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(ABSTRACT) 

The chemistry of the radical anion generated from 1,1-dimethyl-5,7-di-7- 

butylspiro[2,5 ]octa-4,7-dien-6-one (20) was studied electrochemically using cyclic and 

linear sweep voltammetry (CV, LSV). The reduction potential of 20 was estimated to be 

-2.5 V vs. 0.1 M Ag’/Ag, similar to the reduction potentials observed for aryl ketones and 

enones. LSV results for the reduction of 20 are consistent with the occurrence of 

substrate reduction followed by a subsequent chemical step (an EC mechanism). The 

broadness of the reduction wave and variation of peak potential with sweep rate suggest 

that the rate limiting step 1s heterogeneous electron transfer. Ring opening of the radical 

anion generated from 20 results in a 9:1 ratio of the 3° and 1° distonic radical anions. 

The rate constant for ring opening has been estimated to be k > 10’ s”, with a calculated 

(AM1) enthalpy of ring opening of AH® > -15 kcal/mol. The facile nature of radical 

anion ring opening can be ascribed to the relief of cyclopropyl ring strain in conjunction 

with the establishment of aromaticity. On this basis, the regiochemistry of the ring



opening of the radical anion derived from 20 suggests that polar and SET pathways can 

be differentiated based upon the regiospecificity of cyclopropyl ring opening. 

In reactions between 20 and nucleophiles known to react via SET with carbonyl 

compounds, 20 successfully produced products characteristic of SET pathways. 

However, subsequent studies of the reaction between 20 and thiophenoxide, a 

nucleophile purported to undergo SET, produced no evidence for a SET pathway. 

It was discovered that ring opened products may also be formed by competing 

polar pathways involving a carbocationic intermediate, especially in protic solvents. In 

dipolar aprotic solvents, ring opening occurs primarily via an Sy2 process, with 

nucleophilic attack occurring preferentially at the least hindered carbon. The strengths 

and weaknesses of 20 as a SET probe are discussed.
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CHAPTER 1. HISTORICAL OVERVIEW 

Single electron transfer (SET) has emerged as a major mechanistic pathway in the 

addition of nucleophiles to carbonyl compounds. Detection of SET pathways is seldom 

simple as often the same products are produced regardless of the pathway taken ( SET or 

polar), Figure 1. 

O OH 
BN + Nu © Polar . A 

Nu R2 
Ry 

  

SET Coupling 

ON ‘™ R; R> 

Figure 1: Comparison between SET and polar pathways. 

Unique to a SET pathway is the formation of paramagnetic intermediates. Several 

methods have been employed to identify or trap these intermediates to allow the detection 

of a SET pathway. 

A popular method for elucidation of SET pathways utilizes electron paramagnetic 

resonance spectroscopy (EPR) to detect the paramagnetic intermediate.'”** This method



allows detection of radicals and radical anions present at very low concentrations. 

Spectroscopic observation of a radical intermediate does not necessarily mean that the 

intermediate is involved in the reaction pathway leading to product formation. 

Experimental evidence has shown that in some cases, the EPR active species was an 

intermediate leading to a “blind” pathway not involved in product formation.”® To avoid 

this type of error, researchers have turned their attention toward the incorporation of 

functional groups (i.e. “probes”) into the substrate whose transformation lead to unique 

products when electron transfer occurs. 

The probes used for identification of SET pathways fall into two general 

categories: fragmentation probes and rearrangement probes. Fragmentation probes 

involve substituents which lead to fragmentation and formation of a stable anion after 

electron transfer has occurred. Identification of a SET pathway is then made through 

product analysis, Scheme 1.
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Scheme 1 

While it is ambiguous as to whether products obtained from a 1,2 addition process 

indicate a SET pathway or a polar pathway, it is presumed that products obtained from a 

formal Nu-/neutral radical coupling (ArCOCH2Nu) or a hydrogen atom abstraction 

(ArCOCHs) are formed from the radical produced through a SET pathway.”* Nu-/radical 

coupling is advantageous because it shows that SET was the pathway which produced the 

products. A direct nucleophilic (Sx2) substitution pathway at the a-carbon can not be 

discounted as an alternative mechanism for formation of ArCOCH2Nu. The presence of 

the products observed from hydrogen atom addition, pinacol coupling of the radical 

anions, or radical dimerization can only serve to show that a SET reaction has occurred;



however, the SET reaction could also be a side reaction not involved in the product 

determining pathway. 

The success of this approach in the identification of SET relies on the reversibility 

of the fragmentation step (k;) and its rate being faster than any competitive process 

involving the radical anion (e.g., kz and k3, Figure 2). 

k k Nu’ \k 

ype” 
-OH QNu 

Xx 

Figure 2: Competing reactions of radical anions generated via electron transfer 

from Nu. 

The fragmenting moiety can be placed on the aromatic ring as well as alpha to the 

carbonyl. If a nucleophile is too basic to be used with substrates that contain a-hydrogens 

due to competing enolization of the ketone, monosubstituted benzophenones can be



utilized.” In addition, placement of the fragmenting moiety on the aromatic ring eliminates 

any possibility of Sy2 attack at the a-carbon. 

Tanner et. al.”, have determined the rates of fragmentation for a number radical 

anions generated from a-substituted acetophenones, ortho, meta, and para substituted 

acetophenones, and ortho, meta, and para substituted benzophenones. The results of this 

study are shown in Table 1. 

Table 1: Rate constants of fragmentation of radical anions generated from 

susbstituted acetophenones and benzophenones in acetonitrile at room 

temperature.” 

PhCOCH2X — (1) X-CsHsCOCH; ~ (2) X-CsHsCOCgHs ~ (3) 
X ks, (s”') X ke (s”') xX kg (s"') 

Br > 10° m-Cl 15 p-Cl 29 
Cl > 10° p-Cl 3x 10° o-Cl 61 

F §.2x 10° o-Cl 3 x 10° m-Br 7.9 x 10? 
OCOPh 6.3 x 10° m-Br 8x 10° p-Br 6x 10° 
OCOCH; 96x 10° p-Br 3.2x 10’ m-I 2.5 x 10° 

OPh 95x 10° o-Br 5.1x 10° 
p-TolSO, 5.3x 10° m-I 19x 10° 

SPh 93x 10° p-I 3.5x 10°



The fragmentation of a-substituted acetophenone radical anions (1) 1s shown to 

proceed with rate constants ranging from ca 10’ to > 10” s' depending upon the nature of 

the leaving group. Radical anions generated from ortho, meta, and para substituted 

acetophenones (2) are shown to fragment with rate constants ranging from 15 to 10” s”. 

Again the rate constants are influenced by the nature of the leaving group; however, they 

are also influenced by the placement of the fragmenting group on the aromatic ring. The 

rates of fragmentation of radical anions generated from ortho, meta, and para substituted 

benzophenones (3) are generally seen to be slower than the corresponding acetophenones 

with rate constants ranging from 29 to 10° s’. Aromatic ring substituted substrates show 

two general trends in the observed fragmentation data. The rate of halide expulsion is 

faster in the ortho and para positions than that observed for the meta position. This is 

because the spin density is greater at the ortho and para positions, compared to the meta. 

The rate constant depression observed in the monosubstituted benzophenone radical 

anions stems from delocalization of the radical into both aromatic rings, Scheme 2.
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Scheme 2 

Data from this study combined with the findings of several other groups have 

shown that it is possible for a fragmentation probe of this type to identify SET pathways in 

10,11,12,13,1419 Subsequently, these the reaction of nucleophiles with carbonyl compounds. 

fragmentation probes have been successful in identifying SET pathways in reactions of 

carbonyl compounds with Grignard reagents’ and lithium dialkylcuprates’. 

Rearrangement probes allow trapping of a paramagnetic intermediate through a 

unimolecular rearrangement. Following the formation of a radical or radical anion 

intermediate, a structural rearrangement occurs that allows formation of products that can 

be ascribed solely to a SET process. Commonly, these probes are based on radical 

rearrangements involving cyclization or ring opening reactions. However, rearrangement 

probes can also be based on processes as simple as the isomerization of a double bond.



Investigation of double bond E,Z isomerization has met with limited success in 

identifying SET in reactions of nucleophiles with a,B-unsaturated ketones.’”"*’” The 

major assumption with this approach is that formation of a radical anion intermediate will 

cause subsequent rearrangement from a less stable to a more stable double bond through a 

beta centered radical (4), Scheme 3. 

  

O oO oO 

R_A = R_A — RA —/ ‘R —=“ R : la R 

R =t- butyl 4 

oO oO 

R R 

Scheme 3 

As a result, differentiation between SET and nucleophilic addition is determined 

based on the appearance of 1,2 addition products in which double bond isomerization has 

occurred, Figure 3.



SET addition of nucleophile 

    

O oO oO 
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Figure 3: E,Z isomerization resulting from SET addition of the nucleophile. 

The E,Z isomerization of a double can only show the occurrence of a SET process 

in the addition of a nucleophile, however, radical isomerization could occur in an SET 

reaction not related to the product forming pathway, specifically through an SET induced 

isomerization of starting material, Figure 4.
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>. ~~ Pe ~~ fe 
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Figure 4: E,Z double bond isomerization followed by nucleophilic addition. 

A second problem is encountered with this type of probe in the identification of 

SET arises if a reversible 1,4 nucleophilic addition is possible, Scheme 4. 

10
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A 1,4-Michael addition of the nucleophile to the starting material would result in the 

analogous enolate ion, 5. If this reaction is reversible bond rotation in enolate 5 can lead 

to isomerized starting material. Subsequent 1,2-nucleophilic addition would then provide 

an indication that SET has occurred and could lead to the misidentification of a polar 

process as a SET process. Therefore, without further evidence supporting a SET pathway 

as the product-determining pathway, results obtained from studies using substrates of this 

type are ambiguous at best. 

Probes that can undergo cyclization have been used extensively for the 

identification of SET in the reaction of nucleophiles with carbonyl compounds. The 

working hypothesis behind probes of this type is that radical intermediates formed as a 

consequence of SET will undergo cyclization onto a remote unsaturated functionality in a 

1]



�m�a�n�n�e�r� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �w�h�a�t� �w�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �i�n� �a� �p�o�l�a�r� �r�e�a�c�t�i�o�n�.� �D�i�f�f�e�r�e�n�t�i�a�t�i�o�n� 

�b�e�t�w�e�e�n� �a� �p�o�l�a�r� �p�a�t�h�w�a�y� �a�n�d� �a� �S�E�T� �p�a�t�h�w�a�y� �c�a�n� �t�h�e�n� �b�e� �a�f�f�o�r�d�e�d� �b�y� �p�r�o�d�u�c�t� �a�n�a�l�y�s�i�s�.� 

�M�a�n�y� �o�f� �t�h�e� �p�r�o�b�e�s� �d�e�s�i�g�n�e�d� �t�o� �u�n�d�e�r�g�o� �c�y�c�l�i�z�a�t�i�o�n� �d�u�r�i�n�g� �a� �S�E�T� �p�r�o�c�e�s�s� �a�r�e� 

�b�a�s�e�d� �u�p�o�n� �t�h�e� �t�h�e� �A�*�-�h�e�x�e�n�y�l� �>� �c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�!� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�,� �E�q�u�a�t�i�o�n� �1�.� 

�E�q�n�.� �1� 

�Z�N� �_�_�k�=�1�0�°�s�t� �i�:� �-�  ��O� 
�1�0� �°�

 

 �
�k

� 

�T�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�e� �A�°�-�h�e�x�e�n�y�l�  �� �c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t� �h�a�s� 

�b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �c�a�.� �1�0�°� �s�"� �a�t� �0�°� �C�,� �y�i�e�l�d�i�n�g� �t�h�e� �c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �a�n�d� 

�c�y�c�l�o�h�e�x�y�l� �r�a�d�i�c�a�l� �i�n� �a� �1�0�:�1� �r�a�t�i�o�. � �� �T�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �r�i�n�g� �c�l�o�s�u�r�e ��'� �o�f� �t�h�e� �a�n�a�l�o�g�o�u�s� 

�a�n�i�o�n�i�c� �s�p�e�c�i�e�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �s�l�o�w�e�r� �b�y� �a� �f�a�c�t�o�r� �o�f� �1�0�°�-�1�0�'�°� �d�u�e� �t�o� �t�h�e� �l�o�c�a�l�i�z�a�t�i�o�n� �o�f� 

�t�h�e� �n�e�g�a�t�i�v�e� �c�h�a�r�g�e� �b�y� �t�h�e� �c�o�u�n�t�e�r�-�i�o�n� �(�c�a�t�i�o�n�)� �.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �c�y�c�l�i�z�a�t�i�o�n� 

�p�r�o�d�u�c�t�s� �m�a�y� �i�n�d�i�c�a�t�e� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �S�E�T� 

�p�a�t�h�w�a�y�.� �G�e�n�e�r�a�l�l�y�,� �a� �r�e�m�o�t�e� �C�=�C� �s�u�b�s�t�i�t�u�e�n�t� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� 

�n�u�c�l�e�o�p�h�i�l�e� �t�o� �t�r�a�p� �t�h�e� �n�e�u�t�r�a�l� �f�r�e�e� �r�a�d�i�c�a�l� �p�r�o�d�u�c�e�d� �a�f�t�e�r� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.�2�*�7�*�7�4�7�°� 

�H�o�w�e�v�e�r�,� �t�h�e� �C�=�C� �s�u�b�s�t�i�t�u�e�n�t� �c�a�n� �a�l�s�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�a�r�b�o�n�y�l� 

�c�o�m�p�o�u�n�d�. � ��?�*� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �p�r�o�b�e� �s�u�b�s�t�i�t�u�e�n�t�,� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� 
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�S�E�T� �p�a�t�h�w�a�y�s� �c�a�n� �b�e� �b�a�s�e�d� �o�n� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a� �c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �s�u�b�s�t�i�t�u�e�n�t� �i�n� �t�h�e� 

�p�r�o�d�u�c�t�s�,� �F�i�g�u�r�e� �5�.� 
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�F�i�g�u�r�e� �5�:� �E�l�u�c�i�d�a�t�i�o�n� �o�f� �S�E�T� �p�a�t�h�w�a�y�s� �b�a�s�e�d� �o�n� �t�h�e� �A�*�-�h�e�x�e�n�y�l� �>� 
�c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �a�n�d� �r�e�l�a�t�e�d� �r�e�a�r�r�a�n�g�e�m�e�n�t�s�.� 
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�H�o�w�e�v�e�r�,� �c�a�u�t�i�o�n� �m�u�s�t� �b�e� �u�s�e�d� �i�n� �a�s�s�u�m�i�n�g� �t�h�a�t� �c�y�c�l�i�z�a�t�i�o�n� �i�s� �t�h�e� �r�e�s�u�l�t� �o�f� �a� �S�E�T� 

�p�a�t�h�w�a�y�.� �S�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�a�t� �t�h�e� �A�°�-�h�e�x�e�n�y�l� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �c�o�m�p�o�u�n�d�s� �c�a�n� 

�a�u�t�o�c�y�c�l�i�z�e�. � � ��?� �A�l�s�o� �c�y�c�l�i�z�a�t�i�o�n� �m�u�s�t� �b�e� �u�n�e�q�u�i�v�o�c�a�l�l�y� �s�h�o�w�n� �t�o� �o�c�c�u�r� �i�n� �t�h�e� �p�a�t�h�w�a�y� 

�l�e�a�d�i�n�g� �t�o� �p�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n� �a�n�d� �n�o�t� �i�n� �a� �s�i�d�e� �r�e�a�c�t�i�o�n�.� �I�f� �r�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�l�l�o�w� 

�a�n�i�o�n�i�c� �c�y�c�l�i�z�a�t�i�o�n� �t�o� �b�e�c�o�m�e� �a� �c�o�m�p�e�t�i�n�g� �r�e�a�c�t�i�o�n� �w�i�t�h� �r�a�d�i�c�a�l� �c�y�c�l�i�z�a�t�i�o�n�,� �r�e�s�u�l�t�s� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �a� �p�r�o�b�e� �o�f� �t�h�i�s� �t�y�p�e� �a�r�e� �m�e�a�n�i�n�g�l�e�s�s�.� �F�o�r�t�u�n�a�t�e�l�y�,� �G�a�r�s�t� �a�n�d� �H�i�n�e�s �� �f�o�u�n�d� 

�t�h�a�t� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �a�n�i�o�n�i�c� �a�n�d� �r�a�d�i�c�a�l� �c�y�c�l�i�z�a�t�i�o�n� �c�o�u�l�d� �b�e� �a�f�f�o�r�d�e�d� �t�h�r�o�u�g�h� �t�h�e� 

�u�s�e� �o�f� �1�-�m�e�t�h�y�l�-�5�-�h�e�x�e�n�y�l� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�a�n�t�s�.� �A�n�i�o�n�i�c� �a�n�d� �r�a�d�i�c�a�l� �c�y�c�l�i�z�a�t�i�o�n�s� �o�f� 

�t�h�i�s� �s�u�b�s�t�r�a�t�e� �p�r�o�v�i�d�e� �d�i�f�f�e�r�e�n�t� �c�i�s�/�t�r�a�n�s� �r�a�t�i�o�s� �i�n� �t�h�e� �r�i�n�g� �c�y�c�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s�.� 

�D�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �S�E�T� �i�s� �t�h�e�n� �a�f�f�o�r�d�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �c�i�s� �t�o� �t�r�a�n�s� �c�y�c�l�i�z�a�t�i�o�n� 

�r�a�t�i�o� �o�f� �t�h�e� �c�y�c�l�o�p�e�n�t�y�l� �r�i�n�g�.� �A� �r�a�t�i�o� �o�f� �4�.�5� �t�o� �1� �c�i�s� �t�o� �t�r�a�n�s� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �i�n�d�i�c�a�t�e� 

�1�0�0�%� �r�a�d�i�c�a�l� �c�h�a�r�a�c�t�e�r�,� �E�q�u�a�t�i�o�n� �2�. � �� 
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�E�v�e�n� �t�h�o�u�g�h� �a� �p�r�o�b�e� �o�f� �t�h�i�s� �t�y�p�e� �a�l�l�o�w�s� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �r�a�d�i�c�a�l� �a�n�d� �a�n�i�o�n�i�c� 

�c�y�c�l�i�z�a�t�i�o�n�s�,� �i�t� �s�t�i�l�l� �d�o�e�s� �n�o�t� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �c�y�c�l�i�z�a�t�i�o�n� �i�s� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �p�r�o�d�u�c�t� 

�f�o�r�m�i�n�g� �p�a�t�h�w�a�y�.� �A� �r�e�v�e�r�s�i�b�l�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �c�o�u�l�d� �o�c�c�u�r� �w�i�t�h� �a� �r�e�v�e�r�s�e� �r�a�t�e� �c�o�n�s�t�a�n�t� 

�1�4



�s�l�o�w� �e�n�o�u�g�h� �t�o� �a�l�l�o�w� �c�y�c�l�i�z�a�t�i�o�n� �t�o� �o�c�c�u�r�.� �U�p�o�n� �c�y�c�l�i�z�a�t�i�o�n�,� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �c�o�u�l�d� 

�t�h�e�n� �o�c�c�u�r� �a�t� �t�h�e� �c�a�r�b�o�n�y�l� �g�i�v�i�n�g� �t�h�e� �f�a�l�s�e� �i�m�p�r�e�s�s�i�o�n� �t�h�a�t� �p�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n� �o�c�c�u�r�r�e�d� �a�s� �a� 

�r�e�s�u�l�t� �o�f� �S�E�T�,� �F�i�g�u�r�e� �6�.� 
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�S�e�v�e�r�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �e�m�p�l�o�y�e�d� �s�u�b�s�t�i�t�u�e�n�t�s� �c�a�p�a�b�l�e� �o�f� �u�n�d�e�r�g�o�i�n�g� �c�y�c�l�i�z�a�t�i�o�n� 

�a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �A�°�-�h�e�x�e�n�y�!� �s�y�s�t�e�m� �i�n� �r�e�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �c�o�m�p�o�u�n�d�s� �a�n�d� 

�c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �a�n�d� �s�u�c�c�e�s�s�f�u�l�l�y� �s�h�o�w�n� �t�h�a�t� �S�E�T� �i�s� �o�p�e�r�a�t�i�n�g� �t�o� �s�o�m�e� �e�x�t�e�n�t� �i�n� �t�h�e�s�e� 

�t�y�p�e�s� �o�f� �r�e�a�c�t�i�o�n�s�,� �F�i�g�u�r�e� �7�.�7�7
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�F�i�g�u�r�e� �7�:� �S�u�c�c�e�s�s�f�u�l� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �u�t�i�l�i�z�i�n�g� �t�h�e� �A�°�-�h�e�x�e�n�y�l� �>� 
�c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�.� 

�A� �p�o�p�u�l�a�r� �S�E�T� �p�r�o�b�e� �t�h�a�t� �e�m�p�l�o�y�s� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �i�n�f�e�r� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �r�a�d�i�c�a�l� 

�i�n�t�e�r�m�e�d�i�a�t�e� �i�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l�  �� �h�o�m�o�a�l�l�y�!� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�,� 
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�C�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �r�i�n�g� �o�p�e�n�i�n�g� �i�s� �v�e�r�y� �f�a�c�i�l�e� �a�n�d� �f�o�u�n�d� �t�o� �o�c�c�u�r� �a�t� �a� �r�a�t�e� 

�c�o�n�s�t�a�n�t� �o�f� �1�.�2� �x� �1�0�°� �s�'� �a�t� �2�5�°�C�. ��*�°� �R�i�n�g� �c�l�o�s�u�r�e� �o�f� �t�h�e� �h�o�m�o�a�l�l�y�l� �r�a�d�i�c�a�l� �o�c�c�u�r�s� �5� 

�o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �s�l�o�w�e�r� �w�i�t�h� �a� �r�a�t�e� �c�o�n�s�t�a�n�t� �o�f� �4�.�9� �x� �1�0�°� �s ��.� �T�h�e� �r�a�t�e�s� �o�f� �r�i�n�g� 

�o�p�e�n�i�n�g� �f�o�r� �t�h�e� �g�e�m�-�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �a�n�d� �t�h�e� �c�i�s� �o�r� �t�r�a�n�s� 

�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �t�o� �t�h�e�i�r� �c�o�r�r�e�s�p�o�n�d�i�n�g� �3�°� �a�n�d� �2�°� �r�a�d�i�c�a�l�s� �a�r�e� �a�l�s�o� �f�o�u�n�d� 

�t�o� �b�e� �o�f� �c�o�m�p�a�r�a�b�l�e� �r�a�t�e�s�. ��!� 

�U�n�l�i�k�e� �t�h�e� �A ��-�h�e�x�e�n�y�l� �s�y�s�t�e�m�,� �t�h�e� �u�s�e� �o�f� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�!� �d�e�r�i�v�e�d� 

�o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �a�s� �n�u�c�l�e�o�p�h�i�l�e�s� �i�s� �l�i�m�i�t�e�d� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� 

�r�e�a�r�r�a�n�g�e�m�e�n�t� �p�r�o�d�u�c�t�s� �s�e�e�n� �i�n� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �s�p�e�c�i�e�s�,� �u�n�l�e�s�s� 

�e�x�t�r�e�m�e�l�y� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �m�a�i�n�t�a�i�n�e�d�,� �F�i�g�u�r�e� �8�.�°�7�°�°�°�*�*�°� 

�B�r� �E�t�2�O� �M�g�B�r� 

�[�>� �M�g�,� �0�°� �C� �>� �*� �7� �~�~� �~�N�i�g�B�r� 

� � � � 

�a�l� �L�i� �b�>� �.� �Z�o�o�m� �4� 

�o�°�C� 

�F�i�g�u�r�e� �8�:� �R�e�a�r�r�a�n�g�e�m�e�n�t� �r�e�a�c�t�i�o�n�s� �o�f� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� 
�r�e�a�g�e�n�t�s�.� 
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�T�r�a�d�i�t�i�o�n�a�l�l�y� �t�h�e� �m�e�t�h�o�d� �e�m�p�l�o�y�e�d� �f�o�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �a� �S�E�T� �p�r�o�c�e�s�s� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �o�f� �n�u�c�l�e�o�p�h�i�l�e�s� �w�i�t�h� �k�e�t�o�n�e�s� �h�a�s� �b�e�e�n� �t�h�r�o�u�g�h� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a� 

�c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �g�r�o�u�p� �i�n�t�o� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �k�e�t�o�n�e� �s�u�c�h� �t�h�a�t� �f�o�r�m�a�t�i�o�n� �o�f� �a� �r�a�d�i�c�a�l� 

�i�n�t�e�r�m�e�d�i�a�t�e� �w�i�l�l� �r�e�s�u�l�t� �i�n� �r�i�n�g� �o�p�e�n�i�n�g�,� �S�c�h�e�m�e� �5�.�°�°�? ��"�8� 

�O� �o�O� �.� �o�O� 
�N�u� �R� 

�R� �/� �\� �R ��°� �k�o� �N�U� 

�N�u� �©� �N�u �� 

�k�y� 

�O�o� �.� �o�O� 
�N�u� 

�A�.� �"� �o�r� 
�N�u� 

�S�c�h�e�m�e� �5� 

�I�n� �o�r�d�e�r� �f�o�r� �a� �r�i�n�g� �o�p�e�n�i�n�g� �p�r�o�b�e� �t�o� �b�e� �s�u�c�c�e�s�s�f�u�l� �i�n� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �o�f� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �n�u�c�l�e�o�p�h�i�l�e�s�,� �t�h�e� �r�a�t�e� �o�f� �r�i�n�g� �o�p�e�n�i�n�g� �(�k�:�)� �m�u�s�t� �b�e� 

�f�a�s�t�e�r� �t�h�a�n� �t�h�e� �c�o�m�p�e�t�i�n�g� �r�a�d�i�c�a�l�/�r�a�d�i�c�a�l� �a�n�i�o�n� �r�e�a�c�t�i�o�n� �(�k�2�)� �a�n�d� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �s�h�o�u�l�d� �b�e� 

�i�r�r�e�v�e�r�s�i�b�l�e�.� 

�I�t� �i�s� �o�f�t�e�n� �a�s�s�u�m�e�d� �t�h�a�t� �u�p�o�n� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �k�e�t�y�l� �a�n�i�o�n�,� �t�h�e� �r�e�l�i�e�f� �o�f� 

�c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n� �w�i�l�l� �p�r�o�v�i�d�e� �t�h�e� �s�a�m�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �k�i�n�e�t�i�c� �d�r�i�v�i�n�g� �f�o�r�c�e� 
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�e�x�h�i�b�i�t�e�d� �b�y� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l�.� �H�o�w�e�v�e�r�,� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �p�e�r�t�a�i�n�i�n�g� �t�o� 

�t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �g�r�o�u�p� �i�n� �a� �n�u�m�b�e�r� �o�f� �s�u�b�s�t�i�t�u�t�e�d� �a�n�d� �u�n�s�u�b�s�t�i�t�u�t�e�d� 

�c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �r�a�d�i�c�a�l� �k�e�t�y�l� �a�n�i�o�n�s� �h�a�s� �s�h�o�w�n� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �t�o� �b�e� �e�r�r�o�n�e�o�u�s�.� 
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�T�a�b�l�e� �2�:� �R�a�t�e� �c�o�n�s�t�a�n�t�s� �a�n�d� �e�n�t�h�a�l�p�i�e�s� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �f�o�r� �s�e�l�e�c�t�e�d� 
�c�y�c�l�o�p�r�o�p�y�l� �k�e�t�y�!� �a�n�i�o�n�s�. �� 

�R�e�a�c�t�i�o�n� �K�y� �s�!� 

� � 

� � 

� � � � � � 

�>�5�x� �1�0�°� 

�O�-� 
�P�h� 

�P�h �� �»� �o�N� �1�x�1�0 �� 

� � 

�A�H�?� �k�c�a�l�/�m�o�l� 

�-� �1�]� 

�+�1�1� 

�+� �2�.�5� 

�-� �2�.�5



�T�a�b�l�e� �2� �s�h�o�w�s� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �k�e�t�o�n�e� 

�a�n�d� �s�e�v�e�r�a�l� �s�u�b�s�t�i�t�u�t�e�d� �a�n�a�l�o�g�s�.� �A�s� �s�h�o�w�n� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� �r�a�n�g�e� �f�r�o�m� 

