temperature. 

 

These CV redox behaviors are the same previously explained with the same setup and 

concentrations. Increased concentrations (5mM) provide an increased anodic peak current, and 

little to no reversibility of this oxidation of 1 to 1
+
. In CV-time-scale, a large amount of 1 is 

being oxidized and very little is being reduce immediately. The reversibility is not prominent in 

these higher concentrated scans. 1
+
 cannot diffuse back to the electrode surface to be reduced in 

larger quantities in CV-time-scale. Therefore, there is little reduction 1
+
 to 1 observed as 

explained previously. This is referred to as pseudo reversibility. The increased cathodic peak 

height of the dimer dication formation peak at approximately 0.23 V vs. Cp2Fe
0/+

 is result of 

larger quantities of 1
+
 in solution offer a greater probability for two 1

+
 to couple and create the 

-2.5-2-1.5-1-0.500.511.52
E (V vs Cp2Fe0/+) 

ic 

ia 

20 mA 
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dimer 2
2+

. Increased concentrations of 1
+
 directly result in increased cathodic peaks representing 

the 2
2+ 

formation, as seen in Figure 18. Figure 19 below depicts the investigation of the redox 

behaviors of 1 with the terminal alkene 1-hexene added to the solution.  One-hexene itself does 

not show any redox behaviors within the potential window. One-hexene is oxidized at potentials 

greater than the potential window. Little change is observed upon the addition of the 1-hexene.  

One significant difference is that upon addition of 1-hexene, there is a slight increase in the 

anodic oxidation peak of 1 and is an indication of a new reaction. Upon oxidation of 1 this 

creates a very powerful one-electron oxidant which can oxidize terminal alkenes and provide a 

synthetic entry into new [2+2] carbon-carbon coupling reactions. As soon as the 1 is oxidized it 

reacts with the 1-hexene thereby returning 1 to its reduced state for reoxidation.  This results in a 

slight increase in the oxidation peak of 1 as observed below in Figure 18. 
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Figure 19. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, under various concentrations of 1-hexene, 0.2 V s
-1

, and room temperature. 

There is a slight increase in the anodic oxidation of 1 and a decrease in the cathodic formation of 

2
2+

. This reaction is occurring rapidly and the increase in the oxidation is minimal. 

 

Bulk anodic electrolysis of the 5mM 1 at ca. 1.3 V vs. Cp2Fe
0/+

 in CH2Cl2/0.1 M 

[NBu4][TFAB] at room temperature passed precisely 0.02 F/mol in approximately twenty 

minutes. This 0.02 F/mol transferred is indicative of electrocatalysis as discussed previously. The 

working-electrode compartment underwent a distinct color-change to a dark-yellow color, within 

about 5 minutes. The reaction was complete within twenty minutes. Electrolysis was stopped 

once the current ratios fell to near 0.1%. CVs revealed that after electrolysis that 1 was still 

present based on comparisons of the peak currents before and after electrolysis seen in Figure 20 

below. 

 

 



42 
 

 

 
Figure 20. Post-electrolysis cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] 

at 2mm glassy carbon electrode, 0.2 V s
-1

, and room temperature. There is a significant new 

cathodic peaks present after electrolysis indicative of new unidentified organic side products. 

 

In Figure 20 new irreversible cathodic features were observed after electrolysis in the 

potential range -0.494 to -2.0 V vs. Cp2Fe
0/+

 which is a due to unidentified organic side products. 

The major products of this reaction were shown by GC-MS and NMR techniques after 

electrolysis as previously described. GC-MS results indicate that new product signals appear at 

approximately 8.295 minutes retention time with appropriate m/z ratios of 168.0 seen in Figure 

21 below. These are good indications of 2+2 carbon-carbon coupling reaction products 

dibutylcyclobutane derivatives. 
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Figure 21. Gas chromatography-mass spectrometry (GC-MS) analysis of the organic product 

identified at approximately 8.295 minutes with a 168.0 m/z ratio. R=butyl. 
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3.4 Reaction of 1,7-octadiene in the glove box.  