�2� �t�o� �1�0 �� �s ��.�*�°� 

�T�a�n�k�o� �e�t�.� �a�l�.�* �� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �c�y�c�l�o�p�r�o�p�y�l� �g�r�o�u�p�s� �w�h�o�s�e� �o�n�l�y� �s�u�b�s�t�i�t�u�e�n�t�s� �o�n� �t�h�e� 

�c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �a�r�e� �e�i�t�h�e�r� �a�n� �H� �o�r� �a�l�k�y�l� �u�n�d�e�r�g�o� �a� �s�l�o�w�,� �r�e�v�e�r�s�i�b�l�e� �r�i�n�g� �o�p�e�n�i�n�g�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �p�r�o�d�u�c�e�d� �f�r�o�m� �c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �k�e�t�o�n�e� �h�a�s� �a�n� 

�e�q�u�i�l�i�b�r�i�u�m� �t�h�a�t� �f�a�v�o�r�s� �t�h�e� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �k�e�t�y�l� �a�n�i�o�n� �(�K�.�,�=� �2� �x� �1�0�°�)�,� �S�c�h�e�m�e� �6�.�*�°� 

�e� �K�=�2�x�1�0�°� 

�S�c�h�e�m�e� �6� 

�T�h�e� �s�l�o�w� �r�e�v�e�r�s�i�b�l�e� �r�i�n�g� �o�p�e�n�i�n�g� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �l�o�s�s� �o�f� �r�e�s�o�n�a�n�c�e� �o�f� �t�h�e� �r�a�d�i�c�a�l� 

�i�n�t�o� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� �w�h�i�c�h� �o�c�c�u�r�s� �a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �r�i�n�g� �o�p�e�n�i�n�g�,� �S�c�h�e�m�e� �7�.� 
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�< ��_�_�_�»� �a� 

�Q�O� �Q�O� 

�o�o� �$�i� �i�@�-� �x�c ��  � � ��9�-� �a�o� 

�S�c�h�e�m�e� �7� 

�T�h�o�u�g�h� �e�n�e�r�g�y� �i�s� �g�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�l�i�e�f� �o�f� �r�i�n�g� �s�t�r�a�i�n� �i�n� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� 

�c�y�c�l�o�p�r�o�p�y�l� �g�r�o�u�p�,� �i�t� �i�s� �n�o�t� �e�n�o�u�g�h� �t�o� �c�o�m�p�e�n�s�a�t�e� �t�h�e� �l�o�s�s� �i�n� �r�e�s�o�n�a�n�c�e� �e�n�e�r�g�y�.� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �v�a�l�u�e�s� �o�f� �A�H�°� �(�A�M�1� �S�C�F�-�M�O�)�,� �T�a�b�l�e� �2�,� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

�o�f� �s�u�b�s�t�r�a�t�e�s� �7� �-� �1�1� �t�o� �t�h�a�t� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �s�u�b�s�t�r�a�t�e� �6� �s�h�o�w�s� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �b�e� �m�o�r�e� 

�e�n�d�o�t�h�e�r�m�i�c� �b�y� �a� �m�i�n�i�m�u�m� �o�f� �8�.�5� �k�c�a�l�/�m�o�l�.� �T�h�i�s� �a�t�t�e�s�t�s� �t�o� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �a�b�i�l�i�t�y� �o�f� �t�h�e� 

�p�h�e�n�y�l� �g�r�o�u�p� �u�p�o�n� �t�h�e� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �k�e�t�y�l� �a�n�i�o�n�.� �E�x�p�e�r�i�m�e�n�t�a�l� �e�v�i�d�e�n�c�e� �t�o� �t�h�e� 

�d�e�l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�c�a�l� �i�n�t�o� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� �i�s� �p�r�o�v�i�d�e�d� �t�h�r�o�u�g�h� �E�P�R� �s�t�u�d�i�e�s� �o�f� �t�h�e� 

�r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n�.� �T�h�e� �E�P�R� �s�p�e�c�t�r�a� �o�f� �7� �e�x�h�i�b�i�t�s� �h�i�g�h� �v�a�l�u�e�s� �o�f� �a�"� �f�o�r� �t�h�e� �o�r�t�h�o� 

�a�n�d� �p�a�r�a� �p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� �a�n�d� �h�i�n�d�e�r�e�d� �r�o�t�a�t�i�o�n� �a�r�o�u�n�d� �t�h�e� �C�a�,�-�C�=�O�, ��*�°� 

�i�n�d�i�c�a�t�i�n�g� �e�x�t�e�n�s�i�v�e� �d�e�l�o�c�a�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�c�a�l� �i�n�t�o� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g�.� �I�n� �o�r�d�e�r� �t�o� 
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�c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� �l�o�s�s� �o�f� �r�e�s�o�n�a�n�c�e� �e�n�e�r�g�y�,� �s�u�b�s�t�i�t�u�e�n�t�s� �b�e�t�t�e�r� �a�b�l�e� �t�o� �s�t�a�b�i�l�i�z�e� �a� �r�a�d�i�c�a�l� 

�i�n�t�e�r�m�e�d�i�a�t�e� �w�e�r�e� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g�.� 

�A�t�t�a�c�h�m�e�n�t� �o�f� �a� �p�h�e�n�y�l� �g�r�o�u�p� �o�n�t�o� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �w�a�s� �s�h�o�w�n� �t�o� �b�e� �a�b�l�e� �t�o� 

�p�a�r�t�i�a�l�l�y� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �t�h�e� �l�o�s�s� �o�f� �r�e�s�o�n�a�n�c�e� �e�n�e�r�g�y�.� �T�h�i�s� �w�a�s� �s�e�e�n� �t�h�r�o�u�g�h� �t�h�e� 

�i�n�c�r�e�a�s�e�d� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �1�1�,� �c�a� �1�0�°�-�1�0 �� �s�'�,� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�a�t� �o�f� �t�h�e� 

�c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �n�e�u�t�r�a�l� �f�r�e�e� �r�a�d�i�c�a�l� �r�i�n�g� �o�p�e�n�i�n�g�.�*�*�* �� �H�o�w�e�v�e�r�,� �s�t�u�d�i�e�s� �b�y� �T�a�n�n�e�r� �e�t�.� 

�a�l�.�*�*� �h�a�v�e� �s�h�o�w�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �i�n� �t�h�e� �o�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �(�+�)�-�t�r�a�n�s�-� 

�1�-�b�e�n�z�o�y�l�-�2�-�p�h�e�n�y�l�c�y�c�l�o�p�r�o�p�a�n�e� �(�1�2�)� �t�o� �b�e� �r�e�v�e�r�s�i�b�l�e�,� �S�c�h�e�m�e� �8�.� 

�O� �O�o� 
�P�h� �e� �P�h� 

�1�2� �1�1� 

�o�O� �o�O� 
�p�h� �N�N� 

�P�h� 

�S�c�h�e�m�e� �8� 
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�T�h�e� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �p�r�e�c�l�u�d�e�s� �t�h�e� �u�s�e� �o�f� �1�2� �a�s� �a� �S�E�T� �p�r�o�b�e�.� 

�A� �l�o�w�e�r� �l�i�m�i�t� �o�f� �1�0�°� �s�'� �w�a�s� �f�o�u�n�d� �f�o�r� �t�h�e� �r�a�t�e� �o�f� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� �r�a�d�i�c�a�l� �k�e�t�y�!� 

�a�n�i�o�n� �(�1�0�)� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �1�-�b�e�n�z�o�y�l�-�2�-�v�i�n�y�l�c�y�c�l�o�p�r�o�p�a�n�e� �(�1�3�)�.�°�°� �T�h�e� �r�a�t�e� �o�f� �r�i�n�g� �o�p�e�n�i�n�g� 

�o�f� �t�h�e� �k�e�t�y�l� �a�n�i�o�n� �a�p�p�r�o�a�c�h�e�s� �t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l�.� �H�o�w�e�v�e�r�,� 

�i�t� �w�o�u�l�d� �n�o�t� �b�e� �p�o�s�s�i�b�l�e� �t�o� �d�i�s�c�e�r�n� �w�h�e�t�h�e�r� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �v�i�n�y�l� �s�u�b�s�t�i�t�u�e�n�t� �o�c�c�u�r�r�e�d� �f�r�o�m� 

�a� �n�u�c�l�e�o�p�h�i�l�i�c� �o�r� �S�E�T� �p�r�o�c�e�s�s�,� �F�i�g�u�r�e� �9�.� 

�P�a�t�h� �A� �(�P�o�l�a�r� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g�)� 

�C�O� �i�g� �L� �c� �e�w� �A� �C� �G�o�n� �S�S� �Z� �P�h� 

�N�u� �1�3� �1�4� 

�P�a�t�h� �B� �(�S�E�T� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g�)� 

�O� �O�o� 

�N�u� �N�u�"� �1�0� 

� � 

�O�o� 

�A�A� �o�n� 

�1�3� 

�O�o� �o�O� 
�M�W� �N�R� �A�A�G�,� �_� �A�w�,� 

�1�4� �1�5� 

�F�i�g�u�r�e� �9�:� �S�E�T� �v�s�.� �p�o�l�a�r� �a�d�d�i�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �n�u�c�l�e�o�p�h�i�l�e�s� �w�i�t�h� 
�1�-�b�e�n�z�o�y�!�-�2�-�v�i�n�y�l�c�y�c�l�o�p�r�o�p�a�n�e�.� 
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�A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �9� �t�h�e�r�e� �a�r�e� �t�w�o� �p�o�s�s�i�b�l�e� �w�a�y�s� �a� �n�u�c�l�e�o�p�h�i�l�e� �m�a�y� �r�e�a�c�t� �w�i�t�h� �1�3�.� �P�a�t�h� 

�A� �i�l�l�u�s�t�r�a�t�e�s� �d�i�r�e�c�t� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �a�c�r�o�s�s� �t�h�e� �d�o�u�b�l�e� �i�n� �a� �M�i�c�h�a�e�l� �t�y�p�e� �a�d�d�i�t�i�o�n� 

�r�e�a�c�t�i�o�n�.� �P�a�t�h� �B� �i�l�l�u�s�t�r�a�t�e�s� �a� �S�E�T� �p�a�t�h�w�a�y� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �r�i�n�g� �o�p�e�n�e�d� �a�l�l�y�l�i�c� �r�a�d�i�c�a�l� 

�a�n�i�o�n� �1�5�.� �R�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �t�o� �1�5� �w�i�t�h� �N�u�:� �r�e�s�u�l�t�s� �i�n� �f�o�r�m�a�t�i�o�n� �o�f� �1�4�,� �a�l�s�o� �p�r�o�d�u�c�e�d� �i�n� 

�P�a�t�h� �A�.� �T�h�e�r�e�f�o�r�e�,� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �1�3� �w�o�u�l�d� �b�e� �a�m�b�i�g�u�o�u�s� �r�e�g�a�r�d�i�n�g� �t�h�e� 

�o�c�c�u�r�r�e�n�c�e� �o�f� �S�E�T�.� 

�F�r�o�m� �t�h�e� �a�v�a�i�l�a�b�l�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �i�t� �b�e�c�a�m�e� �c�l�e�a�r� �t�h�a�t� �s�u�b�s�t�r�a�t�e�s� �s�u�c�h� �a�s� 

�c�y�c�l�o�p�r�o�p�y�!� �p�h�e�n�y�l� �k�e�t�o�n�e� �w�e�r�e� �n�o�t� �g�o�i�n�g� �t�o� �u�n�a�m�b�i�g�u�o�u�s�l�y� �d�e�t�e�c�t� �a� �S�E�T� �p�a�t�h�w�a�y� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �o�f� �n�u�c�l�e�o�p�h�i�l�e�s� �a�n�d� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�,� �d�u�e� �t�o� �t�h�e� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�i�n�g� 

�O�p�e�n�i�n�g� �r�e�a�c�t�i�o�n�s�,� �t�h�e� �i�n�a�b�i�l�i�t�y� �o�r� �s�l�o�w�n�e�s�s� �o�f� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �p�r�o�c�e�s�s�,� �o�r� �d�u�e� �t�o� �t�h�e� 

�a�m�b�i�g�u�i�t�y� �t�h�a�t� �w�o�u�l�d� �a�r�i�s�e� �i�n� �p�r�o�d�u�c�t� �a�n�a�l�y�s�i�s� �(�i�.�e�.�,� �t�h�e� �s�a�m�e� �p�r�o�d�u�c�t� �a�r�i�s�e�s� �f�r�o�m� �a� �p�o�l�a�r� 

�p�a�t�h�w�a�y�)�.� �T�h�e�r�e�f�o�r�e�,� �a� �s�u�b�s�t�r�a�t�e� �n�e�e�d�e�d� �t�o� �b�e� �d�e�v�e�l�o�p�e�d� �w�h�i�c�h� �u�p�o�n� �r�e�d�u�c�t�i�o�n� �w�o�u�l�d� 

�y�i�e�l�d� �a� �r�a�d�i�c�a�l� �a�n�i�o�n� �w�h�o�s�e� �r�i�n�g� �o�p�e�n�i�n�g� �w�o�u�l�d� �b�e� �t�h�e�r�m�o�d�y�n�a�m�i�c�a�l�l�y� �m�o�r�e� �f�a�v�o�r�a�b�l�e� �a�n�d� 

�w�h�i�c�h� �(�h�o�p�e�f�u�l�l�y�)� �m�i�g�h�t� �r�e�m�o�v�e� �t�h�e� �a�m�b�i�g�u�i�t�y� �t�h�a�t� �e�x�i�s�t�e�d� �i�n� �e�a�r�l�i�e�r� �S�E�T� �p�r�o�b�e�s�.� �A� 

�p�o�s�s�i�b�l�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �t�h�e� �d�i�s�c�r�e�p�a�n�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �S�E�T� �p�r�o�b�e�s� �w�a�s� �f�o�u�n�d� �b�y� �L�i�o�t�t�a� 

�e�t�.� �a�l�.� �i�n� �t�h�e�i�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�n�t�o� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �2�,�5�-�d�i�m�e�t�h�y�l�-�4�-� 

�e�t�h�y�l�e�n�e�d�i�o�x�y�c�y�c�l�o�h�e�x�a�d�i�e�n�o�n�e�,� �1�6�,� �w�i�t�h� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �n�u�c�l�e�o�p�h�i�l�e�s�. �� 
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� � 

�T�h�e� �u�s�e� �o�f� �1�6� �a�s� �a� �p�r�o�b�e� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �p�r�e�m�i�s�e� �t�h�a�t� 

�f�o�l�l�o�w�i�n�g� �r�e�a�c�t�i�o�n� �m�e�c�h�a�n�i�s�m� �o�c�c�u�r�s� �u�p�o�n� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �F�i�g�u�r�e� �1�0�.� 

� � � � 

�0� �O�H� 

�P�a�t�h� �1� �H �� 

�A�b�s�t�r�a�c�t�i�o�n� 
�5� �O� 

�1�6�  ��O� �J� 

�1�7� 
�N�u �� �|� �P�a�t�h� �2� �r�o� 

� � � �%� 
�F�i�g�u�r�e� �1�0�:� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �2�,�5�-�d�i�m�e�t�h�y�l�-�4�-�e�t�h�y�l�e�n�e�d�i�o�x�y�h�e�x�a�d�i�e�n�o�n�e� �a�s� �a� �S�E�T� 

�p�r�o�b�e�.� 
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�U�p�o�n� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �t�w�o� �p�o�s�s�i�b�i�l�i�t�i�e�s� �e�x�i�s�t� �f�o�r� �r�e�a�c�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n�.� �R�i�n�g� 

�o�p�e�n�i�n�g� �(�p�a�t�h� �1�)� �a�l�l�o�w�s� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �1�7�.� 

�A�l�t�e�r�n�a�t�i�v�e�l�y� �a� �r�a�p�i�d� �1�,�2� �a�d�d�i�t�i�o�n� �c�o�u�l�d� �o�c�c�u�r� �(�p�a�t�h� �2�)� �l�e�a�v�i�n�g� �t�h�e� �e�t�h�y�l�e�n�e�d�i�o�x�y� �m�o�i�e�t�y� 

�i�n�t�a�c�t�.� �P�a�t�h� �1� �a�l�l�o�w�s� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �b�y� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �p�h�e�n�o�l� �t�h�r�o�u�g�h� 

�h�y�d�r�o�g�e�n� �a�t�o�m� �a�b�s�t�r�a�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �1�,�2� �a�d�d�i�t�i�o�n� �p�r�o�d�u�c�t�s� �c�o�u�l�d� �b�e� �a� �r�e�s�u�l�t� �o�f� �e�i�t�h�e�r� 

�d�i�r�e�c�t� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �o�r� �a� �S�E�T� �p�r�o�c�e�s�s�.� �S�i�n�c�e� �i�t� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �t�o� �d�i�s�c�e�r�n� �b�e�t�w�e�e�n� �1�,�2� 

�a�d�d�i�t�i�o�n� �p�r�o�d�u�c�t�s� �f�o�r�m�e�d� �f�r�o�m� �a� �S�E�T� �o�r� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k�,� �i�t� �w�o�u�l�d� �b�e� �i�m�p�o�s�s�i�b�l�e� �t�o� 

�u�n�a�m�b�i�g�u�o�u�s�l�y� �i�d�e�n�t�i�f�y� �t�h�e� �p�a�t�h�w�a�y� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �1�,�2� �a�d�d�i�t�i�o�n� 

�p�r�o�d�u�c�t�s�.� 

�T�h�i�s� �p�r�o�b�e� �h�a�s� �b�e�e�n� �s�u�c�c�e�s�s�f�u�l�l�y� �u�s�e�d� �f�o�r� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �i�n� �r�e�a�c�t�i�o�n�s� 

�i�n�v�o�l�v�i�n�g� �s�e�v�e�r�a�l� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �n�u�c�l�e�o�p�h�i�l�e�s�.� �H�o�w�e�v�e�r�,� �o�n�e� �p�i�t�f�a�l�l� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�i�s� 

�p�r�o�b�e� �i�s� �t�h�a�t� �i�t� �r�e�l�i�e�s� �u�p�o�n� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �f�r�o�m� �e�i�t�h�e�r� �t�h�e� �s�o�l�v�e�n�t� �o�r� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� 

�b�y� �t�h�e� �p�h�e�n�o�x�y� �r�a�d�i�c�a�l� �t�o� �i�d�e�n�t�i�f�y� �a� �r�a�d�i�c�a�l� �p�a�t�h�w�a�y� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �S�i�n�c�e� 

�N�u�:� �i�s� �n�o�t� �c�a�p�t�u�r�e�d�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �c�a�t�e�g�o�r�i�c�a�l�l�y� �s�t�a�t�e� �t�h�a�t� �t�h�e� �p�h�e�n�o�x�y� �r�a�d�i�c�a�l� �w�a�s� 

�f�o�r�m�e�d� �i�n� �t�h�e� �p�a�t�h�w�a�y� �l�e�a�d�i�n�g� �t�o� �p�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n�.� 

�I�n� �1�9�9�1� �r�e�s�e�a�r�c�h� �b�e�g�a�n� �i�n� �o�u�r� �l�a�b� �i�n�t�o� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �5�,�7�-�d�i�-�7�-� 

�b�u�t�y�l�s�p�i�r�o�[�2�,�5� �]�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-�o�n�e�s� �1�8� �-� �2�0� �a�s� �p�o�s�s�i�b�l�e� �p�r�o�b�e�s� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �i�n� 

�a�d�d�i�t�i�o�n� �r�e�a�c�t�i�o�n�s� �o�f� �n�u�c�l�e�o�p�h�i�l�e�s� �w�i�t�h� �e�n�o�n�e�s�.� 
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� � � 
�1�8� �1�9� �2�0� 

�R� �=�t�-� �b�u�t�y�l� 

�T�h�e�s�e� �s�u�b�s�t�r�a�t�e�s� �s�e�e�m�e�d� �i�d�e�a�l� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �u�s�e� �a�s� �S�E�T� �p�r�o�b�e�s� �f�o�r� �s�e�v�e�r�a�l� �r�e�a�s�o�n�s�.� �U�p�o�n� 

�g�e�n�e�r�a�t�i�o�n� �o�f� �a� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e�,� �r�e�l�i�e�f� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n� �w�o�u�l�d� �w�o�r�k� �i�n� 

�c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �t�o� �a�f�f�o�r�d� �a� �v�e�r�y� �f�a�c�i�l�e� �r�i�n�g� �o�p�e�n�i�n�g�,� �A�H �� 

�=� �-�3�1� �k�c�a�l�/�m�o�l� �(�A�M�1� �S�C�F�-�M�O�)�,� �S�c�h�e�m�e� �9�. ��!� 

�A�H�®� �=� �-�3�1� �k�c�a�l�/�m�o�l� �|� 
� � � � � 

�2�0� 

�R� �=� �t�-�b�u�t�y�l� 

�S�c�h�e�m�e� �9� 

�S�o�m�e� �c�o�n�t�r�o�l� �o�f� �t�h�e� �r�a�t�e� �o�f� �r�i�n�g� �o�p�e�n�i�n�g� �s�h�o�u�l�d� �b�e� �a�v�a�i�l�a�b�l�e� �i�n� �s�u�b�s�t�r�a�t�e�s� �1�9� �a�n�d� �2�0�.� �T�h�i�s� 

�c�o�n�t�r�o�l� �w�o�u�l�d� �b�e� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �t�h�e� �a�d�d�e�d� �s�t�a�b�i�l�i�z�a�t�i�o�n� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 
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�c�o�r�r�e�s�p�o�n�d�i�n�g� �s�e�c�o�n�d�a�r�y� �(�2�1�)� �o�r� �t�e�r�t�i�a�r�y� �r�a�d�i�c�a�l� �(�2�2�)� �u�p�o�n� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �2�-� 

�p�h�e�n�y�l�e�t�h�y�l� �r�a�d�i�c�a�l�.� �S�i�n�c�e� �t�h�e� �r�e�l�i�e�f� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n� �w�o�u�l�d� �w�o�r�k� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 

�w�i�t�h� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y�,� �i�t� �m�i�g�h�t� �b�e� �p�o�s�s�i�b�l�e� �t�o� �a�t�t�a�i�n� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �c�o�m�p�a�r�a�b�l�e� 

�t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l�  �� �h�o�m�o�a�l�l�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�,� �F�i�g�u�r�e� 

�1�1�.� 

�R�e�d�u�c�t�i�o�n� �o�f� �1�-�M�e�t�h�y�l�-�5�,�7�-�d�i�-�t�-�b�u�t�y�l�s�p�i�r�o�[�2�,�5�]�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-�o�n�e� 

�O� �o�O� �o�O� 

� � � 
�1�9� �2�1� 

�R� �=� �¢� �-�b�u�t�y�l� 

�R�e�d�u�c�t�i�o�n� �o�f� �1�,�1�-�d�i�m�e�t�h�y�l�-�5�,�7�-�d�i�-�t�-�b�u�t�y�l�s�p�i�r�o�[�2�,�5�]�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-�o�n�e� 

� � � 
�2�0� �2�2� 

�R� �=� �f�t� �-�b�u�t�y�l� 

�F�i�g�u�r�e� �1�1�:� �H�y�p�o�t�h�e�s�i�z�e�d� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �f�o�r� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n�s� 
�g�e�n�e�r�a�t�e�d� �f�r�o�m� �1�9� �a�n�d� �2�0�.� 

�T�h�e� �r�e�s�u�l�t�i�n�g� �c�a�r�b�o�n� �r�a�d�i�c�a�l� �p�r�o�v�i�d�e�s� �a�n� �a�d�d�e�d� �b�o�n�u�s� �n�o�t� �a�v�a�i�l�a�b�l�e� �i�n� �t�h�e� �a�-�e�t�h�y�l�e�n�e�d�i�o�x�y� 

�r�a�d�i�c�a�l�,� �1�7�.� �F�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �c�a�r�b�o�n� �r�a�d�i�c�a�l�s� �s�h�o�u�l�d� �a�l�l�o�w� �c�o�u�p�l�i�n�g� �t�o� �N�u�-�,� 
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�p�r�o�v�i�d�e�d� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �d�o�e�s� �n�o�t� �o�c�c�u�r�,� �r�i�n�g� �o�p�e�n�i�n�g� �i�s� �i�r�r�e�v�e�r�s�i�b�l�e�,� �a�n�d� �t�h�e� �l�i�f�e�t�i�m�e�s� 

�o�f� �t�h�e� �r�a�d�i�c�a�l�s� �a�r�e� �l�o�n�g� �e�n�o�u�g�h� �t�o� �a�l�l�o�w� �c�o�u�p�l�i�n�g�.� �T�h�i�s� �w�o�u�l�d� �s�h�o�w� �t�h�a�t� �S�E�T� �w�a�s� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�d�u�c�t� �f�o�r�m�i�n�g� �p�a�t�h�w�a�y� �a�n�d� �n�o�t� �a� �s�i�d�e� �r�e�a�c�t�i�o�n�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �s�u�b�s�t�r�a�t�e�s� �1�9� �a�n�d� �2�0� �m�a�y� �b�e� �u�s�e�d� �t�o� �d�e�t�e�c�t� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�.� �R�e�a�c�t�i�o�n�s� �o�f� �1�-�b�e�n�z�o�y�l�-�2�,�2�-�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e� �h�a�v�e� 

�s�h�o�w�n� �t�h�a�t� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �o�c�c�u�r�s� �a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� 

�p�o�s�i�t�i�o�n ��,� �w�h�i�l�e� �r�a�d�i�c�a�l� �p�a�t�h�w�a�y�s� �r�e�s�u�l�t�e�d� �i�n� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �t�e�r�t�i�a�r�y� �r�a�d�i�c�a�l�,� �r�e�s�u�l�t�i�n�g� 

�i�n� �a�n� �i�s�o�m�e�r�i�c� �p�r�o�d�u�c�t�,� �S�c�h�e�m�e� �1�0�.� 
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�T�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �s�h�o�u�l�d� �c�a�u�s�e� �t�h�e� 

�r�a�t�e� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �i�n� �1�9� �a�n�d� �2�0� �t�o� �o�c�c�u�r� �a�t� �r�a�t�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �g�r�e�a�t�e�r� �t�h�a�n� 

�t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� �r�a�d�i�c�a�l� �k�e�t�y�l� �a�n�i�o�n� �d�e�r�i�v�e�d� �f�r�o�m� �1�-�b�e�n�z�o�y�l�-�2�,�2�-� 

�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e�.� �T�h�e�r�e�f�o�r�e�,� �i�f� �t�h�e� �s�a�m�e� �r�e�a�c�t�i�v�i�t�y� �p�a�t�t�e�r�n� �i�s� �e�x�h�i�b�i�t�e�d� �b�y� �s�u�b�s�t�r�a�t�e�s� 

�1�9� �a�n�d� �2�0� �a�s� �o�b�s�e�r�v�e�d� �i�n� �1�-�b�e�n�z�o�y�l�-�2�,�2�-�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e�,� �t�h�e�n� �S�E�T� �a�n�d� �n�u�c�l�e�o�p�h�i�l�i�c� 

�p�a�t�h�w�a�y�s� �c�a�n� �b�e� �d�i�f�f�e�r�e�n�t�i�a�t�e�d� �b�y� �t�h�e� �r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n�,� �F�i�g�u�r�e� �1�2�.� 

�S�E�T� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

� � 

�R� �=� �¢� �-�b�u�t�y�l� 
�(� �+� �N�u �� 

�P�o�l�a�r� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

� � 

� � � � � � � �R� �=� �¢� �-�b�u�t�y�l� 
� � 

�F�i�g�u�r�e� �1�2�:� �D�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� 
�r�i�n�g� �o�p�e�n�i�n�g�.� 
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�S�U�M�M�A�R�Y� 

�I�n� �t�h�e� �p�a�s�t� �3�0� �y�e�a�r�s� �m�a�n�y� �t�e�c�h�n�i�q�u�e�s� �a�n�d� �s�u�b�s�t�r�a�t�e�s� �h�a�v�e� �b�e�e�n� �p�u�r�p�o�r�t�e�d� �t�o� 

�i�d�e�n�t�i�f�y� �r�e�a�c�t�i�o�n�s� �t�h�a�t� �o�c�c�u�r� �t�h�r�o�u�g�h� �s�i�n�g�l�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �p�a�t�h�w�a�y�s�.� �H�o�w�e�v�e�r�,� �u�p�o�n� 

�f�u�r�t�h�e�r� �s�c�r�u�t�i�n�y�,� �i�t� �i�s� �u�s�u�a�l�l�y� �f�o�u�n�d� �t�h�a�t� �r�e�s�u�l�t�s� �a�r�e� �a�m�b�i�g�u�o�u�s� �a�t� �b�e�s�t�.� 

�I�n� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �a� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�r�o�b�e� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �p�a�t�h�w�a�y�s� 

�s�e�v�e�r�a�l� �c�r�i�t�e�r�i�a� �m�u�s�t� �b�e� �m�e�t�.� �R�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �p�r�o�b�e� �s�u�b�s�t�i�t�u�e�n�t� �s�h�o�u�l�d� �b�e� �f�a�s�t� �a�n�d� 

�i�r�r�e�v�e�r�s�i�b�l�e�,� �a�n�d� �s�h�o�u�l�d� �l�e�a�d� �t�o� �p�r�o�d�u�c�t�s� �t�h�a�t� �c�a�n� �b�e� �s�o�l�e�l�y� �a�s�c�r�i�b�e�d� �t�o� �S�E�T�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� 

�t�h�a�t� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �5�,�7�-�d�i�-�/�-�b�u�t�y�l�s�p�i�r�o�[�2�,�5� �J�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-�o�n�e�s� �a�l�l� �o�f� �t�h�e�s�e� �c�r�i�t�e�r�i�a� 

�c�a�n� �b�e� �m�e�t�.� 

�I�t� �w�a�s� �o�u�r� �g�o�a�l� �i�n� �t�h�i�s� �s�t�u�d�y� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �a�n�d� �u�t�i�l�i�z�e� �5�,�7�-�d�i�-�/�-� 

�b�u�t�y�l�s�p�i�r�o�[�2�,�5� �]�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-�o�n�e�s� �a�s� �S�E�T� �p�r�o�b�e�s� �a�n�d� �t�o� �s�h�o�w� �t�h�a�t� �t�h�e�y� �w�e�r�e� 

�u�n�a�m�b�i�g�u�o�u�s�l�y� �a�b�l�e� �t�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �b�e�t�w�e�e�n� �S�E�T� �a�n�d� �n�u�c�l�e�o�p�h�i�l�i�c� �p�a�t�h�w�a�y�s� �b�a�s�e�d� �u�p�o�n� 

�t�h�e� �r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�p�i�r�o�[�2�,�5�]�o�c�t�a�d�i�e�n�o�n�e�s� �w�a�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�i�c�,� �l�i�n�e�a�r� �s�w�e�e�p� �v�o�l�t�a�m�m�e�t�r�i�c�,� �a�n�d� �b�u�l�k� �e�l�e�c�t�r�o�l�y�t�i�c� 

�t�e�c�h�n�i�q�u�e�s�.� �O�n�c�e� �t�h�e� �r�a�t�e� �a�n�d� �r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �r�a�d�i�c�a�l� �r�i�n�g� �o�p�e�n�i�n�g� �w�a�s� �d�e�t�e�r�m�i�n�e�d�,� �t�h�e� 

�s�p�i�r�a�n�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �r�e�a�c�t� �w�i�t�h� �s�e�v�e�r�a�l� �n�u�c�l�e�o�p�h�i�l�e�s� �w�h�i�c�h� �i�n�d�e�p�e�n�d�e�n�t� �e�v�i�d�e�n�c�e� �h�a�s� 

�s�h�o�w�n� �r�e�a�c�t� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �v�i�a� �S�E�T� �p�a�t�h�w�a�y�s� �i�n� �o�r�d�e�r� �t�o� �a�s�s�e�s�s� �w�h�e�t�h�e�r� �u�s�e� �o�f� 

�t�h�e�s�e� �s�u�b�s�t�r�a�t�e�s� �w�o�u�l�d� �a�l�l�o�w� �d�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �S�E�T� �a�n�d� �p�o�l�a�r� �p�a�t�h�w�a�y�s�.� 
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�C�H�A�P�T�E�R� �2�.� �C�H�E�M�I�S�T�R�Y� �O�F� �R�A�D�I�C�A�L� �A�N�I�O�N�S� �G�E�N�E�R�A�T�E�D� 

�F�R�O�M� �1�,�1�-�D�I�M�E�T�H�Y�L�-�5�,�7�-�D�I�-�7�-�B�U�T�Y�L�S�P�I�R�O�[�2�,�5�|�O�C�T�A�-�4�,�7�-�D�I�E�N�-� 

�6�-�O�N�E�S�.� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�V�o�l�t�a�m�m�e�t�r�i�c� �m�e�t�h�o�d�s� �a�r�e� �e�x�t�r�e�m�e�l�y� �u�s�e�f�u�l� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� 

�r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �V�o�l�t�a�m�m�e�t�r�y� �p�r�o�v�i�d�e�s� �a� �m�e�t�h�o�d� �f�o�r� �g�e�n�e�r�a�t�i�o�n� �o�f� �a� 

�r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �v�i�a� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �a�n�d� �t�h�e�n� �f�u�r�n�i�s�h�e�s� �a� �m�e�a�n�s� �t�o� �m�o�n�i�t�o�r� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� 

�i�t�s� �s�u�b�s�e�q�u�e�n�t� �r�e�a�c�t�i�o�n�s�. �� 

�V�o�l�t�a�m�m�e�t�r�i�c� �t�e�c�h�n�i�q�u�e�s� �e�m�p�l�o�y� �a� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �f�o�r� �g�e�n�e�r�a�t�i�o�n� �a�n�d� 

�m�o�n�i�t�o�r�i�n�g� �o�f� �t�h�e� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� 

�c�a�n� �b�e� �q�u�i�t�e� �d�i�v�e�r�s�e�,� �f�o�r� �o�u�r� �p�u�r�p�o�s�e�s� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �w�a�s� �l�i�m�i�t�e�d� �t�o� �e�i�t�h�e�r� �g�o�l�d� �o�r� 

�c�a�r�b�o�n�.� �T�h�e� �p�o�t�e�n�t�i�a�l�s� �o�f� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �a�r�e� �s�t�a�n�d�a�r�d�i�z�e�d� �b�y� �r�e�f�e�r�e�n�c�i�n�g� �t�h�e�m� �t�o� 

�a�n� �e�l�e�c�t�r�o�d�e� �c�o�m�p�r�i�s�e�d� �o�f� �m�a�t�e�r�i�a�l�s� �t�h�a�t� �h�a�v�e� �a�n� �a�c�c�u�r�a�t�e�l�y� �m�e�a�s�u�r�e�d� �r�e�d�o�x� �c�o�u�p�l�e�.� �A�l�l� 

�m�e�a�s�u�r�e�m�e�n�t�s� �a�c�q�u�i�r�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �w�e�r�e� �r�e�f�e�r�e�n�c�e�d� �t�o� �0�.�1� �M� �A�g ��/�A�g�.� 

�O�n�e� �o�f� �t�h�e� �m�o�s�t� �c�o�m�m�o�n� �v�o�l�t�a�m�m�e�t�r�y� �m�e�t�h�o�d�s� �i�s� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �(�C�V�)�.� �I�n�a� 

�C�V� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �v�o�l�t�a�g�e� �o�f� �a� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �i�s� �v�a�r�i�e�d� �i�n� �a� �l�i�n�e�a�r� �f�a�s�h�i�o�n� �f�r�o�m� �a�n� 

�i�n�i�t�i�a�l� �p�o�t�e�n�t�i�a�l� �(�E�,�)� �t�o� �a� �s�w�i�t�c�h�i�n�g� �p�o�t�e�n�t�i�a�l� �(�E�,�)� �a�n�d� �t�h�e�n� �t�o� �a� �f�i�n�a�l� �p�o�t�e�n�t�i�a�l� �(�E�s�)� �o�v�e�r� �a� 

�p�e�r�i�o�d� �o�f� �t�i�m�e� �(�T�)� �(�f�r�e�q�u�e�n�t�l�y� �E�;�=� �E�;�)�.� �T�h�e� �c�h�a�n�g�e� �i�n� �v�o�l�t�a�g�e� �(�6�E�)� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�c�h�a�n�g�e� �i�n� �t�i�m�e� �(�6�T�)� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �s�w�e�e�p� �r�a�t�e� �(�v�)� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �A� �p�l�o�t� �o�f� �E� �v�e�r�s�u�s� 

�T� �p�r�o�d�u�c�e�s� �t�h�e� �t�r�i�a�n�g�u�l�a�r� �w�a�v�e�f�o�r�m� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�3�.�*�°� 
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� � � � 
�T� 

�F�i�g�u�r�e� �1�3�:� �V�a�r�i�a�t�i�o�n� �o�f� �p�o�t�e�n�t�i�a�l� �w�i�t�h� �t�i�m�e� �i�n� �a� �C�V� �e�x�p�e�r�i�m�e�n�t�.� 

�T�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �o�f� �a� �C�V� �e�x�p�e�r�i�m�e�n�t� �i�s� �r�e�c�o�r�d�e�d� �a�s� �a� �p�l�o�t� �o�f� �c�u�r�r�e�n�t� �(�I�)� �v�s�.� 

�p�o�t�e�n�t�i�a�l� �(�E�)�.� �S�y�s�t�e�m�s� �e�x�h�i�b�i�t�i�n�g� �f�a�s�t� �a�n�d� �r�e�v�e�r�s�i�b�l�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� 

�p�r�o�d�u�c�e� �a� �v�o�l�t�a�m�m�o�g�r�a�m� �s�u�c�h� �a�s� �t�h�a�t� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�4�.�°� 
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� � 

�0�.�1� �0�.�1�5� �0�.�2� � � 
�F�i�g�u�r�e� �1�4�:� �T�y�p�i�c�a�l� �I� �v�s�.� �E� �p�l�o�t� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �r�e�v�e�r�s�i�b�l�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� 

�p�r�o�c�e�s�s�.� 

�T�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �1�4� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �C�V� �e�x�p�e�r�i�m�e�n�t� �i�n� �w�h�i�c�h� �t�h�e� 

�s�u�b�s�t�r�a�t�e� �i�s� �f�i�r�s�t� �r�e�d�u�c�e�d� �a�n�d� �t�h�e�n� �t�h�e� �r�e�s�u�l�t�i�n�g� �r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t� �i�s� �o�x�i�d�i�z�e�d� �i�n� �t�h�e� �r�e�t�u�r�n� 

�s�w�e�e�p� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� 

�T�h�e� �i�n�i�t�i�a�l� �p�o�t�e�n�t�i�a�l�,� �E�;�,� �i�s� �i�d�e�n�t�i�f�i�e�d� �b�y� �p�o�i�n�t� �a�.� �T�h�i�s� �p�o�t�e�n�t�i�a�l� �i�s� �p�o�s�i�t�i�v�e� �r�e�l�a�t�i�v�e� 

�t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�.� �F�r�o�m� �E�,�,� �t�h�e� �e�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l� �i�s� �v�a�r�i�e�d� 

�l�i�n�e�a�r�l�y� �t�o� �m�o�r�e� �n�e�g�a�t�i�v�e� �p�o�t�e�n�t�i�a�l�s� �r�e�a�c�h�i�n�g� �a� �p�o�i�n�t� �(�p�o�i�n�t� �b�)� �w�h�e�r�e� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� 

�b�e�g�i�n�s� �t�o� �f�l�o�w� �a�n�d� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e� �b�e�g�i�n�s�.� �F�u�r�t�h�e�r� 

�n�e�g�a�t�i�v�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �e�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l� �c�a�u�s�e�s� �t�h�e� �c�u�r�r�e�n�t� �t�o� �r�i�s�e� �s�h�a�r�p�l�y� �b�e�t�w�e�e�n� �b� 

�a�n�d� �c� �u�n�t�i�l� �m�a�x�i�m�u�m� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �f�l�o�w� �i�s� �r�e�a�c�h�e�d� �a�t� �t�h�e� �r�e�d�u�c�t�i�v�e� �p�e�a�k� �p�o�t�e�n�t�i�a�l�,� �E�,�.�,� 
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�c�.� �A�t� �t�h�i�s� �p�o�i�n�t� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �b�e�i�n�g� �r�e�d�u�c�e�d� �a�s� �f�a�s�t� �a�s� �i�t� �c�a�n� �d�i�f�f�u�s�e� �t�o� �t�h�e� �e�l�e�c�t�r�o�d�e� 

�s�u�r�f�a�c�e�.� �F�r�o�m� �c� �t�o� �p�o�i�n�t� �d� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �f�l�o�w� �d�e�c�a�y�s� �a�s� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �d�e�p�l�e�t�e�d� �i�n� �t�h�e� 

�v�i�c�i�n�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �s�w�i�t�c�h�i�n�g� �p�o�t�e�n�t�i�a�l�,� �E�,�,� �i�s� �r�e�a�c�h�e�d� �a�t� �p�o�i�n�t� �d� �a�t� �w�h�i�c�h� �t�i�m�e� 

�t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e� �i�s� �s�c�a�n�n�e�d� �i�n� �a� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�.� �F�r�o�m� �p�o�i�n�t�s� �d� �t�o� �e� 

�r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�s� �s�t�i�l�l� �o�c�c�u�r�r�i�n�g� �s�i�n�c�e� �t�h�e� �e�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l� �i�s� �s�t�i�l�l� �n�e�g�a�t�i�v�e� �o�f� 

�t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�;� �h�o�w�e�v�e�r�,� �b�e�t�w�e�e�n� �p�o�i�n�t�s� �e� �a�n�d� �f� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� 

�t�h�e� �e�l�e�c�t�r�o�d�e� �b�e�c�o�m�e�s� �s�u�f�f�i�c�i�e�n�t�l�y� �p�o�s�i�t�i�v�e� �t�o� �a�l�l�o�w� �t�h�e� �f�l�o�w� �o�f� �a�n�o�d�i�c� �c�u�r�r�e�n�t� �a�n�d� �b�e�g�i�n� 

�t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�g�e�n�e�r�a�t�e�d� �s�p�e�c�i�e�s�.� �A�n�o�d�i�c� �c�u�r�r�e�n�t� �r�e�a�c�h�e�s� �i�t ��s� �m�a�x�i�m�u�m� �v�a�l�u�e� 

�a�t� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�e�a�k� �p�o�t�e�n�t�i�a�l�,� �E�,�,� �(�p�o�i�n�t� �f�)�.� �B�e�t�w�e�e�n� �p�o�i�n�t�s� �f� �a�n�d� �g� �t�h�e� �d�e�c�a�y� �o�f� �a�n�o�d�i�c� 

�c�u�r�r�e�n�t� �i�s� �o�b�s�e�r�v�e�d� �a�s� �a�l�l� �o�f� �t�h�e� �r�e�d�u�c�e�d� �s�p�e�c�i�e�s� �i�s� �o�x�i�d�i�z�e�d� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �w�o�r�k�i�n�g� 

�e�l�e�c�t�r�o�d�e�.� �C�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �C�V� �e�x�p�e�r�i�m�e�n�t� �o�c�c�u�r�s� �u�p�o�n� �r�e�a�c�h�i�n�g� �t�h�e� �f�i�n�a�l� �p�o�t�e�n�t�i�a�l�,� 

�E�x�.� �4�5� 

�W�h�e�n� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�s� �f�a�s�t� �a�n�d� �r�e�v�e�r�s�i�b�l�e�,� �E�q�u�a�t�i�o�n� �4�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� 

�A� �a�n�d� �B� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e� �a�r�e� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n�,� �E�q�u�a�t�i�o�n� �5�.� 

�E�q�n�.� �4� 

�k�,� 

�A�c�o� �m�a�>� �=� �B� 
�F�a�s�t� 

�R�e�v�e�r�s�i�b�l�e� 
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�E�q�n�.� �5� 

�E� �=� �E�°� �-� �R�T�/�n�F� �(� �I�n� �(�(�B�]�/�[�A�]�)�)� 

�W�h�e�r�e�:� �E�°�=� �s�t�a�n�d�a�r�d� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� 
�R� �=� �t�h�e� �g�a�s� �c�o�n�s�t�a�n�t� 
�T� �=� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �K�e�l�v�i�n� 
�F� �=� �F�a�r�a�d�a�y ��s� �c�o�n�s�t�a�n�t� 
�E� �=� �e�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l� 
�n� �=� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� 

�T�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �r�e�a�c�t�a�n�t� �a�n�d� �p�r�o�d�u�c�t� �a�t� �t�h�e� 

�e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e� �i�s� �d�i�r�e�c�t�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �A�t� �t�h�e� �i�n�i�t�i�a�l� 

�p�o�t�e�n�t�i�a�l� �o�f� �a� �C�V� �e�x�p�e�r�i�m�e�n�t� �a� �r�a�t�i�o� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �A� �a�n�d� �B� �i�n� 

�w�h�i�c�h� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �B� �i�s� �v�e�r�y� �s�m�a�l�l�.� �W�h�e�n� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �i�s� 

�c�h�a�n�g�e�d� �t�o� �m�o�r�e� �n�e�g�a�t�i�v�e� �v�a�l�u�e�s�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �B� �m�u�s�t� �i�n�c�r�e�a�s�e� �t�o� �s�a�t�i�s�f�y� �t�h�e� 

�N�e�r�n�s�t� �e�q�u�a�t�i�o�n�;� �c�u�r�r�e�n�t� �t�h�e�r�e�f�o�r�e� �f�l�o�w�s�.� �I�n� �t�h�e� �r�e�v�e�r�s�e� �s�c�a�n� �t�h�e� �p�o�t�e�n�t�i�a�l� �r�e�s�i�d�i�n�g� �o�n� �t�h�e� 

�e�l�e�c�t�r�o�d�e� �i�s� �b�e�i�n�g� �c�h�a�n�g�e�d� �i�n� �a� �p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n�;� �t�h�e�r�e�f�o�r�e�,� �t�o� �s�a�t�i�s�f�y� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n�,� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �A� �m�u�s�t� �b�e�g�i�n� �i�n�c�r�e�a�s�i�n�g� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �B�.� �A�t� �t�h�e� 

�f�i�n�a�l� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�e� �C�V� �e�x�p�e�r�i�m�e�n�t� �t�h�e� �i�n�i�t�i�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �A� �a�n�d� �B� �a�r�e� �r�e�e�s�t�a�b�l�i�s�h�e�d�.� 

�C�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �i�s� �a�b�l�e� �t�o� �p�r�o�v�i�d�e� �a� �p�l�e�t�h�o�r�a� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �c�o�n�c�e�r�n�i�n�g� �t�h�e� 

�n�a�t�u�r�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �a�n�d� �a�n�y� �f�o�l�l�o�w�-�u�p� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �t�h�a�t� �m�a�y� �o�c�c�u�r�.� �T�h�i�s� 

�i�n�f�o�r�m�a�t�i�o�n� �i�s� �p�r�o�v�i�d�e�d� �t�h�r�o�u�g�h� �a�c�c�u�r�a�t�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �p�o�t�e�n�t�i�a�l� 

�(�E�,�,�.�)�,� �t�h�e� �a�n�o�d�i�c� �p�e�a�k� �p�o�t�e�n�t�i�a�l� �(�E�,�,�.�)�,� �t�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �c�u�r�r�e�n�t� �(�1�,�,�.�)�,� �a�n�d� �t�h�e� �a�n�o�d�i�c� �p�e�a�k� 

�c�u�r�r�e�n�t� �(�1�,�2�)�.� �T�h�e�s�e� �v�a�l�u�e�s� �p�r�o�v�i�d�e� �a� �m�e�t�h�o�d� �t�o� �a�s�c�e�r�t�a�i�n� �t�h�e� �c�h�e�m�i�c�a�l� �a�n�d� 

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �i�n� �a� �C�V� �e�x�p�e�r�i�m�e�n�t� �b�a�s�e�d� �o�n� �t�h�e� �p�e�a�k� 
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�w�i�d�t�h�s� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�,� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �a�n�o�d�i�c�/�c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t�,� �a�n�d� �t�h�e� 

�s�h�i�f�t� �i�n� �E�,� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�w�e�e�p� �r�a�t�e�.� �O�n�c�e� �t�h�e�s�e� �d�i�a�g�n�o�s�t�i�c�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� 

�v�o�l�t�a�m�m�o�g�r�a�m� �i�s� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �r�e�v�e�r�s�i�b�l�e�,� �t�h�e� �s�t�a�n�d�a�r�d� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l�,� �E�°�,� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �r�e�d�o�x� �c�o�u�p�l�e�.� 

�P�e�a�k� �w�i�d�t�h�s� �i�n� �a� �c�y�c�l�i�c� �v�o�l�t�a�m�m�o�g�r�a�m� �a�r�e� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�t�w�e�e�n� �t�h�e� 

�p�e�a�k� �p�o�t�e�n�t�i�a�l�s�,� �E�,�,� �a�n�d� �t�h�e� �h�a�l�f� �p�e�a�k� �p�o�t�e�n�t�i�a�l�s� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�,� �E�,�r�.� �T�h�e� 

�h�a�l�f� �p�e�a�k� �p�o�t�e�n�t�i�a�l� �i�s� �t�h�e� �p�o�t�e�n�t�i�a�l� �c�o�i�n�c�i�d�i�n�g� �w�i�t�h� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �I�,� �i�s� �h�a�l�f� �o�f� �i�t ��s� 

�m�a�x�i�m�u�m� �v�a�l�u�e�.� �F�o�r� �a� �s�y�s�t�e�m� �e�x�h�i�b�i�t�i�n�g� �a� �f�a�s�t�,� �r�e�v�e�r�s�i�b�l�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �E�,� �-� �E�p� �=� 

�5�9�/�n� �m�V� �(�w�h�e�r�e� �n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �r�e�d�o�x� �c�o�u�p�l�e�)�.� �T�h�e� �p�e�a�k� 

�w�i�d�t�h� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�w�e�e�p� �r�a�t�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �E�,�,�,� �a�n�d� �E�,�.� �s�h�o�u�l�d� �a�l�s�o� �e�q�u�a�l� 

�5�9�/�n� �m�V�.� �I�f� �d�i�a�g�n�o�s�t�i�c�s� �s�h�o�w� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �o�f� �t�h�e� �r�e�d�o�x� �c�o�u�p�l�e� �i�s� �r�e�v�e�r�s�i�b�l�e�,� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�t�a�n�d�a�r�d� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l�,� �E�°�,� �o�f� �a� �s�u�b�s�t�r�a�t�e� �i�s� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �E�,�,� 

�a�n�d� �E�,�.�,� �E�q�u�a�t�i�o�n� �6�. �� 

�E�q�n�.� �6� 

�(�E�p�c� �+� �E�p�a�)� �/�2� �=�E�°� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�n� �a� 

�p�a�r�t�i�c�u�l�a�r� �r�e�d�o�x� �p�r�o�c�e�s�s� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� �c�a�r�e�f�u�l� �s�c�r�u�t�i�n�y� �o�f� �t�h�e� �p�e�a�k� �w�i�d�t�h�s� �a�n�d� 

�p�e�a�k� �s�h�i�f�t�s� �d�i�s�p�l�a�y�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�.� �H�o�w�e�v�e�r�,� �p�e�a�k� �w�i�d�t�h�s� �r�e�l�a�y� �n�o� �i�n�f�o�r�m�a�t�i�o�n� 

�r�e�g�a�r�d�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�d�o�x� �p�r�o�c�e�s�s�.� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� 
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�r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�d�o�x� �p�r�o�c�e�s�s� �i�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �c�u�r�r�e�n�t� �r�a�t�i�o�s�,� �-�(� �I�,�,�.�/� �I�,�,�)�,� �d�i�s�p�l�a�y�e�d� �i�n� 

�t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�.� 

�F�o�r� �a� �c�h�e�m�i�c�a�l�l�y� �r�e�v�e�r�s�i�b�l�e� �s�y�s�t�e�m� �t�h�e� �r�a�t�i�o� �o�f� �-�(�I�,�,�/� �1�,�.�)� �=� �1�.� �I�f� �c�u�r�r�e�n�t� �r�a�t�i�o�s� 

�m�u�c�h� �l�e�s�s� �t�h�a�n� �1� �a�r�e� �o�b�s�e�r�v�e�d�,� �t�h�e�n� �a� �r�e�a�c�t�i�o�n� �i�n�v�o�l�v�i�n�g� �t�h�e� �e�l�e�c�t�r�o�g�e�n�e�r�a�t�e�d� �s�p�e�c�i�e�s� �i�s� 

�o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� �t�h�e� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� �C�V� �e�x�p�e�r�i�m�e�n�t�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �e�l�e�c�t�r�o�g�e�n�e�r�a�t�e�d� 

�s�p�e�c�i�e�s� �i�s� �u�n�a�v�a�i�l�a�b�l�e� �f�o�r� �o�x�i�d�a�t�i�o�n� �i�n� �t�h�e� �r�e�v�e�r�s�e� �s�w�e�e�p� �o�f� �t�h�e� �C�V� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �t�h�e� 

�c�u�r�r�e�n�t� �r�a�t�i�o� �w�i�l�l� �b�e� �l�e�s�s� �t�h�a�n� �1�,� �-�(�I�,�.�/� �1�.�.�.�)� �<� �1�.� �T�h�e�r�e�f�o�r�e�,� �c�u�r�r�e�n�t� �r�a�t�i�o�s� �a�r�e� �a�b�l�e� �t�o� 

�p�r�o�v�i�d�e� �a� �q�u�a�l�i�t�a�t�i�v�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�g�e�n�e�r�a�t�e�d� �s�p�e�c�i�e�s�.� 

�A� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �p�o�s�s�i�b�i�l�i�t�i�e�s� �e�x�i�s�t� �t�o� �c�a�t�e�g�o�r�i�z�e� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�s� 

�f�o�l�l�o�w�i�n�g� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�;� �h�o�w�e�v�e�r�,� �t�h�i�s� �s�t�u�d�y� �w�i�l�l� �o�n�l�y� �b�e� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �t�h�o�s�e� 

�i�n�v�o�l�v�i�n�g� �a� �u�n�i�m�o�l�e�c�u�l�a�r� �f�o�l�l�o�w�-�u�p� �h�o�m�o�g�e�n�e�o�u�s� �c�h�e�m�i�c�a�l� �s�t�e�p�,� �s�p�e�c�i�f�i�c�a�l�l�y� 

�t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�,� �F�i�g�u�r�e� �1�5�.� 

�A�t�e� �=� �8�B� �_�E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �s�t�e�p� 

� � 

�C� �C�h�e�m�i�c�a�l� �S�t�e�p� 

�F�i�g�u�r�e� �1�5�:� �T�h�e� �E�C� �m�e�c�h�a�n�i�s�m�.� 

�I�n� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�,� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �(�E�)� �i�s� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�e�d� �b�y� �a� 

�c�h�e�m�i�c�a�l� �s�t�e�p� �(�C�)� �t�h�a�t� �d�e�c�r�e�a�s�e�s� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�d�u�c�e�d� �m�a�t�e�r�i�a�l� �a�v�a�i�l�a�b�l�e� �f�o�r� �s�u�b�s�e�q�u�e�n�t� 
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�o�x�i�d�a�t�i�o�n�.� �T�h�e� �r�a�t�i�o� �o�f� �-�(�I�,�,�,�/� �I�,�,�-�)� �w�i�l�l� �b�e� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �r�a�t�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �a�n�d� 

�t�h�e� �s�w�e�e�p� �r�a�t�e�.� �A�s� �t�h�e� �r�a�t�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �-�(�I�,�,�.�/� �I�,�,�.�)� �r�a�t�i�o� �w�i�l�l� 

�a�p�p�r�o�a�c�h� �0�.� �I�f�t�h�e� �r�a�t�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �(� �k�,�)� �i�s� �f�a�s�t� �e�n�o�u�g�h�,� �k�i�n�e�t�i�c� �c�o�n�t�r�o�l� �o�f� �t�h�e� �E�C� 

�m�e�c�h�a�n�i�s�m� �c�a�n� �b�e�c�o�m�e� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �r�a�t�e� �o�f� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� 

�(�k�,�)�.� �I�n� �s�y�s�t�e�m�s� �e�x�h�i�b�i�t�i�n�g� �n�o� �r�e�v�e�r�s�e� �c�u�r�r�e�n�t�,� �l�i�n�e�a�r� �s�w�e�e�p� �v�o�l�t�a�m�m�e�t�r�y� �(�L�S�V�)� �m�a�y� �b�e� 

�u�t�i�l�i�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�p�e�c�i�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �a�n�d� �d�e�t�e�r�m�i�n�e� �a� �r�a�t�e� �l�a�w� �f�o�r� 