Several cyclic voltammetry (CV) scans were obtained, and a suitable backgrounds was 

observed for this experiment performed with potential windows ranging from approximately 

1.413 V to -2.231 V vs. Cp2Fe
0/+

. This experiment was conducted in the glove box under Ar gas 

(<0.1 ppm H2O and <0.1 ppm O2). Once obtaining an adequate background composed of a 0.1 M 

solution of TBAT in 18 mL of dichloromethane, the correct amount of 1 was added to the 

working electrode solution (10 mL) to provide a concentration of 5 mM 1. The CVs indicate a 

large anodic peak representative of the oxidation of 1 at Epa =1.297 V vs. Cp2Fe
0/+

 seen in Figure 

22 below. At approximately 0.45 V vs. Cp2Fe
0/+

 a cathodic peak appeared and is representative 

of the dimer dication formation [Re2Cp2(CO)6]
2+

 (2
2+

).
16

 

 
Figure 22. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, 0.2 V s
-1

, and room temperature. 
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These CV redox behaviors are the same previously explained with the same setup and 

concentrations. Increased concentrations (5mM) provide an increased anodic peak current, and 

little to no reversibility of this oxidation of 1 to 1
+
. In CV-time-scale, a large amount of 1 is 

being oxidized and very little is being reduce immediately. The reversibility is not prominent in 

these higher concentrated scans. 1
+
 cannot diffuse back to the electrode surface to be reduced in 

larger quantities in CV-time-scale. Therefore, there is little reduction 1
+
 to 1 observed as 

explained previously. The increased cathodic peak height of the dimer dication formation peak at 

approximately 0.45 V vs. Cp2Fe
0/+

 is result of larger quantities of 1
+
 in solution offer a greater 

probability for two 1
+
 to couple and create the dimer 2

2+
. Increased concentrations of 1

+
 directly 

result in increased cathodic peaks representing the 2
2+ 

formation, as seen in Figure 22. Figure 23 

below depicts the investigation of the redox behaviors of 1 with the terminal alkene 1,7-

octadiene added to the solution.  One, seven-octadiene itself does not show any redox behaviors 

within the potential window. It is oxidized at potentials greater than the potential window and 

little change is observed upon the addition of the 1,7-octadiene.  One significant difference is 

that upon addition of 1,7-octadiene, there is an increase in the anodic oxidation peak of 1 and is 

an indication of a new reaction. Upon oxidation of 1 this creates a very powerful one-electron 

oxidant which can oxidize terminal alkenes and provide a synthetic entry into new [2+2] carbon-

carbon coupling reactions. As soon as the 1 is oxidized it reacts with the neutral 1,7-octadiene 

thereby returning 1 to its reduced state for reoxidation.  This results in an increase in the 

oxidation peak of 1 and a decrease in the Epc=0.45V cathodic peak observed below in Figure 23. 
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Figure 23. Cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] at 2mm glassy 

carbon electrode, under various concentrations of 1,7-octadiene, 0.2 V s
-1

, and room temperature. 

There is a slight increase in the anodic oxidation of 1 and a decrease in the cathodic formation of 

2
2+

. 

 

Bulk anodic electrolysis of the 5mM 1 at ca. 1.3 V vs. Cp2Fe
0/+

 in CH2Cl2/0.1 M 

[NBu4][TFAB] at room temperature passed precisely 0.1 F/mol in thirty minutes. This 0.1 F/mol 

transferred is indicative of electrocatalysis as discussed previously. The working-electrode 

compartment underwent a distinct color-change to a dark-yellow color, within about 5 minutes. 

The reaction was complete within thirty minutes. Electrolysis was stopped once the current ratios 

fell to near 0.1%. CVs revealed that after electrolysis that 1 was still present based on 

comparisons of the peak currents before and after electrolysis seen in Figure 24 below. 
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Figure 24. Post-electrolysis cyclic voltammograms of 5mM 1 in CH2Cl2/0.1 M [NBu4][TFAB] 

at 2mm glassy carbon electrode, 0.2 V s
-1

, and room temperature. There is a significant new 

cathodic peaks present after electrolysis indicative of new unidentified organic side products. 