�t�h�e�i�r� �r�e�a�c�t�i�o�n�.� 

�A� �L�S�V� �e�x�p�e�r�i�m�e�n�t� �i�s� �s�i�m�p�l�y� �h�a�l�f� �o�f� �a� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �e�x�p�e�r�i�m�e�n�t�.� �T�h�e� �a�b�s�e�n�c�e� 

�o�f� �a� �r�e�v�e�r�s�e� �c�u�r�r�e�n�t� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �m�a�k�e�s� �t�h�e� �r�e�t�u�r�n� �s�w�e�e�p� �u�n�n�e�c�e�s�s�a�r�y�;� �t�h�e�r�e�f�o�r�e�,� 

�t�h�e� �f�i�n�a�l� �p�o�t�e�n�t�i�a�l� �a�n�d� �t�h�e� �s�w�i�t�c�h�i�n�g� �p�o�t�e�n�t�i�a�l� �a�r�e� �t�h�e� �s�a�m�e�,� �F�i�g�u�r�e� �1�6�.� 

� � 

� � � � � � 
� � 

�F�i�g�u�r�e� �1�6�:� �T�y�p�i�c�a�l� �v�o�l�t�a�m�m�o�g�r�a�m� �o�b�s�e�r�v�e�d� �i�n� �l�i�n�e�a�r� �s�w�e�e�p� �v�o�l�t�a�m�m�e�t�r�y�.� 
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�F�r�o�m� �a� �L�S�V� �e�x�p�e�r�i�m�e�n�t� �E�,�,�,� �I�p�,� �a�n�d� �E�,�2� �c�a�n� �b�e� �e�x�t�r�a�c�t�e�d�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�a�l� �u�t�i�l�i�t�y� �o�f� �a� 

�L�S�V� �e�x�p�e�r�i�m�e�n�t� �i�s� �i�n� �i�t�s� �a�b�i�l�i�t�y� �t�o� �p�r�o�v�i�d�e� �d�a�t�a� �t�h�a�t� �a�l�l�o�w�s� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� 

�o�r�d�e�r� �f�o�r� �t�h�e� �f�o�l�l�o�w�-�u�p� �h�o�m�o�g�e�n�e�o�u�s� �r�e�a�c�t�i�o�n�. � ��* �� �C�o�m�b�i�n�e�d� �w�i�t�h� �e�l�e�c�t�r�o�l�y�t�i�c� �t�e�c�h�n�i�q�u�e�s�,� 

�t�h�e� �r�a�t�e� �l�a�w� �a�n�d� �m�e�c�h�a�n�i�s�m� �o�f� �d�e�c�a�y� �o�f� �a�n� �e�l�e�c�t�r�o�g�e�n�e�r�a�t�e�d� �s�p�e�c�i�e�s� �c�a�n� �b�e� �i�d�e�n�t�i�f�i�e�d�.� 

�I�n� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�,� �t�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �w�a�y�s� �i�n� �w�h�i�c�h� �B� �c�a�n� �b�e� �c�o�n�s�u�m�e�d� �i�n� �a� 

�f�o�l�l�o�w�-�u�p� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�.� �R�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �m�e�t�h�o�d� �o�f� �r�e�a�c�t�i�o�n�,� �i�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �i�s� 

�r�a�t�e� �l�i�m�i�t�i�n�g�,� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n� �w�i�l�l� �b�e� �o�b�e�y�e�d� �a�t� �t�h�e� �e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e�.� �T�h�e� 

�c�o�n�s�u�m�p�t�i�o�n� �o�f� �B� �i�n� �a� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �m�e�a�n�s� �t�h�a�t� �m�o�r�e� �B� �h�a�s� �t�o� �b�e� �m�a�d�e� �i�n� �o�r�d�e�r� �t�o� 

�s�a�t�i�s�f�y� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n�.� �M�a�x�i�m�u�m� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �w�i�l�l� �t�h�e�r�e�f�o�r�e� �o�c�c�u�r� �a�t� �p�o�t�e�n�t�i�a�l�s� 

�m�o�r�e� �p�o�s�i�t�i�v�e� �r�e�l�a�t�i�v�e� �t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �f�o�r� �r�e�v�e�r�s�i�b�l�e� �s�y�s�t�e�m�s�.� �A�s� �t�h�e� �s�w�e�e�p� �r�a�t�e� �i�s� 

�i�n�c�r�e�a�s�e�d� �t�h�e� �s�h�i�f�t� �i�n� �E�,� �d�e�c�r�e�a�s�e�s� �(�i�.�e�.�,� �b�e�c�o�m�e�s� �m�o�r�e� �n�e�g�a�t�i�v�e�)�.� �T�h�e� �s�h�i�f�t� �i�n� �E�,�.� �i�s� 

�d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �c�o�n�s�u�m�p�t�i�o�n� �o�f� �t�h�e� �r�e�d�u�c�e�d� �s�p�e�c�i�e�s� �a�n�d� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �u�t�i�l�i�z�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �o�f� �i�t ��s� �c�o�n�s�u�m�p�t�i�o�n�.� 

�F�o�r� �a� �g�i�v�e�n� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�,� �E�q�u�a�t�i�o�n� �7�,� �a� �p�l�o�t� �o�f� �E�,�,�.� �v�e�r�s�u�s� �l�o�g�v� �w�i�l�l� �p�r�o�d�u�c�e� 

�a� �g�r�a�p�h� �i�n� �w�h�i�c�h� �t�h�e� �s�l�o�p�e� �i�s� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �o�f� �B�,� �E�q�u�a�t�i�o�n� �8�.� 

�E�q�n�.� �7� 

� � 

�A�+�e� �B� �(�f�a�s�t�,� �r�e�v�e�r�s�i�b�l�e� �)� 

� � 

�a�A� �+� �b�B� �+�c�C�  � ��_�_� �P�r�o�d�u�c�t�s� 
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�E�q�n�.� �8� 

� � � � � � � � 

�O�n�c�e� �b� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d�,� �t�h�e� �s�l�o�p�e� �f�r�o�m� �a� �p�l�o�t� �o�f� �E�,�,�.� �v�e�r�s�u�s� �l�o�g�C�,�,� �w�h�e�r�e� �C�,�,� �i�s� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�i�t�h�e�r� �A� �(�C�a�)�,� �E�q�u�a�t�i�o�n� �9�,� �o�r� �C� �(�C�c�)�,� �E�q�u�a�t�i�o�n� �9�A�,� �i�s� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� 

�t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r�s� �o�f� �A� �o�r� �C�.� 

�E�q�n�.� �9� 

� � � � � � 

�6� �+�b�+�1� �R� �F�e�,� �a�t�e� �i�n� �-� �a�t�b�+�l� �s�s�a�m�v� �|� 
�S�l�o�g�C�,� �b�+� �1� �n�F� �b�+�]� 

�E�q�n�.� �9�A� 

� � 

� � 

� � 

�d�E� �+�b�4�1� �R�T� �P�e�s� �©� �I�n�  �� �)� �=� �S�t�E�*�)� �f� �s�o�o�m�v� 
�S�l�o�g�C�,� �b�+�]� �n�F� �b�+�1� 

�O�n�c�e� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �h�a�v�e� �b�e�e�n� �m�e�a�s�u�r�e�d�,� �t�h�e� �r�a�t�e� �l�a�w� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� 

�c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �(�T�a�b�l�e� �3�)�.� 
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�T�a�b�l�e� �3�:� �T�h�e�o�r�e�t�i�c�a�l� �r�e�s�p�o�n�s�e� �f�o�r� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �o�r�d�e�r� �r�a�t�e� �l�a�w�s� �b�a�s�e�d� �u�p�o�n� 
�E�q�n�s�.� �7�-�9�.� 

�d�E�,�/�d�l�o�g�v� �d�E�,�/�d�l�o�g�C�a� 
�R�a�t�e� �L�a�w� �(�m�V�/�d�e�c�a�d�e�)� �(�m�V�/�d�e�c�a�d�e�)� 

�k�[�B�]� �-�2�9�.�5� �0� 
�k�[�B�? �� �-�1�9�.�7� �1�9�.�7� 
�k�[�A�]�[�B�]� �-�2�9�.�5� �2�9�.�5� 

�I�n� �t�h�i�s� �w�a�y� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e� �g�e�n�e�r�a�t�e�d� �s�p�e�c�i�e�s� �a�n�d� �a�n�y� �o�t�h�e�r� �s�u�b�s�t�r�a�t�e� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �c�a�n� �b�e� �d�e�c�o�n�v�o�l�u�t�e�d� �t�o� �a�l�l�o�w� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� 

�l�a�w�.� 

�T�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�y�s�t�e�m�s� �u�n�d�e�r� �s�t�u�d�y�,� �w�e� �h�a�d� �t�o� �c�o�n�c�e�r�n� �o�u�r�s�e�l�v�e�s� �w�i�t�h� �t�h�e� 

�t�w�o� �l�i�m�i�t�i�n�g� �c�a�s�e�s� �o�f� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�,� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� �s�t�e�p� �(�k�.�)� �i�n� �w�h�i�c�h� �t�h�e� 

�r�e�s�p�o�n�s�e�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �3� �a�r�e� �o�b�s�e�r�v�e�d�,� �o�r� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �(�k�,�)�.� �D�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �l�i�m�i�t�i�n�g� �c�a�s�e�s� �i�s� �a�f�f�o�r�d�e�d� �t�h�r�o�u�g�h� �c�a�r�e�f�u�l� 

�a�n�a�l�y�s�i�s� �o�f� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �p�e�a�k� �w�i�d�t�h� �a�n�d� �t�h�e� �c�h�a�n�g�e� �o�f� �p�e�a�k� �p�o�t�e�n�t�i�a�l� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �s�w�e�e�p� �r�a�t�e�.� 

�S�y�s�t�e�m�s� �e�x�h�i�b�i�t�i�n�g� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� �s�t�e�p� �a�r�e� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �N�e�r�n�s�t� 

�e�q�u�a�t�i�o�n�.� �A�s� �a� �r�e�s�u�l�t�,� �S�E�,� �.�/�d�l�o�g�v� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �d�i�a�g�n�o�s�t�i�c� �f�o�r� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� 

�s�t�e�p�.� �F�o�r� �s�y�s�t�e�m�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �i�n� �w�h�i�c�h� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �i�s� �r�a�t�e� 

�l�i�m�i�t�i�n�g�,� �E�,� �(�t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l�)� �w�i�l�l� �s�h�i�f�t� �t�o� �m�o�r�e� �n�e�g�a�t�i�v�e� �v�a�l�u�e�s� �a�s� �t�h�e� �s�w�e�e�p� �r�a�t�e� �i�s� 

�i�n�c�r�e�a�s�e�d�,� �E�q�u�a�t�i�o�n� �1�0�. ��°� 
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�E�q�n�.� �1�0� 

�5�E�,�,�.�/�S�l�o�g�v� �=� �-�2�9�.�5� �m�V�/�d�e�c�a�d�e�.� 

�T�h�e� �p�e�a�k� �w�i�d�t�h� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �p�r�o�v�i�d�e�s� �f�u�r�t�h�e�r� �d�i�a�g�n�o�s�t�i�c�s� �t�o� �e�v�a�l�u�a�t�e� 

�t�h�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �o�f� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�.� �P�e�a�k� �w�i�d�t�h� �d�i�a�g�n�o�s�t�i�c�s� �f�o�r� �s�y�s�t�e�m�s� �e�x�h�i�b�i�t�i�n�g� 

�r�a�t�e� �l�i�m�i�t�i�n�g� �k�,� �a�r�e� �s�h�o�w�n� �i�n� �E�q�u�a�t�i�o�n� �1�1� �a�n�d� �E�q�u�a�t�i�o�n� �1�2�.� 

�E�q�n�.� �1�1� 

�E�,� �-� �E�p� �=� �5�9�/�n� �m�V� 

�W�h�e�r�e�:� �n� �=� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �t�r�a�n�s�f�e�r�r�e�d�.� 

�E�q�n�.� �1�2� 

�E�p� �-� �E�i�n� �=�2�9� �m�V� 

�W�h�e�r�e�:� �E�1�2� �=� �t�h�e� �s�t�a�n�d�a�r�d� �p�o�t�e�n�t�i�a�l� �f�o�r� �t�h�e� �r�e�d�o�x� �c�o�u�p�l�e�,� �E ��.� 

�T�h�e�s�e� �v�a�l�u�e�s� �s�h�o�w� �n�o� �d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�e� �s�w�e�e�p� �r�a�t�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �W�h�e�n� �t�h�e� 

�c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n� �i�s� �s�l�o�w� �e�n�o�u�g�h�,� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �r�e�d�u�c�e�d� �s�p�e�c�i�e�s� �w�i�l�l� �b�e� �a�v�a�i�l�a�b�l�e� �f�o�r� 

�o�x�i�d�a�t�i�o�n�;� �t�h�e�r�e�f�o�r�e�,� �a�n� �o�x�i�d�a�t�i�o�n� �w�a�v�e� �i�s� �o�b�s�e�r�v�e�d�.� �I�n� �s�y�s�t�e�m�s� �u�n�d�e�r�g�o�i�n�g� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� 

�c�h�e�m�i�c�a�l� �s�t�e�p�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �c�a�t�h�o�d�i�c� �a�n�d� �a�n�o�d�i�c� �p�e�a�k� �p�o�t�e�n�t�i�a�l�s� �s�h�o�u�l�d� �e�q�u�a�l� �t�o� 

�5�9�/�n� �m�V�.� �S�i�n�c�e� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� �s�t�e�p� �i�s� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �N�e�r�n�s�t� �e�q�u�a�t�i�o�n�,� �t�h�e�r�e� �i�s� �a� 

�l�a�r�g�e� �s�i�m�i�l�a�r�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �v�a�l�u�e�s� �a�b�o�v�e� �a�n�d� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �f�o�r� �a� �s�y�s�t�e�m� �e�x�h�i�b�i�t�i�n�g� 
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�r�e�v�e�r�s�i�b�l�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �t�h�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �i�s� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �k�,�,� �t�h�i�s� �i�s� �n�o�t� �t�h�e� �c�a�s�e�.� 

�N�o�n�-�N�e�r�n�s�t�i�a�n� �b�e�h�a�v�i�o�r� �i�s� �e�x�h�i�b�i�t�e�d� �b�y� �s�y�s�t�e�m�s� �i�n� �w�h�i�c�h� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �k�,�,� �i�s� �r�a�t�e� �l�i�m�i�t�i�n�g�. ��*� �H�o�w�e�v�e�r�,� �s�o�m�e� �o�f� �t�h�e� �s�a�m�e� �b�e�h�a�v�i�o�r� �i�s� �e�x�h�i�b�i�t�e�d� �i�n� 

�t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �w�h�e�n� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�s� �r�a�t�e� �l�i�m�i�t�i�n�g� �a�s� �i�s� �o�b�s�e�r�v�e�d� 

�i�n� �a� �v�o�l�t�a�m�m�o�g�r�a�m� �e�x�h�i�b�i�t�i�n�g� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� �s�t�e�p�.� �A�s� �i�n� �t�h�e� �c�a�s�e� �w�h�e�n� �t�h�e� 

�c�h�e�m�i�c�a�l� �s�t�e�p� �i�s� �r�a�t�e� �l�i�m�i�t�i�n�g�,� �a� �n�e�g�a�t�i�v�e� �s�h�i�f�t� �i�n� �E�,�i�s� �o�b�s�e�r�v�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�w�e�e�p� �r�a�t�e� 

�a�n�d� �E�,� �-� �E�,�»� �i�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�w�e�e�p� �r�a�t�e�.� �T�h�e� �L�S�V� �o�f� �a� �s�y�s�t�e�m� �e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �b�r�o�a�d� �p�e�a�k�s� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s�,� 

�E�q�u�a�t�i�o�n� �1�3�.� 

�E�q�n�.� �1�3� 

�E�y� �-� �E�p� �=� �4�7�.�7�/�o�n� 

�w�h�e�r�e�:� �n� �=� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �t�r�a�n�s�f�e�r�r�e�d�.� 
�a�=� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�0� �<� �a� �<� �1�)�.� 

�T�h�e� �b�r�o�a�d�n�e�s�s� �o�f� �t�h�e� �p�e�a�k� �i�s� �n�o�t� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �s�w�e�e�p� �r�a�t�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �T�h�e� 

�d�i�a�g�n�o�s�t�i�c� �s�h�i�f�t� �o�f� �E�,� �f�o�r� �a� �s�y�s�t�e�m� �w�i�t�h� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�s� 

�s�h�o�w�n� �i�n� �E�q�u�a�t�i�o�n� �1�4�.� 
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�E�q�n�.� �1�4� 

�5�E�,�,�.�/�d�S�l�o�g�v� �=� �-�3�0�/�a�n� �m�V�/�d�e�c�a�d�e� 

�w�h�e�r�e�:� �n�=� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �t�r�a�n�s�f�e�r�r�e�d�.� 

�a�=� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�0� �<� �a� �<� �1�)�.� 

�A�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �b�e�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g�,� �t�h�e� 

�d�i�a�g�n�o�s�t�i�c�s� �f�o�r� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �n�u�m�b�e�r� 

�o�f� �e�l�e�c�t�r�o�n�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �t�r�a�n�s�f�e�r�,� �a�n�d� �o�n� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�,� �a�.� 

�T�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �a�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s� �d�e�s�c�r�i�b�e�s� �t�h�e� �s�y�m�m�e�t�r�y� �o�f� 

�t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �d�u�r�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�. ��*� �T�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �c�a�n� 

�b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �a� �p�l�o�t� �o�f� �E�,� �v�s�.� �s�w�e�e�p� �r�a�t�e� �o�r� �f�r�o�m� �t�h�e� �p�e�a�k� �w�i�d�t�h�s� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� 

�v�o�l�t�a�m�m�o�g�r�a�m�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �E�q�u�a�t�i�o�n� �1�5� �o�r� 

�E�q�u�a�t�i�o�n� �1�6�.� 

�E�q�n�.� �1�5� 

�a� �=� �(�F�/�R�T�)� �8�E�p�,�/�S�I�n�v�)� 

�E�q�n�.� �1�6� 

�a� �=� �(�R�T�/�F�)�(�1�.�8�5�/�(�E�p�a�-�E�p�)� 
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�V�a�l�u�e�s� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �c�a�n� �r�a�n�g�e� �f�r�o�m� �0� �t�o� �|� �(�t�y�p�i�c�a�l�l�y� �(�O�<�a�<�1�)�.� �A� 

�d�e�s�c�r�i�p�t�i�o�n� �o�f� �w�h�a�t� �t�h�e�s�e� �v�a�l�u�e�s� �i�n�f�e�r� �a�b�o�u�t� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �f�o�r� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�7�.� 

� � 

�a�<� �1�/�2� �a�=� �1�/�2� �a�>� �1�/�2� 

�P�r�o�d�u�c�t�-�l�i�k�e� �R�e�a�c�t�a�n�t�-�l�i�k�e� 

�t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� 

�/� �A� 

�0� �/� �\� �i� �\� �|� 
�G� �i� �\� �B� �/� �\� �/� 

�A�+�n�e�?� �A�+�n�e� �\� �8�B� �A�+�n�e� �/� 
�:� �j� �\� �;� �\� �B� 

�\� �F�L� � � � � � � 
� � 

�R�e�a�c�t�i�o�n� �C�o�o�r�d�i�n�a�t�e� 

�F�i�g�u�r�e� �1�7�:� �E�f�f�e�c�t� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �o�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �o�f� 
�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� 

�T�h�e� �v�a�l�u�e� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �p�r�o�c�e�e�d�s� �i�n� �a� �c�o�n�c�e�r�t�e�d� �o�r� �s�t�e�p�-�w�i�s�e� �m�e�t�h�o�d�.� �S�a�v�e�a�n�t� 

�h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �d�i�a�g�n�o�s�t�i�c� �o�f� �c�o�n�c�e�r�t�e�d� �v�s�.� �s�t�e�p�w�i�s�e� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r�/�b�o�n�d� �c�l�e�a�v�a�g�e� �i�n� �s�e�v�e�r�a�l� �a�r�y�l�m�e�t�h�y�l� �h�a�l�i�d�e�s�. �� �I�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �s�u�b�s�t�r�a�t�e�s� 

�p�o�s�s�e�s�s�i�n�g� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�s� �r�a�n�g�i�n�g� �f�r�o�m� �0�.�2� �-� �0�.�3� �e�x�h�i�b�i�t�e�d� �c�o�n�c�e�r�t�e�d� �h�a�l�o�g�e�n� 

�c�l�e�a�v�a�g�e� �w�i�t�h� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �H�o�w�e�v�e�r�,� �s�u�b�s�t�r�a�t�e�s� �e�x�h�i�b�i�t�i�n�g� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �v�a�l�u�e�s� 

�o�f� �0�.�5� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �p�r�o�c�e�e�d� �t�h�r�o�u�g�h� �a� �d�i�s�c�r�e�t�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �p�r�i�o�r� �t�o� 
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�h�a�l�o�g�e�n� �c�l�e�a�v�a�g�e�.� �T�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �a� �v�e�r�y� �p�o�w�e�r�f�u�l� �t�o�o�l� �i�n� �t�h�e� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�s� �e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� 

�I�n� �s�u�m�m�a�r�y� �C�V� �i�s� �a� �v�e�r�y� �p�o�w�e�r�f�u�l� �m�e�t�h�o�d� �f�o�r� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�o�f� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �p�r�o�d�u�c�e�d� �v�i�a� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�s� 

�e�x�h�i�b�i�t�i�n�g� �i�r�r�e�v�e�r�s�i�b�l�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �d�u�e� �t�o� �f�o�l�l�o�w�-�u�p� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s� �i�s� �a�f�f�o�r�d�e�d� 

�t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �L�S�V�.� �U�t�i�l�i�z�i�n�g� �L�S�V�,� �t�h�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �o�f� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �c�a�n� �b�e� 

�d�e�t�e�r�m�i�n�e�d�.� �L�S�V� �p�e�r�m�i�t�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �o�f� �a�l�l� �s�p�e�c�i�e�s� �i�n�v�o�l�v�e�d� �i�n� 

�a� �f�i�r�s�t� �o�r� �s�e�c�o�n�d� �o�r�d�e�r� �r�e�a�c�t�i�o�n� �a�n�d� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a� �r�a�t�e� �l�a�w� �f�o�r� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �w�h�e�n� 

�t�h�a�t� �s�t�e�p� �i�s� �r�a�t�e� �l�i�m�i�t�i�n�g�.� �T�h�u�s�,� �L�S�V� �e�m�e�r�g�e�d� �a�s� �a� �v�e�r�y� �p�o�w�e�r�f�u�l� �m�e�t�h�o�d� �f�o�r� 

�c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �t�h�a�t� �w�e� �i�n�v�e�s�t�i�g�a�t�e�d�.� 
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�S�Y�N�T�H�E�S�E�S� �O�F� �5�,�7�-�D�i�-�t�-�B�U�T� �Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-�4�,�7�-�D�I�E�N�-�6�-�O�N�E�S� 

�T�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �1�9� �a�n�d� �2�0� �w�e�r�e� �a�c�c�o�m�p�l�i�s�h�e�d� �t�h�r�o�u�g�h� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �p�r�e�v�i�o�u�s�l�y� 

�p�u�b�l�i�s�h�e�d� �s�y�n�t�h�e�s�e�s�,� �S�c�h�e�m�e� �1�1�.�°�°�°�!�°�*�°�?� 

� � � � � � 

�O�H� �O�H� 

�R� �R� �A�I�C�l�3� �R� �R� �C�u�B�r�2� 

�0� �E�t�O�A�c�/�C�H�,�C�l�>� 

�a�a� 
�R� �=� �¢� �-� �b�u�t�y�l� �R�,� �O� 

�R�y� 
�R�,� �=�H�o�r�C�H�s�,� �2�3�R�,�=�H� 

�2�4� �R�,� �=� �C�H�,� 

�L�A�H� 
�T�H�F� 

�T�o�s�C�l� 
 � � � � � � � ��_�_�_�_�_�_�.�.� 

�P�y�r�i�d�i�n�e� � � � 
�S�c�h�e�m�e� �1�1� 
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�T�h�e� �i�n�i�t�i�a�l� �r�e�a�c�t�i�o�n� �o�f� �t�h�i�s� �s�y�n�t�h�e�s�i�s� �i�s� �a� �F�r�i�e�d�e�l�-�C�r�a�f�t�s� �a�c�y�l�a�t�i�o�n� �r�e�a�c�t�i�o�n�.� �T�h�e� 

�s�p�i�r�o�o�c�t�a�d�i�e�n�o�n�e� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �o�v�e�r�a�l�l� �r�e�a�c�t�i�o�n� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �i�d�e�n�t�i�t�y� �o�f� �t�h�e� �a�c�i�d� 

�c�h�l�o�r�i�d�e� �u�s�e�d� �i�n� �t�h�i�s� �s�t�e�p�.� �S�y�n�t�h�e�s�i�s� �o�f� �1�9� �i�s� �a�f�f�o�r�d�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �p�r�o�p�i�o�n�y�l� 

�c�h�l�o�r�i�d�e�,� �w�h�i�l�e� �2�0� �i�s� �o�b�t�a�i�n�e�d� �u�t�i�l�i�z�i�n�g� �i�s�o�-�b�u�t�a�n�o�y�l� �c�h�l�o�r�i�d�e�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �k�e�t�o�n�e� �i�s� 

�c�o�m�p�l�i�c�a�t�e�d� �b�y� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �a� �r�e�t�r�o� �F�r�i�e�d�e�l�-�C�r�a�f�t�s� �a�c�y�l�a�t�i�o�n� �r�e�a�c�t�i�o�n�.� �T�o� �i�n�s�u�r�e� 

�o�p�t�i�m�a�l� �y�i�e�l�d�s� �o�f� �k�e�t�o�n�e�s� �2�3� �a�n�d� �2�4� �r�e�a�c�t�i�o�n� �t�i�m�e�s� �w�e�r�e� �k�e�p�t� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�i�n�u�t�e� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �k�e�p�t� �b�e�l�o�w� �-�1�0�°� �C�.� 

�B�r�o�m�i�d�e�s� �2�5� �a�n�d� �2�6� �w�e�r�e� �o�b�t�a�i�n�e�d� �t�h�r�o�u�g�h� �a�n� �a�-�b�r�o�m�i�n�a�t�i�o�n� �r�e�a�c�t�i�o�n� �o�f� �t�h�e� 

�k�e�t�o�n�e� �u�t�i�l�i�z�i�n�g� �c�o�p�p�e�r�(�I�I�)�b�r�o�m�i�d�e� �(�C�u�B�r�2�)�.� �T�h�e� �p�r�o�p�o�s�e�d� �m�e�c�h�a�n�i�s�m� �o�f� �t�h�i�s� �r�e�a�c�t�i�o�n� �i�s� 

�s�h�o�w�n� �i�n� �S�c�h�e�m�e� �1�2�.� 
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�(�N�a� 
�O�:� �B�r ��C�u� 

�J�S� �\� �C�u�e� �B�r�o� �+� �C�u�B�r� 

� � � � 

�O�H� 

�R� �R� 

�O� 

�R�y� 

�R� �=� �t�-� �b�u�t�y�l� 
�R�,�=�H�o�r�C�H�,� 

�+� �H�B�r� 

� � 

�S�c�h�e�m�e� �1�2� 

�I�n� �t�h�i�s� �r�e�a�c�t�i�o�n� �e�t�h�y�l� �a�c�e�t�a�t�e� �c�o�o�r�d�i�n�a�t�e�s� �t�o� �c�o�p�p�e�r�(�I�I�)�b�r�o�m�i�d�e� �r�e�s�u�l�t�i�n�g� �i�n� �e�x�p�u�l�s�i�o�n� �o�f� 

�b�r�o�m�i�d�e�.� �B�r�o�m�i�d�e� �c�a�n� �t�h�e�n� �i�n�t�e�r�a�c�t� �w�i�t�h� �a�n�o�t�h�e�r� �m�o�l�e�c�u�l�e� �o�f� �c�o�p�p�e�r�(�I�]�)�b�r�o�m�i�d�e� �r�e�s�u�l�t�i�n�g� 

�i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �b�r�o�m�i�n�e� �a�n�d� �c�o�p�p�e�r�(�I�)�b�r�o�m�i�d�e�.� �T�h�e� �e�n�o�l� �t�a�u�t�o�m�e�r� �t�h�e�n� �r�e�a�c�t�s� �w�i�t�h� 
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�b�r�o�m�i�n�e� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �p�r�o�t�o�n�a�t�e�d� �a�-�b�r�o�m�i�n�a�t�e�d� �k�e�t�o�n�e� �(�3�1�)�.� �R�e�a�c�t�i�o�n� �o�f� �3�1� �w�i�t�h� 

�b�r�o�m�i�d�e� �r�e�s�u�l�t�s� �i�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �a�-�b�r�o�m�i�n�a�t�e�d� �k�e�t�o�n�e�s�,� �2�5� �o�r� �2�6�.� 

�C�o�n�f�l�i�c�t�i�n�g� �r�e�p�o�r�t�s� �t�o� �t�h�e� �i�d�e�n�t�i�t�y� �o�f� �t�h�e� �a�l�c�o�h�o�l�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �L�A�H� �r�e�d�u�c�t�i�o�n� 

�o�f� �2�5� �o�r� �2�6� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�. �� �T�h�e� �a�l�c�o�h�o�l�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� 

�s�y�n�t�h�e�s�i�s� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� �t�h�e� �2�°� �a�n�d� �3�°� �a�l�c�o�h�o�l�s� �f�r�o�m� �t�h�e� �p�r�o�p�o�s�e�d� �m�e�c�h�a�n�i�s�m� �s�h�o�w�n� �i�n� 

�S�c�h�e�m�e� �1�3�.�°�!� 
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� � 

�R�,�=�H�o�r�C�H�3� 

�S�c�h�e�m�e� �1�3� 
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�T�h�e� �i�n�i�t�i�a�l� �s�t�e�p� �i�n� �t�h�i�s� �m�e�c�h�a�n�i�s�m� �i�s� �h�y�d�r�i�d�e� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �c�a�r�b�o�n�y�l� �c�a�r�b�o�n� �r�e�s�u�l�t�i�n�g� �i�n� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�l�k�o�x�i�d�e� �3�2�.� �I�n�t�r�a�m�o�l�e�c�u�l�a�r� �a�t�t�a�c�k� �b�y� �t�h�e� �a�l�k�o�x�i�d�e� �o�x�y�g�e�n� �r�e�s�u�l�t�s� �i�n� 

�f�o�r�m�a�t�i�o�n� �o�f� �e�p�o�x�i�d�e� �3�3� �a�n�d� �t�h�e� �e�x�p�u�l�s�i�o�n� �o�f� �B�r�.� �H�y�d�r�i�d�e� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� 

�c�a�r�b�o�n� �o�f� �t�h�e� �e�p�o�x�i�d�e� �r�e�s�u�l�t�s� �i�n� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �2�°� �a�n�d� �3�°� �a�l�c�o�h�o�l�s� �a�f�t�e�r� �a�c�i�d�i�f�i�c�a�t�i�o�n�.� 

�H�o�w�e�v�e�r�,� �a� �l�a�t�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �d�i�s�c�o�u�n�t�s� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �p�r�o�d�u�c�t�s�. �� 

�T�h�e� �L�A�H� �r�e�d�u�c�t�i�o�n� �o�f� �2�5� �o�r� �2�6� �w�a�s� �i�n�s�t�e�a�d� �s�h�o�w�n� �t�o� �r�e�s�u�l�t� �i�n� �1�°� �a�l�c�o�h�o�l�s� �2�7� �a�n�d� 

�2�8�.� �T�h�e� �p�r�o�p�o�s�e�d� �m�e�c�h�a�n�i�s�m� �f�o�r� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �1�°� �a�l�c�o�h�o�l�s� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �1�4�.� 
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�T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �t�h�i�s� �m�e�c�h�a�n�i�s�m� �i�s� �t�h�e� �r�e�m�o�v�a�l� �o�f� �t�h�e� �p�h�e�n�o�l�i�c� �p�r�o�t�o�n� �f�o�l�l�o�w�e�d� �b�y� 

�s�u�b�s�e�q�u�e�n�t� �r�i�n�g� �c�l�o�s�u�r�e� �t�o� �g�i�v�e� �s�p�i�r�o�c�y�c�l�o�p�r�o�p�a�n�o�n�e�,� �3�4�.� �F�u�r�t�h�e�r� �r�e�d�u�c�t�i�o�n� �o�f� �3�4� �r�e�s�u�l�t�s� 

�i�n� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �a�l�d�e�h�y�d�e� �w�h�i�c�h� �i�s� �t�h�e�n� �i�m�m�e�d�i�a�t�e�l�y� 

�r�e�d�u�c�e�d� �t�o� �t�h�e� �a�l�k�o�x�i�d�e�.� �A�c�i�d�i�c� �w�o�r�k�u�p� �a�f�f�o�r�d�s� �t�h�e� �p�r�i�m�a�r�y� �a�l�c�o�h�o�l�s�.� 

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �a�l�c�o�h�o�l�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�,� �v�i�a� �'�H� �N�M�R�,� �r�e�v�e�a�l�e�d� 

�t�h�e�m� �t�o� �b�e� �t�h�e� �1�°� �a�l�c�o�h�o�l�s�,� �2�7� �a�n�d� �2�8�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �a�l�c�o�h�o�l�s� �e�l�i�m�i�n�a�t�e�d� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �i�n� �S�c�h�e�m�e� �1�3� �a�s� �t�h�e� �m�e�c�h�a�n�i�s�m� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �p�r�o�d�u�c�t�s�,� 

�s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�s�m� �i�n� �S�c�h�e�m�e� �1�4� �w�a�s� �i�n�s�t�e�a�d� �t�h�e� �p�a�t�h�w�a�y� �l�e�a�d�i�n�g� �t�o� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �2�7� �a�n�d� �2�8�.� 

�T�h�e� �p�r�i�m�a�r�y� �a�l�c�o�h�o�l�s� �2�7� �a�n�d� �2�8� �w�e�r�e� �t�h�e�n� �c�o�n�v�e�r�t�e�d� �t�o� �t�o�s�y�l�a�t�e�s� �2�9� �a�n�d� �3�0�.� 

�R�e�a�c�t�i�o�n� �o�f� �t�h�e� �t�o�s�y�l�a�t�e�s� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �f�e�r�t�-�b�u�t�o�x�i�d�e� �r�e�s�u�l�t�s� �i�n� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �c�l�o�s�u�r�e� 

�t�o� �g�i�v�e� �1�9� �a�n�d� �2�0�,� �S�c�h�e�m�e� �1�5�.� 
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�7�:� 
�(�o�r�s� 

�R� �=� �¢� �-�B�u�t�y�l� 
�R�,� �=�H�o�r� �C�H�;� 

�S�c�h�e�m�e� �1�5� 
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�S�p�i�r�o�o�c�t�a�d�i�e�n�o�n�e� �2�0� �h�a�s� �p�r�o�v�e�n� �i�t�s�e�l�f� �t�o� �b�e� �a� �v�e�r�y� �r�e�a�c�t�i�v�e� �s�u�b�s�t�r�a�t�e�.� �I�s�o�l�a�t�i�o�n� �o�f� �t�h�i�s� 

�s�u�b�s�t�r�a�t�e� �i�s� �c�o�n�t�i�n�g�e�n�t� �u�p�o�n� �k�e�e�p�i�n�g� �c�o�n�t�a�c�t� �w�i�t�h� �w�a�t�e�r� �t�o� �a� �m�i�n�i�m�u�m�.� �O�p�t�i�m�u�m� �y�i�e�l�d�s� 

�a�r�e� �o�b�t�a�i�n�e�d� �w�h�e�n� �1�%� �N�a�O�H� �i�s� �u�s�e�d� �i�n� �t�h�e� �p�l�a�c�e� �o�f� �w�a�t�e�r� �i�n� �t�h�e� �w�o�r�k�u�p�.� �A�t�m�o�s�p�h�e�r�i�c� 

�w�a�t�e�r� �i�s� �c�a�p�a�b�l�e� �o�f� �d�e�g�r�a�d�i�n�g� �t�h�i�s� �m�a�t�e�r�i�a�l�;� �t�h�e�r�e�f�o�r�e� �s�t�o�r�a�g�e� �w�i�t�h� �a� �d�e�s�i�c�c�a�n�t� �i�s� �n�e�c�e�s�s�a�r�y�.� 

�I�s�o�l�a�t�i�o�n� �v�i�a� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �m�e�t�h�o�d�s� �i�s� �n�o�t� �p�o�s�s�i�b�l�e� �d�u�e� �t�o� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�o�n� �t�h�e� �c�o�l�u�m�n�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �1�9� �h�a�s� �s�h�o�w�n� �n�o�n�e� �o�f� �t�h�e�s�e� �p�r�o�b�l�e�m�s� �a�n�d� �c�a�n� �b�e� �p�u�r�i�f�i�e�d� 

�u�s�i�n�g� �a�c�e�t�o�n�i�t�r�i�l�e�/�w�a�t�e�r� �m�i�x�t�u�r�e�s� �v�i�a� �h�i�g�h� �p�r�e�s�s�u�r�e� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �O�n�c�e� �s�u�f�f�i�c�i�e�n�t� 

�m�a�t�e�r�i�a�l�s� �h�a�d� �b�e�e�n� �i�s�o�l�a�t�e�d� �a�n�d� �p�u�r�i�f�i�e�d�,� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e�i�r� �a�b�i�l�i�t�y� �t�o� �s�e�r�v�e� �a�s� 

�s�u�b�s�t�r�a�t�e�s� �c�a�p�a�b�l�e� �o�f� �i�d�e�n�t�i�f�y�i�n�g� �S�E�T� �w�a�s� �i�n�i�t�i�a�t�e�d�.� 
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�T�H�E� �E�L�E�C�T�R�O�C�H�E�M�I�C�A�L� �R�E�D�U�C�T�I�O�N� �O�F� �1�,�1�-�D�I�-�M�E�T�H�Y�L�-�5�,�7�-�D�i�-�!�-� 

�B�U�T�Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-�4�,�7�-�D�I�E�N�-�6�-�O�N�E� �(�2�0�)�.� 

�O�u�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n�t�o� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �2�0� �a�s� �a� �S�E�T� �p�r�o�b�e� �w�e�r�e� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�p�r�e�m�i�s�e�s� �t�h�a�t� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �w�o�u�l�d� �b�e� �f�a�s�t� �a�n�d� �i�r�r�e�v�e�r�s�i�b�l�e� �a�s� �a� �r�e�s�u�l�t� �o�f� 

�e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �a�n�d� �r�e�l�i�e�f� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n� �u�p�o�n� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �a�n� 

�e�l�e�c�t�r�o�n�,� �S�c�h�e�m�e� �1�6�.� 
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�e� �F�a�s�t� �R� �R� 

�- � ��!�_�%�* �� 
�I�r�r�e�v�e�r�s�i�b�l�e� 

�3�5� �3�6� 

�S�c�h�e�m�e� �1�6� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �o�b�s�e�r�v�e�d� �r�i�n�g� �o�p�e�n�i�n�g� �f�o�r� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �o�f� �1�-�b�e�n�z�o�y�l�-�2�,�2�-� 

�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e�,� �9�,� �i�n� �w�h�i�c�h� �o�n�l�y� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�7�,� �i�s� �o�b�s�e�r�v�e�d� �u�p�o�n� 

�c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g�,�* �� �S�c�h�e�m�e� �1�7�,� �a�n�d� �t�h�e� �7� �k�c�a�l�/�m�o�l� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�n�e�r�g�y� �o�b�s�e�r�v�e�d� 

�b�e�t�w�e�e�n� �e�t�h�y�l� �a�n�d� �¢�-�b�u�t�y�l� �r�a�d�i�c�a�l�,�*�*� �w�e� �w�e�r�e� �c�o�n�f�i�d�e�n�t� �t�h�a�t� �i�n� �a�l�l� �p�r�o�b�a�b�i�l�i�t�y� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� 
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�r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�6�,� �w�o�u�l�d� �b�e� �t�h�e� �m�a�j�o�r� �i�f� �n�o�t� �t�h�e� �o�n�l�y� �r�a�d�i�c�a�l� �a�n�i�o�n� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� 

�r�e�d�u�c�t�i�o�n�.� 

� � 

�0 �� �o�O� 
�w�t� �A�H�°� �=� �-�2�.�5� �k�c�a�l�/�m�o�l� �S� 

�9� �3�7� 

�S�c�h�e�m�e� �1�7� 

�F�u�r�t�h�e�r� �s�u�p�p�o�r�t� �t�o� �t�h�i�s� �h�y�p�o�t�h�e�s�i�s� �w�a�s� �f�o�u�n�d� �i�n� �t�h�e� �f�o�r�m� �o�f� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� �c�a�l�c�u�l�a�t�i�o�n�s�.� 

�T�h�e� �c�a�l�c�u�l�a�t�e�d� �A�H �� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �3�6� �a�n�d� �3�8�,� �A�M�1� �S�C�F�-�M�O� �c�a�l�c�u�l�a�t�i�o�n�s� 

�(�D�O�U�B�L�E�T�)�,� �f�r�o�m� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �3�5� �i�s� �e�x�o�t�h�e�r�m�i�c� �b�y� �o�v�e�r� �1�6� �k�c�a�l�/�m�o�l�,� 

�T�a�b�l�e� �4�.�>�°� 
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�T�a�b�l�e� �4�:� �S�t�a�n�d�a�r�d� �h�e�a�t�s� �o�f� �f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �1�°� �a�n�d� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s�.� 
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�R� �=� �t�¢� �-�b�u�t�y�l� 

�3�8� �3�5� �3�6� 
�[�e�]� 

�A�H�r� �2�4� �-�7�.�9� �-� �3�9�.�3� 
�k�c�a�l�/�m�o�l� �4� �4� 

�A�H�;� �J� �g�y� �|� �-� �3�1�.�4� 
�k�c�a�l�/�m�o�l� 

�A�H�s� 
�k�c�a�l�/�m�o�l� �-� �1�5�.�3� 

�3�6� �-� �3�8� 

� � 

� � � � � � � � 

�T�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�6�,� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �h�a�v�e� �a� �s�t�a�n�d�a�r�d� �h�e�a�t� �o�f� 

�f�o�r�m�a�t�i�o�n�,� �A�H�®�,� �1�5�.�4� �k�c�a�l�/�m�o�l� �m�o�r�e� �n�e�g�a�t�i�v�e� �t�h�a�n� �t�h�e� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�8�.� �T�h�e� 

�e�x�o�t�h�e�r�m�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �3�5� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �i�s� 

�v�e�r�y� �f�a�c�i�l�e� �a�n�d� �t�h�a�t� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �r�e�s�o�n�a�n�c�e� �i�s� �a� �c�o�n�t�r�i�b�u�t�i�n�g� �f�a�c�t�o�r� �t�o� �t�h�e� �e�a�s�e� �w�i�t�h� 

�w�h�i�c�h� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �r�i�n�g� �o�p�e�n�e�d� �r�a�d�i�c�a�l� 

�a�n�i�o�n� �d�e�r�i�v�e�d� �f�r�o�m� �1�-�b�e�n�z�o�y�l�-�2�,�2�-�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e�,� �9�,� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �o�n�l�y� �s�l�i�g�h�t�l�y� 

�e�x�o�t�h�e�r�m�i�c� �a�t� �-�2�.�5� �k�c�a�l�/�m�o�l� �(�A�M�1� �S�C�F�-�M�O� �c�a�l�c�u�l�a�t�i�o�n�s�,� �U�H�F�,� �i�m�p�l�e�m�e�n�t�e�d� �t�h�r�o�u�g�h� 

�M�O�P�A�C� �6�)�. � �� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �s�t�u�d�i�e�s� �w�e�r�e�,� �t�h�e�r�e�f�o�r�e�,� �i�n�i�t�i�a�t�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �o�n�e� 

�e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �2�0� �a�n�d� �c�o�n�f�i�r�m� �t�h�e�s�e� �h�y�p�o�t�h�e�s�e�s�.� 
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�I�n�i�t�i�a�l� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n�t�o� �t�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �2�0� �w�e�r�e� �a�t�t�e�m�p�t�e�d� �i�n� 

�a�n�h�y�d�r�o�u�s� �N�,�N�-�d�i�m�e�t�h�y�i�f�o�r�m�a�m�i�d�e� �(�D�M�F�)� �e�m�p�l�o�y�i�n�g� �0�.�5� �M� �n�-�B�u�,�N�B�F�,� �a�s� �s�u�p�p�o�r�t�i�n�g� 

�e�l�e�c�t�r�o�l�y�t�e�.� �A� �g�o�l�d� �e�l�e�c�t�r�o�d�e� �w�a�s� �u�t�i�l�i�z�e�d� �a�s� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� 

�i�n� �t�h�e�s�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �w�e�r�e� �e�x�t�r�e�m�e�l�y� �e�r�r�a�t�i�c�.� �P�e�a�k� �p�o�t�e�n�t�i�a�l�s� �v�a�r�i�e�d� �b�y� �a�s� �m�u�c�h� �a�s� �3�0�0� 

�m�V�.� �P�e�a�k� �w�i�d�t�h�s� �(�E�,�-�E�,�)� �v�a�r�i�e�d� �f�r�o�m� �5�9� �m�V� �t�o� �1�2�5� �m�V�.� �A�d�s�o�r�p�t�i�o�n� �o�f� �m�a�t�e�r�i�a�l� �o�n� �t�h�e� 

�w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �s�u�r�f�a�c�e� �c�o�n�t�i�n�u�a�l�l�y� �f�o�u�l�e�d� �t�h�e� �e�l�e�c�t�r�o�d�e�,� �m�a�k�i�n�g� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �o�f� 

�m�e�a�n�i�n�g�f�u�l� �d�a�t�a� �i�m�p�o�s�s�i�b�l�e�.� �C�h�a�n�g�i�n�g� �t�h�e� �s�o�l�v�e�n�t� �t�o� �a�n�h�y�d�r�o�u�s� �d�i�m�e�t�h�y�l�!� �s�u�l�f�o�x�i�d�e� 

�p�r�o�v�i�d�e�d� �n�o� �b�e�t�t�e�r� �r�e�s�u�l�t�s�.� 

�S�w�i�t�c�h�i�n�g� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �t�o� �a� �g�l�a�s�s�y� �c�a�r�b�o�n� �e�l�e�c�t�r�o�d�e� �(�G�C�E�)� �r�e�s�u�l�t�e�d� �i�n� 

�r�e�p�r�o�d�u�c�i�b�l�e� �v�o�l�t�a�m�m�o�g�r�a�m�s�;� �h�o�w�e�v�e�r�,� �p�e�a�k� �w�i�d�t�h�s� �w�e�r�e� �b�r�o�a�d� �a�n�d� �r�e�m�a�i�n�e�d� �s�o� 

�r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �s�o�l�v�e�n�t� �u�t�i�l�i�z�e�d�.� �R�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� �a�c�h�i�e�v�e�d� �i�n� �a�n�h�y�d�r�o�u�s� �D�M�F� 

�t�h�r�o�u�g�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �p�r�o�c�e�d�u�r�e�.� �T�h�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �p�o�l�i�s�h�e�d� �b�e�t�w�e�e�n� �a�c�q�u�i�s�i�t�i�o�n�s� �t�o� 

�r�e�m�o�v�e� �a�n�y� �a�d�s�o�r�b�e�d� �m�a�t�e�r�i�a�l� �f�r�o�m� �t�h�e� �g�o�l�d� �s�u�r�f�a�c�e�.� �T�h�e� �a�u�x�i�l�i�a�r�y� �e�l�e�c�t�r�o�d�e� �w�a�s� �i�s�o�l�a�t�e�d� 

�t�o� �p�r�e�c�l�u�d�e� �i�n�t�e�r�f�e�r�e�n�c�e� �f�r�o�m� �m�a�t�e�r�i�a�l� �o�x�i�d�i�z�e�d� �a�t� �i�t ��s� �s�u�r�f�a�c�e�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �s�t�i�r�r�e�d� 

�a�n�d� �p�u�r�g�e�d� �w�i�t�h� �a�r�g�o�n� �b�e�t�w�e�e�n� �a�c�q�u�i�s�i�t�i�o�n�s�.� 

�T�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �2�0� �a�t� �1� �V�/�s� �w�a�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a� �b�r�o�a�d� �i�r�r�e�v�e�r�s�i�b�l�e� 

�r�e�d�u�c�t�i�o�n� �w�a�v�e� �a�t� �-�2�.�3�5� �V� �v�s�.� �0�.�1� �M� �A�g�/�A�g ��.� �A� �r�e�v�e�r�s�i�b�l�e� �o�x�i�d�a�t�i�o�n� �w�a�v�e� �i�s� �o�b�s�e�r�v�e�d� �a�t� �-� 

�0�.�7� �V� �a�t�t�r�i�b�u�t�e�d� �t�o� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �p�h�e�n�o�l�a�t�e� �a�n�i�o�n� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n�,� �F�i�g�u�r�e� �1�8�.� 
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�0� �S�0�0� �1�0�0�0� �1�5�0�0� �2�0�0�0� �2�5�0�0� �3�0�0�0� 

�E� �(�m�V� �x� �-�1�)� �v�s�.� �A�g�/�A�g�+� 

�F�i�g�u�r�e� �1�8�:� �C�y�c�l�i�c� �v�o�l�t�a�m�m�o�g�r�a�m� �o�f� �2�0� �a�t� �1� �V�/�s� �u�t�i�l�i�z�i�n�g� �a� �g�o�l�d� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �i�n� 
�a� �0�.�1� �M� �s�o�l�u�t�i�o�n� �o�f� �n�-�B�u�,�N�C�I�O�,� �i�n� �a�n�h�y�d�r�o�u�s� �N�,�N�-�d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e�.� 

�T�h�e� �i�r�r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�e�d�u�c�t�i�o�n� �w�a�v�e� �e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �w�a�s� �c�o�n�s�i�s�t�e�n�t� 

�w�i�t�h� �w�h�a�t� �w�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �i�n� �a�n� �E�C� �m�e�c�h�a�n�i�s�m�.� �N�o� �o�x�i�d�a�t�i�o�n� �w�a�v�e� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �a�t� �s�w�e�e�p� �r�a�t�e�s� �t�o� �8�0�0�0� �m�V�/�S�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �f�o�l�l�o�w�-�u�p� �c�h�e�m�i�c�a�l� 

�s�t�e�p� �p�r�o�c�e�e�d�e�d� �a�t� �r�a�t�e�s� �i�n� �e�x�c�e�s�s� �8� �x� �1�0�°� �s ��.� 

�T�h�e� �r�e�d�u�c�t�i�o�n� �p�e�a�k� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�f� �2�0� �w�a�s� �e�x�t�r�e�m�e�l�y� �b�r�o�a�d�.� 

�P�e�a�k� �a�n�a�l�y�s�i�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �E�,�-�E�,�2�=� �1�0�5� �+�8� �m�V�.� �M�o�r�e�o�v�e�r�,� �t�h�e� �p�e�a�k� �w�i�d�t�h� �o�f� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �p�e�a�k� �e�x�h�i�b�i�t�e�d� �n�o� �d�e�p�e�n�d�e�n�c�e� �o�n� �s�w�e�e�p� �r�a�t�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�e�a�k� �w�a�s� 

�n�o�t�e�d� �t�o� �s�h�i�f�t� �t�o� �m�o�r�e� �n�e�g�a�t�i�v�e� �p�o�t�e�n�t�i�a�l�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�w�e�e�p� �r�a�t�e�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� 
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�d�e�p�e�n�d�e�n�c�y� �o�f� �t�h�e� �s�h�i�f�t� �o�f� �E�,� �a�n� �t�h�e� �s�w�e�e�p� �r�a�t�e� �r�e�v�e�a�l�e�d� �t�h�a�t� �5�E�,�/�S�l�o�g�v� �=� �-�5�6� �+� �5� �m�V�,� 

�F�i�g�u�r�e� �1�9�.� 
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�1� �1�.�5� �2� �2�.�5� �3� �3�.�5� �4� 

�L�o�g� �(�v�)� 

�F�i�g�u�r�e� �1�9�:� �P�l�o�t� �o�f� �E�,� �v�s�.� �l�o�g� �s�w�e�e�p� �r�a�t�e� �f�o�r� �t�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �2�0�.� 

�T�h�e� �b�r�o�a�d�n�e�s�s� �o�f� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�e�a�k� �c�o�u�p�l�e�d� �w�i�t�h� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �s�h�i�f�t� 

�e�x�h�i�b�i�t�e�d� �b�y� �E�p� �w�a�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �w�h�a�t� �i�s� �e�x�p�e�c�t�e�d� �f�o�r� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �e�x�h�i�b�i�t�i�n�g� �r�a�t�e� 

�l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �H�o�w�e�v�e�r�,� �c�o�n�f�i�r�m�a�t�i�o�n� �o�f� �t�h�i�s� �h�y�p�o�t�h�e�s�i�s� �c�o�u�l�d� 

�o�n�l�y� �o�c�c�u�r�,� �o�n�c�e� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�,� �a�,� �h�a�d� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �«� �e�n�a�b�l�e�d� �u�s� �t�o� �a�s�c�e�r�t�a�i�n� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �p�e�a�k� �b�r�o�a�d�n�e�s�s� �a�n�d� �p�e�a�k� �s�h�i�f�t� 

�t�h�a�t� �s�h�o�u�l�d� �b�e� �p�r�e�s�e�n�t� �i�n� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�f� �2�0� �i�n� �w�h�i�c�h� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� 

�6�1



�e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �o�c�c�u�r�r�i�n�g�.� �M�o�r�e�o�v�e�r�,� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� 

�e�x�h�i�b�i�t�e�d� �b�y� �2�0� �t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �d�i�s�s�o�c�i�a�t�i�v�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �o�f� �a�r�y�l�m�e�t�h�y�l� �h�a�l�i�d�e�s� 

�c�o�u�l�d� �a�l�l�o�w� �u�s� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �c�o�n�c�e�r�t�e�d� �w�i�t�h� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �3�6� �a�n�d� �3�9� �o�r� �p�r�o�c�e�e�d�e�d� �t�h�r�o�u�g�h� �a� �d�i�s�c�r�e�t�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �s�u�c�h� �a�s� 

�3�5�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �u�s�i�n�g� �E�q�n�s�.� �1�5� �a�n�d� �1�6� �p�r�o�d�u�c�e�d� �w�i�t�h�i�n� 

�e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r� �t�h�e� �s�a�m�e� �v�a�l�u�e�s� �f�o�r� �a�,� �0�.�5�2� �+� �0�.�0�4� �a�n�d� �0�.�4�5� �+� �0�.�0�4� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� 

�v�a�l�u�e� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�0�.�4�9�,� �m�e�d�i�a�n� �v�a�l�u�e�)� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �r�e�s�i�d�e�d� �a�l�m�o�s�t� �e�x�a�c�t�l�y� �b�e�t�w�e�e�n� �p�r�o�d�u�c�t�s� 

�a�n�d� �r�e�a�c�t�a�n�t�s�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �o�b�s�e�r�v�e�d� �f�o�r� �2�0� �t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �i�n� 

�t�h�e� �d�i�s�s�o�c�i�a�t�i�v�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �t�o� �a�r�y�l�m�e�t�h�y�l� �h�a�l�i�d�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� 

�w�a�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� �d�i�s�c�r�e�t�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �(�3�5� �i�n� �S�c�h�e�m�e� �1�6�)�. ��°� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �p�e�a�k� �w�i�d�t�h�s� �a�n�d� �s�h�i�f�t� �i�n� �E�,� �t�h�a�t� �s�h�o�u�l�d� �b�e� 

�o�b�s�e�r�v�e�d� �w�i�t�h� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �p�o�s�s�i�b�l�e� �t�h�r�o�u�g�h� 

�E�q�u�a�t�i�o�n�s� �1�7� �a�n�d� �1�8�.�° �� 

�E�q�n�.� �1�7� 

�4�7�.�7� �4�7�.�7� 

�i� �a� �r�r� �r�r� �r�e� �9�7�.�3� �m�V� 

�(�0�.�4�9�{� �1�.�0�)� 
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�E�q�n�.� �1�8� 

�S�E�,� �-� �3�0� 
�=�  � � � �� �=� �-�6�]� �m�v�/�d�e�c�a�d�e� 

�S�L�o�g�v� �(�0�.�4� �1�.�0�)� 
� � 

�T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �5�.� 

�T�a�b�l�e� �5�:� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �f�o�r� �p�e�a�k� �w�i�d�t�h�s� 
�a�n�d� �f�o�r� �v�a�r�i�a�n�c�e� �o�f� �E�,� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�w�e�e�p� �r�a�t�e�.� 