 

In Figure 24 new irreversible cathodic features were observed after electrolysis in the 

potential range -0.291 to -1.843V vs. Cp2Fe
0/+

 which is a due to unidentified organic side 

products. Further isolation and characterization of this product will be needed to determine if 

new carbon-carbon coupling reactions occur with using 1,7-octadiene. Figure 25 below is a GC-

MS analysis of the crude product of this reaction and the newly formed peak at 17.983 minutes 

exhibits an m/z ratio of 296.9 and may be indicative of some new trimeric product formation, but 

further investigation will be required. 
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Figure 25. Gas chromatography-mass spectrometry (GC-MS) analysis of the crude organic 

product identified at 17.9 minutes with a 296.9m/z ratio. 
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 CHAPTER 4: SUMMARY 

 

Table 2 below depicts the different terminal alkene and diene reactants that were 

investigated using the [ReCp(CO)3]
+
 (1

+
, Cp=η

5
-C5H5) radical cation to initiate this radical-based 

intermolecular carbon-carbon coupling reactions. The table show the specific ionization 

potentials for each reagent which is oxidized at potentials exceeding 1.8 V which is beyond the 

potential window. The exact F/Equiv. were observed upon oxidation of 1 to 1
+
 for each case. All 

these values are indicative of some catalysis that has occurred because this show that only a 

partial electron has been transferred and it is known that 1 can undergo a full one electron 

transfer. The following products were characterized using methods previously described. Each 

reaction was completed within one hour (h) as indicated below.  

Table 2. Summary of reactants and products from different experiments. Ionization potentials 

(I.P.), net F/equivalents, and time (h) required for these reactions. 

 

Reactants I.P. 

(eV) 

Net 

 

F/Equiv 

Products Time 

(h) 

 
9.52 0.2 

 

<0.5  

 
9.52 0.3 

(gain 2H) 

1 

 
9.46 0.02 

 

<0.5 

 

n/a 0.1 n/a <0.5  
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4.1 Mechanistic Aspects 

 
Figure 26. The suggested mechanism for the radical-based [2+2] carbon-carbon coupling 

electrocatalysis reaction. 

 

 Above is the suggested mechanism for the electrochemical catalytic cyclization reaction 

of alkenes. Upon oxidation of 1 to this 17-electron species with a 6-coordination number will 

cause an intermediate to form with the alkene and the 1
+
 will become neutral once again leaving 

the alkene as a radical. This intermediate as indicated above is believed to be formed by the 

cyclopentadiene changing its conformation from and eta-5 to and eta-3 conformation to help the 

overall Re compound maintain its stable 6-coordination number species. This new radical 

species that is formed can then react with a neutral alkene and create a new cyclobutane product 

that can be then be reduce by electrons from the electrode surface in solution which provides the 

neutral resulting products. Not only cyclization products are formed, but also complete linear 

products are suspected to have formed as well by gaining two hydrogen atoms, possibly from the 

electrolyte or water in the solution. 
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CHAPTER 5: CONCLUSIONS 

 

The electrochemical oxidation of 1 to form 1
+
 been studied to explain its abilities to catalyze 

[2+2] reactions terminal alkenes to form new molecules that would be beneficial to many 

different fields of industries. It is possible to catalyze these reactions with cheaper materials and 

perform such experiments using mild conditions through the process of electrolysis and apply a 

potential to activate the organometallic catalyst of choice. The 1 piano stool complex has shown 

to undergo oxidation then induce [2+2] carbon-carbon coupling reactions of unactivated terminal 

alkenes. Using 1 and 1-octene, 1-hexene, and 1,7-octadiene to produce a suggested cyclobutyl 

derivative major products with a short electrolysis time span <25min., as indicated in the below 

figure. This could be a very important benefit for energy consumption because this may offer an 

efficient way to produce fuel additives, pharmacuetical compounds, and medical research 

significant molecules from a more cheaper source such as simpler terminal alkenes. This 

research really opens the doors for further studies using different systems such as internal, diene, 

ene-yne systems and etc. The data and conlusions presented in this thesis not only set the stage 

for these different studies, but they also forge the foundation upon which many other sustainable 

and versatile synthetic approaches may be made using electrochemistry as the key ingredient. 
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APPENDIX 