�E�,�n� �-� �E�,� �(�m�V�)� �5�E�,�/�d�l�o�g�v� �(�m�V�/�d�e�c�a�d�e�)� 

�E�x�p�e�r�i�m�e�n�t�a�l� �1�0�5� �+�8� �5�6� �+�5� 
�T�h�e�o�r�e�t�i�c�a�l� �9�7�.�3� �6�1�.�2� 

�T�h�e� �s�i�m�i�l�a�r�i�t�y� �o�f� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �i�n�f�e�r�r�e�d� �t�h�a�t� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �t�h�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �i�n� �t�h�e� �E�C� �m�e�c�h�a�n�i�s�m�.� �A�s� �a� 

�r�e�s�u�l�t�,� �d�i�r�e�c�t� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �E�°� �a�n�d� �k�,� �w�e�r�e� �p�r�e�v�e�n�t�e�d�.� �H�o�w�e�v�e�r�,� �i�n�d�i�r�e�c�t� �m�e�t�h�o�d�s� 

�e�x�i�s�t�e�d� �t�h�a�t� �a�l�l�o�w�e�d� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �v�a�l�u�e�s� �f�r�o�m� �t�h�e� �a�v�a�i�l�a�b�l�e� �d�a�t�a�. �� 

�I�n� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �t�h�e� �c�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� 

�k�,�,� �a�n�d� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p�,� �k�.�,� �f�o�r� �k�i�n�e�t�i�c� �c�o�n�t�r�o�l� �d�e�p�e�n�d�s� �o�n� �t�h�e� �p�a�r�a�m�e�t�e�r�,� �p�.� �I�n� �s�y�s�t�e�m�s� 

�e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� �k�,�,� �p� �<� �0�.�1�,� �E�q�u�a�t�i�o�n� �1�9�.� 
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�E�q�n�.� �1�9� 

�o�a�n�F�v� 

�R�T� 
� � 

�3� �o�n� �«�|� �p�y�l�e� 

�2� 

� � � � 

�F�o�r� �a� �g�i�v�e�n� �v�a�l�u�e� �o�f� �k�,�,� �k�i�n�e�t�i�c� �c�o�n�t�r�o�l� �o�f� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �c�a�n� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �f�r�o�m� �t�h�e� 

�c�h�e�m�i�c�a�l� �s�t�e�p� �t�o� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �s�t�e�p� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �s�w�e�e�p� �r�a�t�e� �o�r� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

�r�a�t�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p�.� �T�h�e�r�e�f�o�r�e�,� �a�s�s�u�m�i�n�g� �a� �t�y�p�i�c�a�l� �v�a�l�u�e� �f�o�r� �t�h�e� �r�a�t�e� �o�f� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �w�i�l�l� �a�l�l�o�w� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a� �l�o�w�e�r� �l�i�m�i�t� �f�o�r� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p�.� �R�e�a�r�r�a�n�g�i�n�g� �E�q�n�.� 

�1�9� �a�f�f�o�r�d�s� �a� �m�e�t�h�o�d� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �r�a�t�e� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p�,� �k�.�,� �E�q�u�a�t�i�o�n� 

�2�0�.� 

�E�q�n�.� �2�0� 

� � 

�e�l� �k�,�!�*� �p�e� 

�k�=� �R�T� 
� � 

�p� 

�U�s�i�n�g� �t�h�e� �u�p�p�e�r� �l�i�m�i�t� �o�f� �p� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �r�a�t�e� �l�i�m�i�t�i�n�g� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �p� �=� �0�.�1�,� �t�y�p�i�c�a�l� 

�v�a�l�u�e�s� �f�o�r� �D� �a�n�d� �k�,� �(�1� �x� �1�0�°� �c�m ��/�s� �a�n�d� �1�.�0� �c�m�/�s� �r�e�s�p�e�c�t�i�v�e�l�y�)�,�*� �a�n�d� �t�h�e� �p�r�e�v�i�o�u�s�l�y� 

�d�e�t�e�r�m�i�n�e�d� �v�a�l�u�e� �f�o�r� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t� �(�0�.�4�9�)�,� �w�e� �e�s�t�i�m�a�t�e�d� �t�h�a�t� �k�,� �>� �1�0 �� �s ��.� �T�h�i�s� 

�r�a�t�e� �c�o�n�s�t�a�n�t� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� �1�,�1�-� 

�6�4



�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�!� �r�a�d�i�c�a�l� �w�h�i�c�h� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�s� �t�o� �t�h�e� �3�°� �a�n�d� �1�°� 

�h�o�m�o�a�l�l�y�l�i�c� �r�a�d�i�c�a�l�s� �i�n� �a� �7�:�1� �r�a�t�i�o� �r�e�s�p�e�c�t�i�v�e�l�y�(� �k�,� �=� �1�0�°� �s �� �a�t� �6�0�°� �C�)�,� �S�c�h�e�m�e� �1�8�. �� 

�\�S� �1�°� �H�o�m�o�a�l�l�y�l� �r�a�d�i�c�a�l� 

�3�°� �H�o�m�o�a�l�l�y�l� �r�a�d�i�c�a�l� 

�S�c�h�e�m�e� �1�8� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�a�t�e� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �3�5� �t�o� �t�h�e� �r�a�t�e� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� 

�o�p�e�n�i�n�g� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �d�e�r�i�v�e�d� �f�r�o�m� �c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �k�e�t�o�n�e�,� �k� �<� �2�s�"�,� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� 

�o�f� �3�5� �p�l�a�y�s� �a� �m�a�j�o�r� �r�o�l�e� �i�n� �t�h�e� �o�b�s�e�r�v�e�d� �r�a�t�e�.� 

�F�o�r� �p�r�o�c�e�s�s�e�s� �e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� �E�°� �i�s� �r�e�l�a�t�e�d� 

�t�o� �E�,� �b�y� �E�q�u�a�t�i�o�n� �2�1�. � �� 
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�E�q�n�.� �2�1� 

�-�1�/�2� 

�o�a�n�F�D�v� 

�R�T� 

�R�T� 
� � �E�,� �=� �E�°�-� �0�.�7�8� �-� �I�n�k�,� 

� � � � 

�A�t� �1�0�0� �m�V�/�S�,� �E�,� �o�f� �2�0� �i�s� �-�2�.�3�5� �V� �v�s�.� �0�.�1� �M� �A�g� �/�A�g�.� �A�g�a�i�n� �a�s�s�u�m�i�n�g� �t�y�p�i�c�a�l� �v�a�l�u�e�s� �f�o�r� �D� 

�a�n�d� �k�,� �(�1� �x� �1�0�°� �c�m ��/�s� �a�n�d� �1�.�0� �c�m�/�s� �r�e�s�p�e�c�t�i�v�e�l�y�)� �a�n�d� �0�.�4�9� �f�o�r� �t�h�e� �t�r�a�n�s�f�e�r� �c�o�e�f�f�i�c�i�e�n�t�,� �E�°� 

�w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �i�n� �t�h�e� �o�r�d�e�r� �o�f� �-�2�.�5� �V� �v�s�.� �0�.�1� �M� �A�g�/�A�g�.� 

�U�p�o�n� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �v�o�l�t�a�m�m�e�t�r�y� �i�n�v�e�s�t�i�g�a�t�i�o�n�,� �w�e� �w�e�r�e� �i�n� �a� �p�o�s�i�t�i�o�n� �t�o� 

�u�n�d�e�r�t�a�k�e� �a� �m�o�d�e�l�i�n�g� �s�t�u�d�y� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �r�e�s�p�o�n�s�e� �a� �v�o�l�t�a�m�m�o�g�r�a�m� �w�o�u�l�d� 

�d�i�s�p�l�a�y� �u�t�i�l�i�z�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �w�e� �o�b�t�a�i�n�e�d�. �� �T�h�e�o�r�e�t�i�c�a�l� �v�o�l�t�a�m�m�o�g�r�a�m�s� �w�e�r�e� 

�p�r�o�d�u�c�e�d� �u�t�i�l�i�z�i�n�g� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �d�e�t�e�r�m�i�n�e�d� �v�a�l�u�e�s� �f�o�r� �E�°�,� �k�,�,� �a�n�d� �a�.� �T�h�e� �r�e�v�e�r�s�e� �r�a�t�e� 

�c�o�n�s�t�a�n�t� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�t�e�p� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�0� �s�"�'� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �h�e�t�e�r�o�g�e�n�e�o�u�s� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�1� �c�m�s ��,� �k�s� �=� �0�.�1� �c�m�s ��.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� 

�t�h�e�o�r�e�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�0�.� 
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�0�8� �T� 

�O�7�t� �E�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� 

�0�.�6� 
�t� �_�_ �� �S�i�m�u�l�a�t�e�d� �d�a�t�a� 

�0�5� �+� 

�0�.�4� �+� 

�I� �
(�A

�)�
 

�0�3� �+� 

�0�.�2� �+� 

�0�1� �+� 

�0� �4� �4�  �� 
�0� �5�0�0� �1�0�0�0� �1�5�0�0� 

�E� �(�m�V� �x� �-�1�)� �v�s�.� �A�g�/�A�g�+� 

� � 
�F�i�g�u�r�e� �2�0�:� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �v�o�l�t�a�m�m�o�g�r�a�m� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �v�o�l�t�a�m�m�o�g�r�a�m� �o�f� �2�0�.� 

�T�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�o�l�t�a�m�m�o�g�r�a�m�s� �e�x�h�i�b�i�t�e�d� �b�e�h�a�v�i�o�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �v�o�l�t�a�m�m�o�g�r�a�m�s�.� �T�h�e� �s�i�m�i�l�a�r�i�t�y� �i�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� 

�e�x�p�e�r�i�m�e�n�t�a�l� �e�s�t�i�m�a�t�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �E�°�,� �k�.�,� �a�n�d� �a� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �f�o�r� �a� �s�y�s�t�e�m� �e�x�h�i�b�i�t�i�n�g� 

�r�a�t�e� �l�i�m�i�t�i�n�g� �h�e�t�e�r�o�g�e�n�e�o�u�s� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� 

�C�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �p�r�o�v�e�d� �i�t�s�e�l�f� �a� �p�o�w�e�r�f�u�l� �t�o�o�l� �i�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� 

�b�e�h�a�v�i�o�r� �e�x�h�i�b�i�t�e�d� �b�y� �2�0� �u�p�o�n� �o�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� 

�c�h�e�m�i�c�a�l� �s�t�e�p� �i�s� �s�t�i�l�l� �s�p�e�c�u�l�a�t�i�v�e�.� �W�h�i�l�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �o�p�e�n�i�n�g� �c�o�u�l�d� �b�e� �r�e�s�p�o�n�s�i�b�l�e� 

�f�o�r� �t�h�e� �i�r�r�e�v�e�r�s�i�b�l�e� �v�o�l�t�a�m�m�o�g�r�a�m� �d�i�s�p�l�a�y�e�d�,� �t�h�e� �a�m�o�u�n�t�s� �o�f� �m�a�t�e�r�i�a�l� �g�e�n�e�r�a�t�e�d� �i�n� �a� �c�y�c�l�i�c� 
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�v�o�l�t�a�m�m�e�t�r�y� �e�x�p�e�r�i�m�e�n�t� �d�o� �n�o�t� �p�e�r�m�i�t� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �g�e�n�e�r�a�t�e�d� 

�s�p�e�c�i�e�s�.� �T�h�u�s�,� �e�l�e�c�t�r�o�l�y�t�i�c� �t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �e�m�p�l�o�y�e�d� �f�o�r� �g�e�n�e�r�a�t�i�o�n� �o�f� �s�u�f�f�i�c�i�e�n�t� �m�a�t�e�r�i�a�l� 

�t�o� �a�l�l�o�w� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� �f�r�o�m� �t�h�e� �o�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �2�0� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�e�c�h�a�n�i�s�m� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n�.� 
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�E�L�E�C�T�R�O�L�Y�S�I�S� �O�F� �1�,�1�-�D�I�M�E�T�H�Y�L�-�S�,�7�-�D�I�-�t�-�B�U�T� �Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-� 

�4�,�7�-�D�I�E�N�-�6�-�O�N�E� �(�2�0�)�.� 

�E�l�e�c�t�r�o�l�y�s�i�s� �o�f� �2�0� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �M�a�n�u�e�l� �H�e�r�v�a�s� �e�m�p�l�o�y�i�n�g� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� 

�e�l�e�c�t�r�o�l�y�s�i�s�. �� �I�n� �a� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �c�u�r�r�e�n�t� �i�s� �s�u�p�p�l�i�e�d� �t�o� �a� �s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� 

�t�h�e� �m�a�t�e�r�i�a�l� �t�o� �b�e� �e�l�e�c�t�r�o�l�y�z�e�d� �o�v�e�r� �a� �p�r�e�d�e�t�e�r�m�i�n�e�d� �p�e�r�i�o�d� �o�f� �t�i�m�e�.� �T�h�e� �t�i�m�e� �d�u�r�a�t�i�o�n� �o�f� 

�t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �E�q�u�a�t�i�o�n� �2�2�.� 

�E�q�n�.� �2�2� 

�T� �=� �n�F�M�/�I�1� 

�W�h�e�r�e�:� �T� �=� �t�i�m�e� �i�n� �s�e�c�o�n�d�s� 
�n�=� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� 
�F� �=� �F�a�r�a�d�a�y ��s� �c�o�n�s�t�a�n�t� 
�M� �=� �e�q�u�i�v�a�l�e�n�t�s� �o�f� �s�u�b�s�t�r�a�t�e� 
�I� �=� �c�u�r�r�e�n�t� �i�n� �A�m�p�e�r�e�s� 

�C�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �2�0� �w�a�s� �p�e�r�f�o�r�m�e�d� �i�n� �a�n�h�y�d�r�o�u�s� �D�M�F� �e�m�p�l�o�y�i�n�g� �n�-� 

�B�u�s�N�B�F�,� �a�s� �s�u�p�p�o�r�t�i�n�g� �e�l�e�c�t�r�o�l�y�t�e�.� �G�o�l�d� �f�o�i�l� �w�a�s� �e�m�p�l�o�y�e�d� �a�s� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� �a�n�d� 

�a� �p�l�a�t�i�n�u�m� �c�o�i�l� �a�s� �t�h�e� �a�u�x�i�l�i�a�r�y� �e�l�e�c�t�r�o�d�e�.� 

�C�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �2�0� �(�0�.�9�8� �e�/� �m�o�l�e�c�u�l�e�)� �r�e�s�u�l�t�e�d� �i�n� �t�h�r�e�e� �m�a�j�o�r� 

�p�r�o�d�u�c�t�s� �i�n� �a� �7�8�%� �o�v�e�r�a�l�l� �y�i�e�l�d�,� �S�c�h�e�m�e� �1�9�.� 
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�O�H� �O�H� �O�H� 

� � � � 

�R� �R� �R� �R� �R� 
�1�)� �0�.�9�8� �&� 

�+� �+� 
�2�)� �5�%� �H�»�S�O�,� 

�2�0� �3�9� �4�0� �4�4� 
�R� �=� �¢� �-�b�u�t�y�l� 

�4�6�.�8�%� �2�3�.�4�%� �7�.�8�%� 

�S�c�h�e�m�e� �1�9� 

�A� �m�e�c�h�a�n�i�s�m� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �o�b�s�e�r�v�e�d� �p�r�o�d�u�c�t�s� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �2�0�.� 

� � 

�o�O� 

�R� 

�9� 

�3�6� 

�o�O� 

�R� 

�2�0� �3�5� �1� 

�R� �=� �¢� �-�b�u�t�y�l� 

�3�8� 

�S�c�h�e�m�e� �2�0� 
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�O�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �2�0� �r�e�s�u�l�t�s� �i�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n� 

�3�5�.� �T�h�e� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n� �u�n�d�e�r�g�o�e�s� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �i�n� �a� �9�:�1� �r�a�t�i�o� �t�o� �t�h�e� 

�3�°� �a�n�d� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s�,� �3�6� �a�n�d� �3�8� �r�e�s�p�e�c�t�i�v�e�l�y�,� �S�c�h�e�m�e� �2�0�.� �F�o�r�m�a�t�i�o�n� �o�f� 

�p�h�e�n�o�l�a�t�e�s� �4�2�,� �4�3�,� �a�n�d� �4�4� �a�r�e� �a� �r�e�s�u�l�t� �o�f� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e� �1�°� �a�n�d� 

�3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s�,� �S�c�h�e�m�e� �2�1�.� 

� � 

�o�O� �o�O� �o�O� �o�O� 

�R� �R� �R� �R� �R� �R� �R� �R� 

�+�  ��_�_�_�_�_�»� �+� 

�3�6� �3�6� �4�2� �4�3� 

�R� �=� �f�t� �-� �b�u�t�y�l� 

�o�O� �o�O� �O�o� 

�R� �R� �R� �R� �R� �R� �R� 

�+�  ��_�_�_�_�_�_�_�_�»� �+� 

�3�6� �3�8� �4�2� �4�4� 

�S�c�h�e�m�e� �2�1� 
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�I�t� �w�a�s� �i�n�t�e�r�e�s�t�i�n�g� �t�h�a�t� �o�n�l�y� �t�h�e� �t�e�r�m�i�n�a�l� �a�l�k�e�n�e� �3�9� �d�e�r�i�v�e�d� �f�r�o�m� �p�h�e�n�o�l�a�t�e� �4�2� �w�a�s� 

�p�r�o�d�u�c�e�d� �f�r�o�m� �t�h�e� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �o�f� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n� �s�i�n�c�e� �a�n� �a�l�t�e�r�n�a�t�i�v�e� 

�d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �p�a�t�h�w�a�y� �e�x�i�s�t�s� �t�h�a�t� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �f�o�r�m�a�t�i�o�n� �o�f� �a� �m�o�r�e� �s�u�b�s�t�i�t�u�t�e�d� 

�i�n�t�e�r�n�a�l� �a�l�k�e�n�e�,� �4�5�,� �S�c�h�e�m�e� �2�2�.� 

� � 

�o�O� �o�O� 

�R� �R� �R� �R� 

�w�w� 
�H�W�,� 

�'�e� �e� 

�R� �3�6� �4�5� 

�R� �=� �¢� �-�b�u�t�y�l� 

�S�c�h�e�m�e� �2�2� 

�S�e�m�i�-�e�m�p�i�r�i�c�a�l� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �(�A�M�1� �S�C�F�-�M�O� �(�R�H�F�)�,� �i�m�p�l�e�m�e�n�t�e�d� 

�t�h�r�o�u�g�h� �M�O�P�A�C� �6�.�0�)� �h�a�v�e� �s�h�o�w�n� �4�5� �t�o� �b�e� �7�.�5� �k�c�a�l�/�m�o�l� �m�o�r�e� �s�t�a�b�l�e� �t�h�a�n� �3�9�.� �B�a�s�e�d� �o�n� 

�h�e�a�t�s� �o�f� �f�o�r�m�a�t�i�o�n� �a�l�o�n�e�,� �o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �c�o�n�j�u�g�a�t�e�d� �a�l�k�e�n�e� �i�n� �t�h�e� 

�p�r�o�d�u�c�t� �d�i�s�t�r�i�b�u�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �c�a�l�c�u�l�a�t�i�o�n�s� �d�o� �n�o�t� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� 

�m�o�l�e�c�u�l�e� �d�u�r�i�n�g� �t�h�e� �h�y�d�r�o�g�e�n� �a�t�o�m� �a�b�s�t�r�a�c�t�i�o�n� �o�r� �t�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�a�b�s�t�r�a�c�t�i�o�n�.� 

�S�e�m�i�-�e�m�p�i�r�i�c�a�l� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �(�A�M�1� �S�C�F�-�M�O� �(�D�O�U�B�L�E�T�)�)� �o�f� �t�h�e� 

�g�e�o�m�e�t�r�y� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n� �3�6� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �m�o�s�t� �s�t�a�b�l�e� �f�o�r�m� �o�f� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� 

�7�2



�r�a�d�i�c�a�l� �a�n�i�o�n� �p�l�a�c�e�s� �t�h�e� �r�a�d�i�c�a�l� �p�-�o�r�b�i�t�a�l� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �7 ��s�y�s�t�e�m� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� 

�r�i�n�g�,� �F�i�g�u�r�e� �2�1�.�°�°� 

�c�1�0� �H�1�4� �:� 
�H�1�2� 

�H�1�5� �=� 
�>�»� �H�1�3� �H�2�3� 

 ��A� �C�)� 
�H�2�2� 

�H�1�7� �;� 
�H�1�6� �i� �H�2�1� 

�)� 
�L�F� �2�9� �H�1�8� �H�1�9� 

�F�i�g�u�r�e� �2�1�:� �G�e�o�m�e�t�r�y� �o�f� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�6�.� 
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�A�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �t�h�i�s� �g�e�o�m�e�t�r�y�,� �a�b�s�t�r�a�c�t�i�o�n� �o�f� �a� �b�e�n�z�y�l�i�c� �h�y�d�r�o�g�e�n� �i�s� �u�n�f�a�v�o�r�a�b�l�e� �d�u�e� 

�t�o� �s�t�e�r�e�o�e�l�e�c�t�r�o�n�i�c� �f�a�c�t�o�r�s�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �x ��s�y�s�t�e�m� �o�f� �t�h�e� �a�l�k�e�n�e� �c�a�n� �n�o�t� 

�b�e�n�e�f�i�t� �f�r�o�m� �s�t�a�b�i�l�i�z�a�t�i�o�n� �f�r�o�m� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g�.� �T�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �a�t� �t�h�e� �b�e�n�z�y�l�i�c� �p�o�s�i�t�i�o�n� �i�s� �a�l�s�o� �m�u�c�h� �g�r�e�a�t�e�r� �t�h�a�n� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �f�r�o�m� �o�n�e� �o�f� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s�.� �T�h�e� �a�b�s�e�n�c�e� �o�f� 

�a�r�o�m�a�t�i�c� �s�t�a�b�i�l�i�z�a�t�i�o�n� �d�u�r�i�n�g� �f�o�r�m�a�t�i�o�n� �o�f� �t�r�i�s�u�b�s�t�i�t�u�t�e�d� �a�l�k�e�n�e� �4�5� �c�o�m�b�i�n�e�d� �w�i�t�h� �t�h�e� �s�t�e�r�i�c� 

�h�i�n�d�r�a�n�c�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �a�t� �t�h�e� �b�e�n�z�y�l�i�c� �p�o�s�i�t�i�o�n�,� �t�h�e�r�e�f�o�r�e�,� �m�a�k�e�s� 

�t�h�e� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �f�r�o�m� �a� �m�e�t�h�y�l� �g�r�o�u�p� �a� �k�i�n�e�t�i�c�a�l�l�y� �f�a�s�t�e�r� �p�r�o�c�e�s�s�.� �A�s� �a� �r�e�s�u�l�t� �o�n�l�y� 

�a�l�k�e�n�e� �4�0� �i�s� �p�r�o�d�u�c�e�d�.� 

�A� �m�o�r�e� �i�n�t�r�i�g�u�i�n�g� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �2�0� �w�a�s� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� 

�p�r�o�d�u�c�t�s� �a�t�t�r�i�b�u�t�a�b�l�e� �t�o� �t�h�e� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�8�.� �B�a�s�e�d� �o�n� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �1�-�b�e�n�z�o�y�l�-�2�,�2�-�d�i�m�e�t�h�y�l�c�y�c�l�o�p�r�o�p�a�n�e� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �e�x�c�l�u�s�i�v�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�7�,� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �3�8� �w�a�s� �u�n�e�x�p�e�c�t�e�d�,� 

�S�c�h�e�m�e� �2�3�.�*�°�? �� 

� � 

�o�O� �o�O� 

�w�w� �A�H�?� �=� �-�2�.�5� �k�c�a�l�/�m�o�l� �|� �S� 

�9� �3�7� 

�S�c�h�e�m�e� �2�3� 
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�H�o�w�e�v�e�r�,� �t�h�e� �H�a�m�m�o�n�d� �p�o�s�t�u�l�a�t�e� �c�a�n� �b�e� �u�t�i�l�i�z�e�d� �t�o� �f�o�r�w�a�r�d� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� 

�t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �3�8�.� 

�T�h�e� �H�a�m�m�o�n�d� �p�o�s�t�u�l�a�t�e� �i�m�p�l�i�e�s� �t�h�a�t� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �o�f� �a� �h�i�g�h�l�y� �e�x�o�t�h�e�r�m�i�c� 

�r�e�a�c�t�i�o�n� �w�i�l�l� �r�e�s�e�m�b�l�e� �r�e�a�c�t�a�n�t�s� �(�a�n� �e�a�r�l�y� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�)�.� �A�s� �t�h�e� �e�x�o�t�h�e�r�m�i�c�i�t�y� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n� �i�s� �r�e�d�u�c�e�d� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �w�i�l�l� �c�h�a�n�g�e� �a�c�c�o�r�d�i�n�g�l�y� �u�n�t�i�l� �t�h�e� 

�t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �r�e�s�e�m�b�l�e�s� �p�r�o�d�u�c�t�s� �(�a� �l�a�t�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �i�n� �t�h�e� �c�a�s�e� �o�f� �a�n� �e�n�d�o�t�h�e�r�m�i�c� 

�p�r�o�c�e�s�s�)�.� �I�n�a� �r�e�a�c�t�a�n�t�-�l�i�k�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�,� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �p�r�o�d�u�c�t�s� �w�i�l�l� �h�a�v�e� �l�i�t�t�l�e� �i�m�p�a�c�t� 

�o�n� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�c�c�u�r�r�i�n�g�.� �I�n� �c�o�n�t�r�a�s�t�,� �i�n� �a� �p�r�o�d�u�c�t�-�l�i�k�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �t�h�e� 

�s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� �w�i�l�l� �d�i�r�e�c�t�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e� �k�i�n�e�t�i�c�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e�i�r� �p�r�o�d�u�c�t�i�o�n�.� 

�T�h�e� �e�n�t�h�a�l�p�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �3�7�,� �f�r�o�m� �9� �i�s� �s�l�i�g�h�t�l�y� 

�1�3�°�?� �W�e� �c�a�n�,� �t�h�e�r�e�f�o�r�e�,� �i�n�f�e�r� �t�h�a�t� �p�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n� �o�c�c�u�r�s� �e�x�o�t�h�e�r�m�i�c� �a�t� �-�2�.�5� �k�c�a�l�/�m�o� 

�t�h�r�o�u�g�h� �a�n� �e�a�r�l�y� �(�r�e�a�c�t�a�n�t�-�l�i�k�e�)� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�n�t�h�a�l�p�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� 

�r�i�n�g� �o�p�e�n�i�n�g� �r�e�s�u�l�t�i�n�g� �i�n� �3�7� �i�s� �m�u�c�h� �l�e�s�s� �e�x�o�t�h�e�r�m�i�c� �t�h�a�n� �t�h�e� �e�n�t�h�a�l�p�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� 

�o�p�e�n�i�n�g� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �3�6� �a�n�d� �3�8�,� �-�3�1�.�4� �k�c�a�l�/�m�o�l� �a�n�d� �-�1�6�.�0� 

�k�c�a�l�/�m�o�l� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �3�5� �t�o� 

�3�6� �a�n�d� �3�8� �i�s� �m�u�c�h� �m�o�r�e� �r�e�a�c�t�a�n�t�-�l�i�k�e� �t�h�a�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�3�7�,� �S�c�h�e�m�e� �2�3�.� �T�h�e�r�e�f�o�r�e�,� �p�r�o�d�u�c�t� �s�t�a�b�i�l�i�t�y� �w�i�l�l� �n�o�t� �p�l�a�y� �a�s� �l�a�r�g�e� �a� �r�o�l�e� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �3�6� �a�n�d� �3�8� �a�s� �i�t� �w�i�l�l� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �3�7�.� �A� �d�i�r�e�c�t� �r�e�s�u�l�t� �o�f� �t�h�e� �m�u�c�h� �e�a�r�l�i�e�r� �t�r�a�n�s�i�t�i�o�n� 

�s�t�a�t�e� �i�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �3�5� �i�s� �f�o�r�m�a�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �1�°� �a�n�d� �3�°� �d�i�s�t�o�n�i�c� 

�r�a�d�i�c�a�l� �a�n�i�o�n�s�.� �W�h�e�r�e�a�s�,� �t�h�e� �m�u�c�h� �l�a�t�e�r� �t�r�a�n�s�i�t�i�o�n� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �9�,� �a�s� �c�o�m�p�a�r�e�d� �t�o� �3�5�,� �r�e�s�u�l�t�s� �i�n� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �m�o�r�e� 

�s�t�a�b�l�e� �t�e�r�t�i�a�r�y� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�.� 
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�F�r�o�m� �t�h�e� �9�:�1� �r�a�t�i�o� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �3�6� �r�e�l�a�t�i�v�e� �t�o� �3�9�,� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� 

�t�h�e� �p�l�a�c�e�m�e�n�t� �o�f� �g�e�m�i�n�a�l� �d�i�m�e�t�h�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �p�r�o�v�i�d�e� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� 

�a�l�l�o�w�i�n�g� �a� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �p�r�o�d�u�c�t�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �a� �r�a�d�i�c�a�l� �o�r� �n�u�c�l�e�o�p�h�i�l�i�c� �p�a�t�h�w�a�y�.� 

�I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�e�c�h�a�n�i�s�m� �t�h�r�o�u�g�h� �w�h�i�c�h� �a�d�d�i�t�i�o�n� �h�a�s� �o�c�c�u�r�r�e�d� �s�h�o�u�l�d� �b�e� �r�e�a�d�i�l�y� 

�a�p�p�a�r�e�n�t� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�g�i�o�c�h�e�m�i�s�t�r�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g�,� �F�i�g�u�r�e� �2�2�.� 

�S�E�T� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

� � 

�R� �=� �t�-�b�u�t�y�l� 
�N�u �� � � 

�|� �P�o�l�a�r� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

�N�u� � � � � � � � �R� �=� �¢� �-�b�u�t�y�l� 
�L� �_�_� 

�F�i�g�u�r�e� �2�2�:� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�g�i�o�c�h�e�m�i�s�t�r�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� 
�r�i�n�g� �o�p�e�n�i�n�g� �o�f� �2�0�.� 
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�C�O�N�C�L�U�S�I�O�N�S� 

�T�h�e� �o�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �2�0� �p�r�o�c�e�e�d�s� �t�h�r�o�u�g�h� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �i�n� �w�h�i�c�h� �t�h�e� 

�k�i�n�e�t�i�c�s� �i�s� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �T�h�e� �s�t�a�n�d�a�r�d� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �2�0� �h�a�s� 

�b�e�e�n� �e�s�t�i�m�a�t�e�d� �a�t� �-�2�.�5� �V� �v�s�.� �0�.�1� �m� �A�g ��/�A�g�,� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �o�t�h�e�r� �a�r�o�m�a�t�i�c� 

�k�e�t�o�n�e�s� �a�n�d� �e�n�o�n�e�s�. ��* �!"� �C�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �i�s� �a� �v�e�r�y� �f�a�c�i�l�e� �p�r�o�c�e�s�s�,� �k�,� �>� �1�0 �� �s ��,� 

�d�r�i�v�e�n� �b�y� �b�o�t�h� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a�r�o�m�a�t�i�c�i�t�y� �a�n�d� �r�e�l�i�e�f� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n�.� �A� �9�:�1� 

�r�a�t�i�o� �o�f� �t�h�e� �3�°� �v�s�.� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� 

�r�a�d�i�c�a�l� �a�n�i�o�n� �3�5�.� �D�i�f�f�e�r�e�n�t�i�a�t�i�o�n� �b�e�t�w�e�e�n� �r�a�d�i�c�a�l� �a�n�d� �p�o�l�a�r� �p�r�o�c�e�s�s�e�s� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�g�i�o�c�h�e�m�i�s�t�r�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g�.� 
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�T�H�E� �E�L�E�C�T�R�O�C�H�E�M�I�C�A�L� �R�E�D�U�C�T�I�O�N� �O�F� �1�-�M�E�T�H�Y�L�-�5�,�7�-�D�i�-�t�-� 

�B�U�T�Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-�4�,�7�-�D�I�E�N�-�6�-�O�N�E� �(�1�9�)�.� 

�T�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �1�9� �w�a�s� �h�a�m�p�e�r�e�d� �b�y� �t�h�e� �s�a�m�e� �i�r�r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �t�h�a�t� �w�a�s� 

�i�n�i�t�i�a�l�l�y� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �2�0�.� �U�n�l�i�k�e� �2�0�,� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�c�o�m�p�l�i�c�a�t�i�o�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �1�9� �h�a�v�e� �y�e�t� �t�o� �b�e� �r�e�s�o�l�v�e�d�.� �I�n�i�t�i�a�l� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�s� �h�a�v�e� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �1�9� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �e�s�t�i�m�a�t�e�d� 

�f�o�r� �2�0�.� �T�h�e� �p�e�a�k� �w�i�d�t�h�s� �a�r�e� �v�e�r�y� �b�r�o�a�d�,� �w�h�i�c�h� �c�o�u�l�d� �i�n�d�i�c�a�t�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r�,� �b�u�t� �t�h�e� �e�r�r�a�t�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �p�r�e�v�e�n�t�s� �a�n�y� �c�o�n�c�l�u�s�i�o�n�s� �t�o� �b�e� 

�d�r�a�w�n�. � �� �H�o�w�e�v�e�r�,� �m�e�c�h�a�n�i�s�t�i�c� �i�n�f�o�r�m�a�t�i�o�n� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �d�e�c�a�y� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� 

�g�e�n�e�r�a�t�e�d� �f�r�o�m� �1�9� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s�.� 
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�E�L�E�C�T�R�O�L�Y�S�I�S� �O�F� �1�-�M�E�T�H�Y�L�-�S�,�7�-�D�i�-�t�-�B�U�T� �Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-�4�,�7�-� 

�D�I�E�N�-�6�-�O�N�E� �(�1�9�)�.� 

�T�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �1�9� �w�a�s� �e�x�p�e�c�t�e�d� �t�o� �p�r�o�c�e�e�d� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �t�h�a�t� 

�o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �2�0�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�n�e�r�g�y� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �2�°� �(�i�s�o�-� 

�p�r�o�p�y�l� �r�a�d�i�c�a�l�)� �a�n�d� �a� �p�r�i�m�a�r�y� �r�a�d�i�c�a�l� �(�e�t�h�y�l� �r�a�d�i�c�a�l�)� �i�s� �=� �4�.�5� �k�c�a�l�/�m�o�l�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�t�i�o� 

�o�f� �t�h�e� �2�°� �t�o� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�s� �n�o�t� �e�x�p�e�c�t�e�d� �t�o� �b�e� �a�s� �g�r�e�a�t� �a�s� �t�h�e� �9�:�1� �r�a�t�i�o� 

�o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �3�°� �a�n�d� �1�°� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �3�6� �a�n�d� �3�8�,� �r�e�s�p�e�c�t�i�v�e�l�y�.�*�*� �T�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� 

�m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� �c�a�l�c�u�l�a�t�i�o�n�s� �(�A�M�1� �S�C�F�-�M�O� �(�D�O�U�B�L�E�T�)� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� 

�e�n�t�h�a�l�p�i�e�s� �f�o�r� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �2�°� �a�n�d� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s�,� 

�w�a�s� �f�o�u�n�d� �t�o� �b�e� �c�a� �-�7� �k�c�a�l�/�m�o�l�,� �w�h�e�r�e�a�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �e�n�t�h�a�l�p�i�e�s� �o�f� 

�c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �l�e�a�d�i�n�g� �t�o� �3�6� �a�n�d� �3�8� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �-�1�5�.�4� �k�c�a�l�/�m�o�l�.� �T�h�i�s� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �r�a�t�i�o� �o�f� �2�°� �t�o� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �1�9� 

�w�i�l�l� �n�o�t� �b�e� �a�s� �g�r�e�a�t� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �3�°� �a�n�d� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �o�f� �2�0�.� 

�C�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �1�9� �w�a�s� �p�e�r�f�o�r�m�e�d� �i�n� �a�n�h�y�d�r�o�u�s� �D�M�F� �e�m�p�l�o�y�i�n�g� 

�0�.�1� �M� �7�-�B�u�g�N�C�l�O�,� �a�s� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �e�l�e�c�t�r�o�l�y�t�e�.� �T�h�e� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �1�9� 

�(�1�.�5� �e�+�)� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�r�e�e� �p�r�o�d�u�c�t�s�,� �4�6�,� �4�7�,� �a�n�d� �4�8� �i�n� �a�n� �o�v�e�r�a�l�l� �y�i�e�l�d� �o�f� 

�7�3�%�,� �S�c�h�e�m�e� �2�4�.� 
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�R�=� �¢�-�b�u�t�y�!� �2�0�%� �3�5�%� �4�5�%� 

�S�c�h�e�m�e� �2�4� 

�A� �m�e�c�h�a�n�i�s�m� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�r�o�d�u�c�t�s� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �2�5�.� 
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�O�n�e� �e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �1�9� �r�e�s�u�l�t�s� �i�n� �t�h�e� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �4�9�.� �T�h�e� 

�c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �c�l�o�s�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n� �o�f� �1�9� �r�i�n�g� �o�p�e�n�s� �i�n� �a� �1�.�2�:�1� �r�a�t�i�o� �t�o� �f�o�r�m� �t�h�e� �2�°� 

�d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �5�0�,� �a�n�d� �t�h�e� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �5�1�.� �P�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n� �o�c�c�u�r�s� 

�v�i�a� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �t�h�e� �r�i�n�g� �o�p�e�n�e�d� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� 

�t�e�r�m�i�n�a�l� �a�l�k�e�n�e�,� �4�7�,� �S�c�h�e�m�e� �2�6�.� 
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�R� �=� �t� �-� �b�u�t�y�l� 

�o�O� �o�O� �O�o� �o�O� 

�R� �R� �R� �R� �R� �R� �R� �R� 

�+� �O�r� �+� 

�e� 
�-� 

�5�0� �§�1� �4�7� �4�8� 

�S�c�h�e�m�e� �2�6� 
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�H�i�g�h�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�r�o�d�u�c�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s�.� �T�h�e�i�r� �p�r�e�s�e�n�c�e� �w�a�s� 

�i�n�i�t�i�a�l�l�y� �o�b�s�e�r�v�e�d� �u�s�i�n�g� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�n�d� �h�i�g�h� �p�r�e�s�s�u�r�e� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �b�y� 

�t�h�e�i�r� �l�o�n�g� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� �T�h�e�s�e� �p�r�o�d�u�c�t�s� �w�e�r�e� �t�e�n�t�a�t�i�v�e�l�y� �i�d�e�n�t�i�f�i�e�d� �b�y� �'�H� �N�M�R� �a�s� 

�d�i�m�e�r�i�c� �p�r�o�d�u�c�t�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �p�r�o�d�u�c�e�d� �d�u�r�i�n�g� �e�l�e�c�t�r�o�l�y�s�i�s�.� �T�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �d�i�m�e�r�i�c� �p�r�o�d�u�c�t�s� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�9� �u�n�d�e�r�g�o�i�n�g� 

�e�l�e�c�t�r�o�l�y�s�i�s� �w�a�s� �i�n�c�r�e�a�s�e�d�.� 

�T�h�e� �e�x�c�l�u�s�i�v�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �t�e�r�m�i�n�a�l� �a�l�k�e�n�e� �i�n� �t�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �p�r�o�d�u�c�t�s� �w�a�s� �n�o�t� 

�s�u�r�p�r�i�s�i�n�g� �b�a�s�e�d� �o�n� �t�h�e� �b�e�h�a�v�i�o�r� �e�x�h�i�b�i�t�e�d� �b�y� �2�0�.� �T�h�e� �t�r�a�n�s� �i�n�t�e�r�n�a�l� �a�l�k�e�n�e� �w�a�s� �f�o�u�n�d� �t�o� 

�b�e� �8�.�5� �k�c�a�l�/�m�o�l� �l�o�w�e�r� �i�n� �e�n�e�r�g�y� �t�h�a�n� �t�h�e� �t�e�r�m�i�n�a�l� �a�l�k�e�n�e�.� �H�o�w�e�v�e�r�,� �a�s� �i�n� �t�h�e� �r�a�d�i�c�a�l� 

�a�n�i�o�n�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �2�0�,� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �r�a�d�i�c�a�l� �p�-�o�r�b�i�t�a�l� �i�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �z�-� 

�s�y�s�t�e�m� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �k�i�n�e�t�i�c�a�l�l�y� �f�a�s�t�e�r� �f�o�r� �t�h�e� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� 

�t�o� �o�c�c�u�r� �f�r�o�m� �t�h�e� �l�e�s�s� �h�i�n�d�e�r�e�d� �m�e�t�h�y�l�!� �s�u�b�s�t�i�t�u�e�n�t� �t�h�a�n� �h�y�d�r�o�g�e�n� �a�b�s�t�r�a�c�t�i�o�n� �f�r�o�m� �t�h�e� 

�b�e�n�z�y�l�i�c� �h�y�d�r�o�g�e�n�,� �F�i�g�u�r�e� �2�3�.� 
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�F�i�g�u�r�e� �2�3�:� �G�e�o�m�e�t�r�y� �o�f� �t�h�e� �2�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �5�0�.� 
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�C�2� 
�H�1�1� �=� �H�1�3� 

�j�)�  ��)� 

�~� 
�w�r�e� �=� �M�e�l�l�a� 

�C�5� 

� � 

�H�1�6� �H�2�0� 

�F�i�g�u�r�e� �2�4�:� �G�e�o�m�e�t�r�y� �o�f� �t�h�e� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �i�o�n�,� �5�2�.� 
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�T�h�e� �1�.�2�:�1� �r�a�t�i�o� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �5�0� �t�o� �5�1�,� �F�i�g�u�r�e� �2�5�,� �w�h�i�c�h� �i�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �w�h�a�t� 

�w�a�s� �e�x�p�e�c�t�e�d� �f�r�o�m� �m�o�l�e�c�u�l�a�r� �o�r�b�i�t�a�l� �c�a�l�c�u�l�a�t�i�o�n�s�,� �i�s� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �a�n� 

�e�a�r�l�y� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �a�s� �o�b�s�e�r�v�e�d� �i�n� �2�0�.� �H�o�w�e�v�e�r�,� �o�n�c�e� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �d�i�m�e�r�i�c� �p�r�o�d�u�c�t�s� 

�b�e�c�o�m�e� �k�n�o�w�n�,� �t�h�e� �r�a�t�i�o� �c�o�u�l�d� �i�n�c�r�e�a�s�e�.� 

�W�h�i�l�e� �t�h�e� �r�a�t�i�o� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �1�9�,� �F�i�g�u�r�e� �2�5�,� �i�s� �n�o�t� �a�s� �l�a�r�g�e� �a�s� 

�t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �r�a�d�i�c�a�l� �a�n�i�o�n�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �2�0�,� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �i�s� �s�t�i�l�l� �p�o�s�s�i�b�l�e� 

�b�a�s�e�d� �o�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �2�°� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �5�0�.� �I�f� �a� �p�o�l�a�r� �p�a�t�h�w�a�y� �w�e�r�e� �i�n� �o�p�e�r�a�t�i�o�n�,� 

�o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �p�r�e�f�e�r�e�n�t�i�a�l� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� �p�o�s�i�t�i�o�n� �o�f� 

�t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �r�a�t�i�o� �o�f� �p�r�o�d�u�c�t�s� �f�r�o�m� �s�u�b�s�t�i�t�u�t�i�o�n� �a�t� �t�h�e� �2�°� �t�o� �1�°� 

�p�o�s�i�t�i�o�n�s� �w�o�u�l�d� �b�e� �o�p�p�o�s�i�t�e� �t�o� �w�h�a�t� �w�o�u�l�d� �b�e� �o�b�s�e�r�v�e�d� �i�n� �a� �r�a�d�i�c�a�l� �p�r�o�c�e�s�s�.� 
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�S�E�T� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 
�O�°� 

�O� �R� �=� �t�-�b�u�t�y�l� 

� � � 

� � � � 

�o�O� �o�O� 

�R� �R� �5�1�"� �R� �4� �1�.�2� �5�6� 

�4� �e� 

�N�u �� �N�u� 

�O� �O� 

�R� �R� �R� �R� 

�4�5�%� �5�5�%� 

�N�u� �N�u� 

�P�o�l�a�r� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

�o�O� �O�o� 

�R� �R� �R� �R� �R� 
�S�e� �+� 

�N�u� �N�u� 

�5�(�?�)� �1� 

� � 

�F�i�g�u�r�e� �2�5�:� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� �r�e�g�i�o�c�h�e�m�i�s�t�r�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� 
�r�i�n�g� �o�p�e�n�i�n�g� �o�f� �1�9�.� 
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�T�h�e� �c�h�i�r�a�l� �n�a�t�u�r�e� �o�f� �s�u�b�s�t�r�a�t�e� �1�9� �s�h�o�u�l�d� �a�l�s�o� �a�l�l�o�w� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �d�e�r�i�v�e�d� �p�r�o�d�u�c�t�s� 

�b�a�s�e�d� �u�p�o�n� �t�h�e� �s�t�e�r�e�o�c�h�e�m�i�s�t�r�y� �o�f� �s�u�c�h� �p�r�o�d�u�c�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �a�n� �e�n�a�n�t�i�o�m�e�r�i�c�a�l�l�y� �p�u�r�e� 

�s�u�b�s�t�r�a�t�e�,� �F�i�g�u�r�e� �2�6�.� 

�S�E�T� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

�o�O� �o�O� 

�R� �R� �R� �R� 
�N�u �� 

�N�u� �N�u �� �.� �N�u� 

�R� �=� �t� �-�b�u�t�v�i� �N�u �� �a�d�d�i�t�i�o�n� �c�a�n� �o�c�c�u�r� �a�t� �e�i�t�h�e�r� 

�=� �¢�-�D�u�t�y� �f�a�c�e� �o�f� �t�h�e� �r�a�d�i�c�a�l� �r�e�s�u�l�t�i�n�g� �i�n� 
�r�a�c�e�m�i�z�a�t�i�o�n� �o�f� �c�h�i�r�a�l� �c�e�n�t�e�r� 

� � 

�P�o�l�a�r� �p�a�t�h�w�a�y� �f�o�r� �r�i�n�g� �o�p�e�n�i�n�g� 

�O�o �� 

�R� �R� 

�I�n�v�e�r�s�i�o�n� �o�f� �c�h�i�r�a�l� 

�c�e�n�t�e�r� 

�N�u� 

�*�R� 

� � 

�F�i�g�u�r�e� �2�6�:� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� �s�t�e�r�e�o�c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� 
�p�r�o�d�u�c�t�s�.� 

�R�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �e�n�a�n�t�i�o�m�e�r�i�c�a�l�l�y� �p�u�r�e� �1�9� �a�n�d� �r�e�a�g�e�n�t�s� �t�h�a�t� �p�r�o�c�e�e�d� �t�h�r�o�u�g�h� �a� �p�o�l�a�r� 

�p�a�t�h�w�a�y� �f�o�r� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a�n� �i�n�v�e�r�s�i�o�n� �o�f� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�t� �t�h�e� 
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�c�h�i�r�a�l� �c�e�n�t�e�r�.� �W�h�e�r�e�a�s�,� �a� �r�a�d�i�c�a�l� �p�r�o�c�e�s�s� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �s�c�r�a�m�b�l�i�n�g� �o�f� �t�h�e� 

�s�t�e�r�e�o�c�h�e�m�i�s�t�r�y�.� �T�h�e�r�e�f�o�r�e�,� �1�9� �p�r�o�v�i�d�e�s� �a� �m�e�a�n�s� �f�o�r� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�s�t�e�r�e�o�c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� �u�l�t�i�m�a�t�e�l�y� �p�r�o�d�u�c�e�d�.� 
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�E�L�E�C�T�R�O�C�H�E�M�I�C�A�L� �A�N�A�L�Y�S�I�S� �O�F� �E�X�O�-�M�E�T�H�Y�L�E�N�E� 

�C�Y�C�L�O�P�R�O�P�Y�L� �K�E�T�O�N�E� 

�T�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �e�x�o�-�m�e�t�h�y�l�e�n�e� �c�y�c�l�o�p�r�o�p�y�l� �k�e�t�o�n�e�,� �5�2�,� �w�a�s� �m�u�c�h� �m�o�r�e� 

�s�t�r�a�i�g�h�t� �f�o�r�w�a�r�d� �t�h�a�n� �w�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �p�r�e�c�e�d�i�n�g� �s�u�b�s�t�r�a�t�e�s�.� 

�5�2� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �p�r�o�c�e�d�u�r�e� �u�t�i�l�i�z�e�d� �t�o� �o�b�t�a�i�n� �a� �v�o�l�t�a�m�m�o�g�r�a�m� �o�f� �2�0� �w�a�s� �u�t�i�l�i�z�e�d� �i�n� �t�h�e� 

�a�c�q�u�i�s�i�t�i�o�n� �o�f� �t�h�e� �v�o�l�t�a�m�m�e�t�r�y� �d�a�t�a� �o�f� �5�2�.� �A�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �a�n�h�y�d�r�o�u�s� �D�M�F� 

�e�m�p�l�o�y�i�n�g� �0�.�1� �M� �7�-�B�u�,�N�B�F�,� �a�s� �t�h�e� �s�u�p�p�o�r�t�i�n�g� �e�l�e�c�t�r�o�l�y�t�e�.� �A� �g�o�l�d� �b�u�t�t�o�n� �w�a�s� �u�t�i�l�i�z�e�d� �a�s� 

�t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e�.� �E�l�e�c�t�r�o�d�e� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �r�e�f�e�r�e�n�c�e�d� �t�o� �0�.�1� �M� �A�g ��/�A�g�.� 

�T�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �5�2� �w�a�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a�n� �i�r�r�e�v�e�r�s�i�b�l�e� �r�e�d�u�c�t�i�o�n� �p�e�a�k� 

�a�t� �-�2�.�3� �V� �a�n�d� �a�n� �i�r�r�e�v�e�r�s�i�b�l�e� �o�x�i�d�a�t�i�o�n� �p�e�a�k� �a�t� �-�0�.�8� �V�,� �F�i�g�u�r�e� �2�7�.� 
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�8�0� 

�v�=�1�V�i�s� 

�6�0� �+� �C�a�=�6� �m�M� 

�|� �>�-�_� 
�<� �|� 

�3�a� �0�+� 
�=�~� �'� 

�_� �|� 

�2�0� �+� 
�\� 

� � 
� � 

 ��f� 
�a� �a�  ��_ ��_�_� �a�]� �-�2�0�  � ��+�  ��|�  � ��T� �T� �1� 

�0� �5�0�0� �1�0�0�0� �1�5�0�0� �2�0�0�0� �2�5�0�0� 

�E� �(�m�V� �x� �-�1�)� �v�s�.� �A�g�/�A�g�+� 

�F�i�g�u�r�e� �2�7�:� �C�y�c�l�i�c� �v�o�l�t�a�m�m�o�g�r�a�m� �o�f� �5�2� �a�t� �1� �V�/�s� �u�t�i�l�i�z�i�n�g� �a� �g�o�l�d� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e� 
�i�n� �a� �0�.�1� �M� �s�o�l�u�t�i�o�n� �o�f� �n�-�B�u�,�N�B�F�,� �i�n� �N�,�N�-�d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e�.� 

�T�h�e� �p�e�a�k� �w�i�d�t�h� �(�E�,�-� �E�,�2�)� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �6�5� �+� �3�.�5� �m�V�.� �T�h�e� �p�e�a�k� �w�i�d�t�h� �d�i�d� �n�o�t� �v�a�r�y� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �s�w�e�e�p� �r�a�t�e�.� �H�o�w�e�v�e�r�,� �E�,�,�.� �v�a�r�i�e�d� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�h�e� �s�w�e�e�p� �r�a�t�e� �a�s� �s�h�o�w�n� 

�b�y� �F�i�g�u�r�e� �2�8�.� 
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� � 

� � 

� � 
� � 

�2�2�1�0�,� 
�|� 

�2�2�0� �|� �S�E�p�/�5�L�o�g�(�v�)� �=� �-�3�4�.�8� �+� �0�.�9� �m�V�/�d�e�c�a�d�e� 
�|� �a� 

�-�2�2�3�0� �L� 

�-�2�2�4�0� �L� 

�-�2�2�5�0� �L� 

�-�2�2�6�0� �:� 

�2�2�7�0� 

�-�2�2�8�0� �~� 

�a�0� 
�-�2�3�0�0�  � ��t�  �� �i� 

�1� �1�.�5� �2� �2�.�5� �3� �3�.�5� 

�L�o�g� �(�v�)� 

�F�i�g�u�r�e� �2�8�:� �P�i�l�o�t� �o�f� �E�,� �v�s�.� �l�o�g�(�v�)� �f�o�r� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �5�2�.� 

�S�i�m�i�l�a�r�i�t�y� �i�n� �t�h�e� �v�a�l�u�e�s� �f�r�o�m� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �r�e�s�p�o�n�s�e� �e�x�p�e�c�t�e�d� �f�o�r� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� 

�e�x�h�i�b�i�t�i�n�g� �a� �r�a�t�e� �l�i�m�i�t�i�n�g� �c�h�e�m�i�c�a�l� �s�t�e�p� �a�n�d� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�p�o�n�s�e� �e�x�h�i�b�i�t�e�d� �b�y� �5�2�,� 

�(�T�a�b�l�e� �5�)�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �d�e�c�a�y� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n� �5�2� �i�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a�n� �E�C� 

�m�e�c�h�a�n�i�s�m�.� 

�T�a�b�l�e� �5�:� �C�o�m�p�a�r�i�s�o�n� �o�f� �v�o�l�t�a�m�m�o�g�r�a�m� �d�i�a�g�n�o�s�t�i�c�s� �f�o�r� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� 
�e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� �k�.� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �5�2�.� 

�E�,�2�-�E�,�(�m� �o�E�,�/�d�l�o�g�(�v�)� �(�m�V�/�d�e�c�a�d�e�)� 

�D�i�a�g�n�o�s�t�i�c� �V�a�l�u�e�s� �5�9�.�2� �-�2�9�.�5� 
�E�x�p�e�r�i�m�e�n�t�a�l� �V�a�l�u�e�s� �6�5� �+�3�.�5� �-�3�4�.�8�+�0�.�9� 
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�A�s� �a�r�e�s�u�l�t�,� �L�S�V� �c�o�u�l�d� �b�e� �u�t�i�l�i�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�t�e� �l�a�w� �f�o�r� �r�a�d�i�c�a�l� �a�n�i�o�n� �d�e�c�a�y�.� 

�H�a�v�i�n�g� �p�r�e�v�i�o�u�s�l�y� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �s�l�o�p�e� �f�r�o�m� �a� �p�l�o�t� �o�f� �5�E�,�/�d�l�o�g�y�,� �o�n�l�y� �t�h�e� �s�l�o�p�e� 

�f�r�o�m� �a� �p�l�o�t� �o�f� �E�,� �v�s�.� �l�o�g�(�C�x�)� �(�w�h�e�r�e� �C�,� �i�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�o� �b�e� 

�r�e�d�u�c�e�d�)� �w�a�s� �n�e�e�d�e�d� �i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�a�t�e� �l�a�w� �f�o�r� �t�h�e� �d�e�c�a�y� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� 

�g�e�n�e�r�a�t�e�d� �f�r�o�m� �5�2�,� �F�i�g�u�r�e� �2�9�.� 

�-�2�2�2�4� 

�-�2�2�2�6� 

�-�2�2�2�8� 

�-�2�2�3�0� 

�-�2�2�3�2� 

�-�2�2�3�4� 

�2�2�3�6� �-� 
�3�.�2� 

�F�i�g�u�r�e� �2�9�:� �P�l�o�t� �o�f� �E�,� �v�s�.� �L�o�g� �C�a�.� 

� � 
�- �� 

�{� 

 �� 

�|� 

�-� 

�S�5�E�p�/�5�L�o�g�(�C�a�)� �=� �-� �0�.�2� �m�V�/�d�e�c�a�d�e� 

� � 
� � 

�-�2�.�8� �-�2�.�6� �2�.�4� �-�2�.�2� �-�2� �-�1�.�8� 

�L�o�g� �(�C�a�)� 

�O�n�c�e� �t�h�e� �s�l�o�p�e�s� �o�f� �5�E�,�/�d�l�o�g�(�C�x�)� �a�n�d� �5�E�,�/�d�S�l�o�g�v� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d�,� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �o�f� �A� 