Preparation and Recrystallization of [NBu4][B(C6F5)4] 

10.0 grams of K[B(C6F5)]4 was dissolved in 20 mL HPLC grade MeOH in 125 mL Erlenmeyer 

flask. To this solution, 5.1 grams [NBu4]Br in 10 mL MeOH was added dropwise with stirring 

over about a 15 minute period, after which 3 mL nanopure water was also added dropwise. The 

flask was capped; cooled in the refrigerator (ca -3 deg.) for 0.5 hour, then put this into the freezer 

(ca -25 deg.) overnight. This mixture was then filtered through a medium filter frit and washed 

this with 10 mL of cold (-25 deg.) methanol. This precipitate was air dried for 2 hours. This 

yielded 9.61 grams of slightly off-white solid. This solid was then dissolved in excess dried and 

distilled CH2Cl2 (ca 30 mL). Then this was covered with a septum, and stirred for two hours. 

This mixture was then filtered using more CH2Cl2 to assure complete transfer of salt to filtrate. 

The solvent was then evaporated which provided 9.56 grams (94%) of off-white solid. 

For recrystallization the off-white solid was dissolved in 11 mL CH2Cl2. To this 55 mL 

anhydrous ether was added dropwise with stirring over approximately 20 minutes. This was then 

covered with a septum and cooled to 0 degrees for 1 hour, then put in the freezer overnight. This 

mixture was then filtered and rinsed with 30 mL room temperature distilled hexanes and then 

allowed to air dry. This provided small white crystals (8.86 grams (88% overall)). These white 

crystals were weighed and a sample was taken for a melting point determination. 

Modified by: Joshua May 
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Solvent Vac Transfer Procedure and Setup 

In the following diagram, each labeled black “dot” is a knob on the apparatus which dictates 

which portion of the apparatus will be under vacuum conditions: 

 

 

 

 

 

 

Figure 27. Solvent vac transfer apparatus. 

Note: Use TWO hands always, one to handle your material and the other to support the 

glassware. All the valves in the following procedure are in accord to the diagram above. 

Variations of this diagram can be shown – for instance, the solvent pot could be at position F. 

Also, the letters given in the diagram will be used for both positioning as well as marking where 

the valves are. This will be specified. 

 The beginning is simple: Make sure all the knobs are closed tightly – but not too tight. 

(A-H). Knob B will always be closed. 

 When arriving to the lab, the solvent that will be used for transferring, in this case around 

position H or F’, may or may not be placed. After it is placed, immediately start freezing 

A 

B 
C 

D 

E 

F G 

H 

F’ 
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it in the dewar pot shown above by filling the dewar in the bottom left (the extra dewar) 

and then filling the pot and later on the other dewars (next point). 

 When first arriving at the lab, notice the dewars under A and B. These dewars cover glass 

traps where organic matter is captured – these dewars must be placed around the glass 

traps. The small dewar should be placed to the left and the large dewar to the right (from 

the reference point of looking directly at the apparatus.) These then need to be filled with 

liquid nitrogen and wrapped at the top with some cloth. 

 Start opening knobs to suck out any residual air remaining in the traps. SLOWLY open 

valve A (this will produce a short sucking noise and gurgling from the pump.) SLOWLY 

open valve C. SLOWLY open valve G – this is the valve that separates the vacuum from 

the joint of the solvent. Make sure there is no residual organic matter in here –if so it can 

be vacuumed out. Keep H closed, though!!! 

 The second task is to prepare your own round bottom. Use the joint in the drawer and 

attach it to the round bottom after it has cooled (this should have been taken out of the 

oven before use.) Attach this small round bottom onto the apparatus, shown above in 

position E.  

o When attaching the joint, use M grease for that particular joint. Don’t forget the 

rubber band (next point.) 

o Note: The knobs E and H come from the joint you attached to the round bottom. 

Also make sure that there is a rubber band between D and E AND G and H (or F 

and whatever, dependent on how you set it up.) 
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 SLOWLY open valve D – this is the valve that separates your vacuum from the joint of 

your own round bottom flask. Slowly open valve E – this is the valve separating the 

apparatus from the round bottom itself.  

 Allow the vacuum to take place while the solvent is freezing. Remember, at this point, 

every valve should be open except B, F, and H.  B is closed because it opens the system 

to the outside world – F is closed because there is nothing hooked at that position – H is 

closed because the solvent is still freezing! 

 After the solvent is frozen, open valve H for 15 minutes, allowing any gases to be 

vacuumed out while the solvent is frozen. 

 After this 15 minutes, warm the solvent to room temperature using warm water (no more 

than 30ºC). This is now ready to transfer. Put any residual liquid nitrogen back into the 

storage dewar tank. Close valves H and G. 

 Close valve C – this will shut off the system to the vacuum. Notice the small dewar bottle 

under position E, this will be placed under your small round bottom and liquid nitrogen 

will cool the round bottom. 

o The relatively warm solvent is at a higher temperature and, therefore, at a higher 

pressure. The extremely cold round bottom is at a lower temperature and pressure 

– the solvent will travel through the system from an area of high pressure to that 

of low pressure and temperature (77 K).  

 At this point, C should be closed. Close valve E. At this point, valve H should already be 

closed. D and G can be opened and should be opened. 
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 Once the round bottom is cold, slowly open valve E. Before opening the valve connected 

directly to the solvent round bottom, turn on the magnetic stirrer. This is done because 

the solvent has a tendency to “bump.”  

 Now, slowly open valve H. You should hear a soft, whispery noise as well as see the 

solvent go crazy. There should be solvent condensing on the small round bottom. 

o Troubleshooting: If the solvent is transferring too slowly, shut the operation down 

by closing the valves and then slowly reopening them in the order specified by 

this procedure. 

 When there is a sufficient amount of solvent in the small round bottom, close first valve 

H and then valve E. 

o Keep valve H closed the rest of the procedure. 

 Reopen valve C – this will open the system to the vacuum again. Make sure valve E and 

valve H are closed!  

 The following is the procedure for the FPT method (freeze, pump, thaw): 

o Freeze the solvent that was collected in the small round bottom.  

o Once frozen, open valve E and allow the round bottom to evacuate for 15 

minutes.  

o Close valve E and warm the solvent to room temperature with the warm water as 

outlined above. 

o Repeat this for a total of three FPT cycles. This will ensure your solvent is 

without gas (No O2). 

o Place any residual liquid nitrogen into the storage de war tank. 
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 After the FPT process, it is time to disassemble the apparatus. The main solvent round 

bottom may be left on the apparatus. Shut valve D and G. Also shut valves A and C. 

 This is an important step:  Shut off the pump. Slowly open valve B (this is the second 

time that valve B is used. This will allow atmospheric gas back into the two traps under 

areas A and B.  

 Carefully take the two dewars off of the glassware, placing the residual liquid nitrogen in 

the storage dewar tank. 

 Carefully detach the transferred solvent (it should be clear). 

 Summary of valves closed at this point: Valve A.C, D, F, G are all closed. Valve E has to 

be shut so the solvent can be detached. If  replacing the main solvent, H would also have 

to be open. 

Modified by: Joshua May 

Glove Box Procedure 

A glove box is a highly specialized piece of equipment with low level of oxygen (0.1ppm) 

and moisture (0.1ppm). Therefore, anything introduced into the glove box should be dried over 

120
o
C for more than 12 hours and subjected to high vacuum for at least 1 hour. To start setting 

up an experiment into a glove box, follow the steps below: 

 Wear cotton gloves whenever working in the glove box. This will prevent moisture from 

the operator’s hands from permeating the gloves and also protect the dry box glove from 

puntures (no rings and no watches).  

  To place materials (cell, analyte, electrolyte, needles, etc) into the glove box, first close 

the black vacuum valve, then turn on the Ar (yellow) valve to refill the large 
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antechamber first and ensure that the pressure reaches to the atmospheric pressure. The 

chamber cannot be opened if the antechamber is under the vacuum. 

 After the large antechamber was refilled with Ar, set the yellow valve to close before 

opening outer door of the antechamber. Open the outer door and place the materials into 

the chamber.  

 Close the door and make sure that the door is properly sealed (do not do over tighten; 

practice with Dr. Chong first).  

 Turn on the black evacuate valve, and evacuate chamber to -30 in. Hg. Wait for 20 

minutes. Then refill with Argon to the atmospheric pressure. 

 Repeats evacuate/ refill cycles for 3 to 5 times. 

 If some materials are forgotten after they are placed into the large antechamber, then 

place these new materials into the small antechamber. Do every step as same as placing 

the other materials into the large one (steps 2 to 6).  

 After the last refill, set the yellow valve to close. Before opening inner door to bring the 

materials into the box, Turn Off the Circulation by touching the circulation box on the 

screen, and then the materials may be taken into the box.  

 Setting up the experiment: the green wire is for working electrode, the yellow wire is for 

reference, and the red wire is for the counter electron.  

 When the experiment is finished, place the materials in the bin. 

 Refill the antechamber with Ar, then open the inner door to place the materials in the 

large antechamber. 

 Make sure that the refill/ evacuate valves is closed before opening the outer door.  

 Take out your materials from the large antechamber and close the outer door.  
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 The antechamber should be under vacuum condition when finishing. 

 After taking the materials from the antechamber, purge the glove box with Ar. Select the 

purge key on the screen. Enter the purging mode, the maximum is +14 and the minimum 

is +10 (normal mode is from 5.5 (max) to 1 (min)). Purge for 15 to 20 minutes. Click 

start, in a moment it will be stopped. Then, open another black valve for vent on the top 

right of the glove box. 

 After purging for 20 minutes, first close the black valve. Touch the purge key again on 

the screen to stop purging. Enter the normal mode, the maximum is +5 and the minimum 

is +1. 

 Finally, touch the circulation box to turn on the circulation.  

 Before leaving, make sure everything is ok (potentionstat is off, glove box is clean, etc), 

and oxygen reaches 0.1ppm that is shown on the screen. 

Modified by: Joshua May 

GC –MS Procedures 

 Have sample solution in around 0.5mL-0.7mL. 

 Put this in a GC-MS vial. 

 Use the GC-MS Agilent Technologies 7890A System. 

 Load the vial in the desired numbered position. 

 Go to the computer (user: administrator/password: 3000hanover) 

 Open the icon GCMS (this takes a few seconds) 

 Instrument controls should appear 
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 Now load the desired method of analysis. Load methods by clicking the yellow folder 

under Method in the control screen. Use “dc1.M” method. Select this and hit OK.  

 This should prepare the instrument for the run. It should read at the bottom on a green bar 

“C:\MSDCHEM\1\METHODS\DC1.M loaded!” 

 Now click on the yellow person under methods and a Start Run screen should appear. 

Change the vial number to the appropriate one, and enter a Data filename for this run. 

Then hit OK and Run Method at the bottom of the page. 

 The run should begin, the machine will auto-load your vial and perform the injection 

process. Now open a program on the desktop called GCMS Data Analysis. Library 

options will open select Ok on the first screen and cancel on the second screen that 

appears. Folders will be located on the left. From select the appropriate run under the 

folder DC ECHEM or the folder labeled snapshot.( may only be able to view snapshot 

while the run is still going) 

 While the Run is still going view the spectrum by clicking the camera icon at the top of 

the Analysis window this will give a current snapshot. 

 At some peak right-click and drag over a specific range to obtain the possible isomer 

break-down for that area. To print, click File then Print…, select TIC & Spectrum and 

then OK for both screen to print. 

 To integrate for peak area click on Chromatogram and integrate. 

 To view specific peak areas select Integration Results. These can be printed or copied to 

another document. Once the run is complete close the programs and take the vial back to 

the lab. 

 Modified by: Joshua May 