�a�n�d� �B� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �E�q�u�a�t�i�o�n�s� �2�3� �a�n�d� �2�4� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�E�q�n�.� �2�3� 

� � 

�(� �5�9�.�2� �m�V�/�d�e�c�a�d�e� �)� �(� �5�9�.�2� �m�V�/�d�e�c�a�d�e� �)� 

�R�g� �=�  � � � � � � ��_� �+�1� �=�  � ��_�_� �+� �1� �=�-� �1�.�7�6�7� �+� �1� �=�-� �0�.�7�6�7� 

�S�E�,� �(�3�3� �m�V�/�d�e�c�a�d�e� 

�d�l�o�g�v� 

�E�q�n�.� �2�4� 

�R� �-�0�.�2�(�0�8�+�1�)� 
�+�1�|� �-�R�a�=�R�,�=� �(�|�  � � � � � � �� �|� �+�1�]� �+�0�8�=�-�0�2� 

�R�a� �B�a� �5�9�.�2� �m�V� 

� � 

�5�9�.� �2�m�V� 

�A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�b�s�e�r�v�e�d� �t�o� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �o�r�d�e�r� �r�a�t�e� �l�a�w�s� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �d�e�c�a�y� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �5�2�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �d�e�c�a�y� 

�o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �g�e�n�e�r�a�t�e�d� �s�h�o�w�s� �a� �f�i�r�s�t� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �o�n�l�y� �o�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �T�a�b�l�e� �6�,� �r�a�t�e� �=� �k�,�,�,�[�B�]�.� 
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�T�a�b�l�e� �6�:� �C�o�m�p�a�r�i�s�o�n� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �t�o� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �r�e�s�p�o�n�s�e� 
�e�x�h�i�b�i�t�e�d� �f�o�r� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �o�r�d�e�r� �r�a�t�e� �l�a�w�s�.� 

�d�5�E�,�/�d�S�l�o�g�v� �d�E�,� �/�d�l�o�g�C�,� �R�e�a�c�t�i�o�n� �R�e�a�c�t�i�o�n� 
�R�a�t�e� �L�a�w� �(�m�V�/�d�e�c�a�d�e�)� �(�m�V�/�d�e�c�a�d�e�)� �o�r�d�e�r� �i�n� �B� �o�r�d�e�r� �i�n� �A� 

�k�[�B�]� �-�2�9�.�5� �0� �1� �0� 
�k�[�B�] �� �-�1�9�.�7� �1�9�.�7� �2� �0� 
�k�[�A�]�[�B�]� �-�2�9�.�5� �2�9�.�5� �1� �1� 
�E�x�p�e�r�i�m�e�n�t�a�l� �-�3�4� �8� �-�0�.�2� �0�.�8� �0�.�2� 

�T�h�e�r�e�f�o�r�e�,� �r�a�d�i�c�a�l� �a�n�i�o�n� �d�e�c�a�y� �i�s� �l�i�k�e�l�y� �t�h�e� �r�e�s�u�l�t� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g�.� 

�C�o�n�f�i�r�m�a�t�i�o�n� �o�f� �t�h�i�s� �h�y�p�o�t�h�e�s�i�s� �w�a�s� �a�f�f�o�r�d�e�d� �t�h�r�o�u�g�h� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �5�2�.� 

�T�h�e� �c�o�n�s�t�a�n�t� �c�u�r�r�e�n�t� �e�l�e�c�t�r�o�l�y�s�i�s� �(�l�e�)� �o�f� �5�2� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �Y�o�n�g�h�u�i� �W�a�n�g� �i�n� 

�a�n�h�y�d�r�o�u�s� �D�M�F� �e�m�p�l�o�y�i�n�g� �0�.�1� �M� �n�-�B�u�s�N�C�I�1�O�,� �a�s� �s�u�p�p�o�r�t�i�n�g� �e�l�e�c�t�r�o�l�y�t�e� �a�n�d� �u�t�i�l�i�z�i�n�g� �a� 

�g�o�l�d� �e�l�e�c�t�r�o�d�e� �a�s� �t�h�e� �w�o�r�k�i�n�g� �e�l�e�c�t�r�o�d�e�.�° �� �T�h�e� �e�l�e�c�t�r�o�l�y�s�i�s� �r�e�s�u�l�t�e�d� �i�n� �t�w�o� �m�a�j�o�r� 

�p�r�o�d�u�c�t�s�,� �5�3� �a�n�d� �5�4�,� �i�n� �4�9�%� �a�n�d� �1�8�%� �y�i�e�l�d�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �S�c�h�e�m�e� �2�7�.� 

�O� �O� �O� 
�1�)�1�e� �.� �y� 
�2�)� �H�C�I� 

�5�2� �5�3� �5�4� 
�4�9�%� �1�8�%� 

� � 

�S�c�h�e�m�e� �2�7� 
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�A� �m�e�c�h�a�n�i�s�m� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�r�o�d�u�c�t�s� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �2�8�.� 

� � 

�O� �o�O� �o�O� 

�c�y� �e� �o�r�y� �_� �W�w� 

�5�2� �5�5� �5�6� 

�e� �1�e� 

�2�)� �H�"� 

�O� �o�O� �O� 

�H�"� �S�N�S� �L�A� 
�©� 

�5�3� �5�4� 

�S�c�h�e�m�e� �2�8� 

�T�h�e� �o�n�e�-�e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �5�2� �r�e�s�u�l�t�s� �i�n� �f�o�r�m�a�t�i�o�n� �o�f� �i�n�t�e�r�m�e�d�i�a�t�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �5�S�.� 

�R�a�d�i�c�a�l� �a�n�i�o�n� �5�5� �t�h�e�n� �u�n�d�e�r�g�o�e�s� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �a�l�l�y�l�i�c� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� 

�a�n�i�o�n�,� �5�6�.� �F�u�r�t�h�e�r� �o�n�e�-�e�l�e�c�t�r�o�n� �r�e�d�u�c�t�i�o�n� �o�f� �5�6� �t�o� �t�h�e� �d�i�a�n�i�o�n� �l�e�a�d�s� �t�o� �5�3� �a�n�d� �5�4� �a�f�t�e�r� 

�a�c�i�d�i�f�i�c�a�t�i�o�n�.� �P�r�o�d�u�c�t� �f�o�r�m�a�t�i�o�n� �i�s� �s�o�l�e�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �r�a�t�e� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� 

�o�p�e�n�i�n�g�,� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �r�a�t�e� �l�a�w� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �L�S�V� �i�n�v�e�s�t�i�g�a�t�i�o�n�.� 
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�C�O�N�C�L�U�S�I�O�N�S� 

�T�h�e� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �o�f� �5�2� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a�n� �i�r�r�e�v�e�r�s�i�b�l�e� �r�e�d�u�c�t�i�o�n� �w�a�v�e� �a�t� 

�-�2�.�3� �V� �a�n�d� �a�n� �i�r�r�e�v�e�r�s�i�b�l�e� �o�x�i�d�a�t�i�o�n� �w�a�v�e� �a�t� �-�0�.�8� �V� �v�s�.� �0�.�1� �M� �A�g ��/�A�g�.� �T�h�e� �o�n�e� �e�l�e�c�t�r�o�n� 

�r�e�d�u�c�t�i�o�n� �o�f� �5�2� �p�r�o�c�e�e�d�s� �t�h�r�o�u�g�h� �a�n� �E�C� �m�e�c�h�a�n�i�s�m� �e�x�h�i�b�i�t�i�n�g� �r�a�t�e� �l�i�m�i�t�i�n�g� �k�.�.� �R�e�a�c�t�i�o�n� 

�o�r�d�e�r� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �r�a�d�i�c�a�l� �a�n�i�o�n� �d�e�c�a�y� 

�e�x�h�i�b�i�t�e�d� �a� �f�i�r�s�t� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n�,� �r�a�t�e� �=� �k�,�,�,�[�B�]�.� 

�C�o�n�f�i�r�m�a�t�i�o�n� �o�f� �t�h�i�s� �r�a�t�e� �l�a�w� �w�a�s� �a�f�f�o�r�d�e�d� �t�h�r�o�u�g�h� �e�l�e�c�t�r�o�l�y�s�i�s� �o�f� �5�2�.� 

�9�6



�C�H�A�P�T�E�R� �3�.� �T�H�E� �U�T�I�L�I�Z�A�T�I�O�N� �O�F� �1�,�1�-�D�I�M�E�T�H�Y�L�-�5�,�7�-�D�I�-�t�-� 

�B�U�T�Y�L�S�P�I�R�O�|�[�2�,�5�]�O�C�T�A�-�4�,�7�-�D�I�E�N�-�6�-�O�N�E� �A�S� �A� �P�R�O�B�E� �F�O�R� �T�H�E� 

�D�E�T�E�C�T�I�O�N� �O�F� �S�I�N�G�L�E� �E�L�E�C�T�R�O�N� �T�R�A�N�S�F�E�R� �I�N� �R�E�A�C�T�I�O�N�S� 

�W�I�T�H� �O�R�G�A�N�O�M�E�T�A�L�L�I�C� �R�E�A�G�E�N�T�S�.� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�O�f� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �a�n�a�l�y�z�e�d� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y�,� �2�0� �e�m�e�r�g�e�d� �a�s� �t�h�e� �s�t�r�o�n�g�e�s�t� 

�c�a�n�d�i�d�a�t�e� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �w�i�t�h� 

�n�u�c�l�e�o�p�h�i�l�e�s�.� �T�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �d�e�r�i�v�e�d� �f�r�o�m� �2�0� �i�s� 

�f�a�c�i�l�i�t�a�t�e�d� �b�y� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �r�e�s�o�n�a�n�c�e� �u�p�o�n� �r�e�l�i�e�f� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�t�r�a�i�n�.� �A�s� �a� 

�r�e�s�u�l�t�,� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �2�0� �i�s� �v�e�r�y� �f�a�c�i�l�e� �a�n�d� �i�s� �e�s�t�i�m�a�t�e�d� �t�o� �o�c�c�u�r� �a�t� �k� �>� �1�0 �� 

�s�'�,� �s�e�v�e�r�a�l� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �o�b�s�e�r�v�e�d� �f�o�r� �c�y�c�l�o�p�r�o�p�y�l� 

�r�i�n�g� �o�p�e�n�i�n�g� �o�f� �a�r�y�l� �c�y�c�l�o�p�r�o�p�y�l� �k�e�t�o�n�e�s�.�*�°�* �� �M�o�r�e�o�v�e�r�,� �b�e�c�a�u�s�e� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� 

�r�e�a�r�r�a�n�g�e�s� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �t�o� �t�h�e� �3�°� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� �a�n�i�o�n� �(�i�n� �a� �9�:�1� �r�a�t�i�o�)�,� 

�w�e� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �m�i�g�h�t� �b�e� �a�c�h�i�e�v�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� 

�r�e�g�i�o�c�h�e�m�i�s�t�r�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g�.� �B�a�s�e�d� �o�n� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �d�a�t�a�,� �w�e� �f�e�l�t� 

�t�h�a�t� �2�0� �w�a�s� �a� �m�u�c�h� �b�e�t�t�e�r� �p�r�o�b�e� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �t�h�a�n� �a�n�y� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�u�b�s�t�r�a�t�e�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �I�n� �o�r�d�e�r� �t�o� �t�e�s�t� �t�h�i�s� �h�y�p�o�t�h�e�s�i�s� �w�e� �b�e�g�a�n� �a� �s�t�u�d�y� �t�o� 

�i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �2�0� �w�i�t�h� �n�u�c�l�e�o�p�h�i�l�e�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �u�n�d�e�r�g�o� �S�E�T� 

�w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� 
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�A� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� �l�i�t�e�r�a�t�u�r�e� �e�x�i�s�t�s� �p�r�o�v�i�d�i�n�g� �e�v�i�d�e�n�c�e� �t�h�a�t� �s�o�m�e� �c�o�m�p�o�n�e�n�t� �o�f� 

�S�E�T� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �a�n�d� �a�l�k�y�l�l�i�t�h�i�u�m� �r�e�a�g�e�n�t�s� �t�o� �a�r�y�l� 

�k�e�t�o�n�e�s� �a�n�d� �e�n�o�n�e�s�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �2�0� �i�s� �e�s�t�i�m�a�t�e�d� �a�t� �-�2�.�5� �V� �v�s�.� �0�.�1� �M� 

�A�g ��/�A�g�,� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�b�s�e�r�v�e�d� �f�o�r� �a�r�y�l� �k�e�t�o�n�e�s� �a�n�d� �e�n�o�n�e�s�.� �I�f� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�s� �o�c�c�u�r�r�i�n�g�,� �2�0� �s�h�o�u�l�d� �e�x�h�i�b�i�t� �b�e�h�a�v�i�o�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �o�f� �a�r�y�l� �k�e�t�o�n�e�s� �w�i�t�h� �t�h�e�s�e� �r�e�a�g�e�n�t�s�. ��°�°�° ��*�*� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �2�0� �i�n� 

�d�e�t�e�c�t�i�n�g� �S�E�T� �w�i�l�l� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �t�h�r�o�u�g�h� �r�e�a�c�t�i�v�i�t�y� �s�t�u�d�i�e�s� �i�n�v�o�l�v�i�n�g� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� 

�a�n�d� �a�l�k�y�l�l�i�t�h�i�u�m�.� 

�L�i�t�t�l�e� �d�o�u�b�t� �e�x�i�s�t�s� �t�o� �t�h�e� �a�b�i�l�i�t�y� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �a�n�d� �a�l�k�y�l�l�i�t�h�i�u�m�s� �t�o� �u�n�d�e�r�g�o� 

�S�E�T� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �|� 

�l�i�t�h�i�u�m� �d�i�a�l�k�y�l�c�u�p�r�a�t�e�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �h�a�s� �n�o�t� �b�e�e�n� �f�u�l�l�y� �e�s�t�a�b�l�i�s�h�e�d�.� 

�T�h�e�r�e�f�o�r�e�,� �w�e� �f�e�l�t� �t�h�a�t� �o�n�c�e� �w�e� �h�a�d� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �2�0� �i�n� �d�i�f�f�e�r�e�n�t�i�a�t�i�n�g� 

�b�e�t�w�e�e�n� �p�o�l�a�r� �a�n�d� �S�E�T� �p�r�o�c�e�s�s�e�s�,� �w�e� �c�o�u�l�d� �u�s�e� �2�0� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �p�r�o�c�e�s�s� 

�i�n�v�o�l�v�e�d� �i�n� �t�h�e� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �o�f� �c�u�p�r�a�t�e�s� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� 

�I�n�i�t�i�a�l� �i�n�d�i�c�a�t�i�o�n� �o�f� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �o�r�g�a�n�o�l�i�t�h�i�u�m�s� �a�n�d� 

�G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �w�i�t�h� �k�e�t�o�n�e�s� �a�n�d� �e�n�o�n�e�s� �r�e�s�u�l�t�e�d� �f�r�o�m� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �r�e�a�c�t�i�o�n� 

�p�r�o�d�u�c�t�s� �t�h�a�t� �c�o�u�l�d� �o�n�l�y� �b�e� �a� �r�e�s�u�l�t� �o�f� �a� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e� �(�e�.�g�.� �r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �a�n�d� 

�r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t�s�)�.�°�*� �D�i�r�e�c�t� �o�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �p�a�r�a�m�a�g�n�e�t�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �o�f� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �h�a�s� �b�e�e�n� �p�r�o�v�i�d�e�d� �t�h�r�o�u�g�h� 

�E�S�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� �E�S�R� �s�p�e�c�t�r�o�s�c�o�p�y� �h�a�s� �b�e�e�n� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �t�o� �v�e�r�i�f�y� �t�h�e� �p�r�e�s�e�n�c�e� 

�o�f� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�,� 

�a�n�d� �t�o� �p�r�o�v�i�d�e� �a� �m�e�a�n�s� �f�o�r� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e�i�r� �s�t�r�u�c�t�u�r�e�.� �T�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �E�S�R� 
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�s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �U�V�-�V�I�S� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�y� �t�h�e� �r�a�t�e� �o�f� �d�e�c�a�y� �f�o�r� �a� �n�u�m�b�e�r� �o�f� 

�p�a�r�a�m�a�g�n�e�t�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �t�o� �c�a�r�b�o�n�y�l� 

�c�o�m�p�o�u�n�d�s� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d�. �� �A�l�t�h�o�u�g�h� �E�S�R� �p�r�o�v�i�d�e�s� �a� �m�e�a�n�s� �o�f� �o�b�s�e�r�v�i�n�g� �a�n�d� 

�c�h�a�r�a�c�t�e�r�i�z�i�n�g� �a� �p�a�r�a�m�a�g�n�e�t�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �a� 

�o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t� �w�i�t�h� �a� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�,� �v�e�r�i�f�i�c�a�t�i�o�n� �t�h�a�t� �t�h�e� �p�a�t�h�w�a�y� �i�n�v�o�l�v�i�n�g� 

�t�h�e� �p�a�r�a�m�a�g�n�e�t�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�,� �a�s� �o�p�p�o�s�e�d� �t�o� �a� �p�o�l�a�r� �p�a�t�h�w�a�y�,� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� 

�o�b�s�e�r�v�e�d� �p�r�o�d�u�c�t�s� �c�a�n� �n�o�t� �b�e� �a�c�c�o�m�p�l�i�s�h�e�d�.� 

�A� �n�u�m�b�e�r� �o�f� �o�t�h�e�r� �m�e�t�h�o�d�s� �h�a�v�e� �b�e�e�n� �e�m�p�l�o�y�e�d� �i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� 

�r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s� �p�r�e�s�e�n�t� �i�n� �r�e�a�c�t�i�o�n�s� �o�f� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �w�i�t�h� �c�a�r�b�o�n�y�l� 

�c�o�m�p�o�u�n�d�s� �a�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �p�r�o�d�u�c�t�s�.� �T�h�e� �m�o�r�e� �s�u�c�c�e�s�s�f�u�l� �o�f� �t�h�e�s�e� 

�m�e�t�h�o�d�s� �i�n�c�l�u�d�e� �k�i�n�e�t�i�c� �i�s�o�t�o�p�e� �e�f�f�e�c�t� �s�t�u�d�i�e�s�, �� �r�a�d�i�c�a�l� �t�r�a�p�p�i�n�g�, �� �i�s�o�m�e�r�i�z�a�t�i�o�n� �p�r�o�b�e�s�, �� 

�f�r�a�g�m�e�n�t�a�t�i�o�n� �p�r�o�b�e�s�, � �� �a�n�d� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�r�o�b�e�s�. �� �E�a�c�h� �o�f� �t�h�e�s�e� �m�e�t�h�o�d�s� �h�a�v�e� �b�e�e�n� 

�a�b�l�e� �t�o� �p�r�o�v�i�d�e� �s�o�m�e� �e�v�i�d�e�n�c�e� �f�o�r� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �w�i�t�h� 

�k�e�t�o�n�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �m�o�s�t� �i�n�t�e�n�s�i�v�e� �w�o�r�k� �i�n� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� 

�o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �t�o� �k�e�t�o�n�e�s� �h�a�s� �o�c�c�u�r�r�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �r�e�a�r�r�a�n�g�e�m�e�n�t� �p�r�o�b�e�s� 

�b�a�s�e�d� �o�n� �t�h�e� �A�°�-�h�e�x�e�n�y�l�  ��>� �c�y�c�l�o�p�e�n�t�y�l�c�a�r�b�i�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�.� 

�S�E�T� �p�r�o�b�e�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �A ��-�h�e�x�e�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t� �h�a�v�e� �p�r�o�v�i�d�e�d� �a� 

�p�l�e�t�h�o�r�a� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �p�e�r�t�a�i�n�i�n�g� �t�o� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �o�f� �G�r�i�g�n�a�r�d� 

�r�e�a�g�e�n�t�s� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� �T�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �A�°�-�h�e�x�e�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t� 

�p�r�o�b�e�s�,� �t�h�e� �S�E�T� �m�e�c�h�a�n�i�s�m� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t� �a�d�d�i�t�i�o�n� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �h�a�s� �b�e�e�n� 
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�t�h�o�r�o�u�g�h�l�y� �c�h�a�r�a�c�t�e�r�i�z�e�d�.� �M�o�r�e�o�v�e�r�,� �A�s�h�b�y� �a�n�d� �c�o�w�o�r�k�e�r�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �p�r�i�m�a�r�y� 

�G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �a�r�e� �c�a�p�a�b�l�e� �o�f� �u�n�d�e�r�g�o�i�n�g� �S�E�T� �r�e�a�c�t�i�o�n�s� �w�i�t�h� �a�r�y�l� �k�e�t�o�n�e�s�. �� 

�F�o�r�m�a�t�i�o�n� �o�f� �p�r�o�d�u�c�t�s� �c�a�n� �o�c�c�u�r� �b�y� �t�w�o� �p�a�t�h�w�a�y�s� �i�n� �t�h�e� �S�E�T� �m�e�c�h�a�n�i�s�m� �o�f� 

�n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�:� �(�1�)� �c�o�u�p�l�i�n�g� �o�f� �t�h�e� �g�e�m�i�n�a�t�e� �r�a�d�i�c�a�l�/� �r�a�d�i�c�a�l� 

�a�n�i�o�n� �p�a�i�r� �i�n� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �o�r� �(�2�)� �c�o�u�p�l�i�n�g� �o�f� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �a�f�t�e�r� �t�h�e�y� �h�a�v�e� �d�i�f�f�u�s�e�d� �f�r�o�m� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e� �(�v�i�a� �a� �d�i�f�f�u�s�i�v�e� �r�a�d�i�c�a�l�/�r�a�d�i�c�a�l� 

�a�n�i�o�n� �p�a�i�r�)�,� �S�c�h�e�m�e� �2�9�. �� 

�9�°� �o�O� �o� 

� � 

�R� �R� �/� �\� �a�R� �N�u� �S�o�l�v�e�n�t� �=� �F�r�e�e� 
�C�a�g�e� 

�N�u� �N�u� 

�R�a�d�i�c�a�l� �C�o�u�p�l�i�n�g� 

�c�o� �F�r�e�e� 
�o� 

�N�u� �R� 

�S�c�h�e�m�e� �2�9� 

�I�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�,� �1�-�d�i�m�e�t�h�y�l�-�5�-�h�e�x�e�n�y�l� �m�a�g�n�e�s�i�u�m� �c�h�l�o�r�i�d�e� �w�i�t�h� �b�e�n�z�i�l�,� �H�o�l�m� �w�a�s� �a�b�l�e� 

�t�o� �d�i�f�f�e�r�e�n�t�i�a�t�e� �b�e�t�w�e�e�n� �t�h�o�s�e� �p�r�o�d�u�c�t�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �a�d�d�i�t�i�o�n� �i�n� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e� �t�o� �t�h�o�s�e� 

�r�e�s�u�l�t�i�n�g� �f�r�o�m� �d�i�f�f�u�s�i�o�n� �f�r�o�m� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e�. �� �M�o�r�e�o�v�e�r�,� �t�h�e� �r�a�t�e� �o�f� �r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� 

�t�h�e� �A�°�-�h�e�x�e�n�y�l� �r�a�d�i�c�a�l� �a�l�l�o�w�e�d� �a�n� �e�s�t�i�m�a�t�e� �o�f� �1�0�°� �s� �f�o�r� �t�h�e� �l�i�f�e�t�i�m�e� �o�f� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e� �i�n� 

�1�0�0



�t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �2�,�2�-�d�i�m�e�t�h�y�l�-�5�-�h�e�x�e�n�y�l� �m�a�g�n�e�s�i�u�m� �c�h�l�o�r�i�d�e� �w�i�t�h� �b�e�n�z�o�p�h�e�n�o�n�e�. � �� �T�h�e� 

�u�s�e� �o�f� �t�h�e� �A�°�-�h�e�x�e�n�y�l� �r�a�d�i�c�a�l� �r�e�a�r�r�a�n�g�e�m�e�n�t� �h�a�s� �p�r�o�v�i�d�e�d� �k�e�y� �m�e�c�h�a�n�i�s�t�i�c� �i�n�f�o�r�m�a�t�i�o�n� �i�n�t�o� 

�t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� 

�A�r�y�l� �c�y�c�l�o�p�r�o�p�y�l� �k�e�t�o�n�e�s� �h�a�v�e� �b�e�e�n� �u�t�i�l�i�z�e�d� �e�x�t�e�n�s�i�v�e�l�y� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� 

�i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� �H�o�w�e�v�e�r� �p�r�e�v�i�o�u�s� 

�s�t�u�d�i�e�s� �h�a�v�e� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�r�y�l� �c�y�c�l�o�p�r�o�p�y�l� �k�e�t�o�n�e�s� �s�u�b�s�t�i�t�u�t�e�d� �w�i�t�h� �o�n�l�y� �H� �o�r� �a�l�k�y�l� 

�g�r�o�u�p�s� �a�r�e� �i�n�e�f�f�e�c�t�i�v�e� �i�n� �i�d�e�n�t�i�f�y�i�n�g� �S�E�T�.�*�*�* �� �R�e�a�c�t�i�o�n�s� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �k�e�t�o�n�e� �w�i�t�h� 

�o�r�g�a�n�o�l�i�t�h�i�u�m� �a�n�d� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s� �r�e�s�u�l�t�e�d� �i�n� �o�n�l�y� �1�,�2� �a�d�d�i�t�i�o�n� �p�r�o�d�u�c�t�s�. �� �S�i�m�i�l�a�r� 

�r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �l�i�t�h�i�u�m� �d�i�a�l�k�y�l�c�u�p�r�a�t�e�s� �r�e�s�u�l�t�e�d� �i�n� �a� �s�m�a�l�l� �q�u�a�n�t�i�t�y� �o�f� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� 

�o�p�e�n�e�d� �p�r�o�d�u�c�t�s�,� �h�o�w�e�v�e�r�,� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�i�s� �s�t�u�d�y� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �l�i�t�h�i�u�m� �d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� 

�w�a�s� �a�d�d�i�n�g� �v�i�a� �a� �p�o�l�a�r� �p�r�o�c�e�s�s�,� �F�i�g�u�r�e� �3�0�. �� 
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� � � � 

�O� �H�O�.� 
�C�H�3�M�g�B�r� �C�H�s� 

�C�H�s�L�i� 

�O�n�l�y� 

�0� �H�O� �O� �R�i� �R�o� 
�R�t� �(�C�H�3�)�9�C�u�L�i� �o�C�H�s� �R�y� �.� 
 ��.� �"� �+� 

 ��R�9�2� �E�t�,�O�  ��R�o� 

�R�,�=�R�2�=�H� �5�7�%� �0�.�5�%� 
�R�,�=�R�2�=�C�H�;� �7�5�%� �0�.�6�%� 

�F�i�g�u�r�e� �3�0�:� �R�e�a�c�t�i�o�n�s� �o�f� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t�s�,� �o�r�g�a�n�o�l�i�t�h�i�u�m�s�,� �a�n�d� �l�i�t�h�i�u�m� 
�d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� �w�i�t�h� �c�y�c�l�o�p�r�o�p�y�l� �p�h�e�n�y�l� �k�e�t�o�n�e�.� 

�W�h�i�l�e� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �l�i�t�h�i�u�m� �d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� �r�e�s�u�l�t�s� �i�n� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �w�i�t�h� �1�-� 

�b�e�n�z�o�y�l�-�2�-�v�i�n�y�l�c�y�c�l�o�p�r�o�p�a�n�e�,� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �o�c�c�u�r�s� �a�c�r�o�s�s� �t�h�e� �d�o�u�b�l�e� �b�o�n�d�.� �A�s�a� 

�r�e�s�u�l�t�,� �t�h�i�s� �s�u�b�s�t�r�a�t�e� �c�a�n� �n�o�t� �d�i�f�f�e�r�e�n�t�i�a�t�e� �b�e�t�w�e�e�n� �a� �p�o�l�a�r� �a�n�d� �a� �S�E�T� �p�r�o�c�e�s�s�. � �� �T�h�e� 

�r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �1�-�b�e�n�z�o�y�l�-�2�-�p�h�e�n�y�l�c�y�c�l�o�p�r�o�p�a�n�e� �p�r�o�h�i�b�i�t�s� �i�t�s� �u�t�i�l�i�z�a�t�i�o�n� 

�a�s� �a� �S�E�T� �p�r�o�b�e�. �� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �a�v�a�i�l�a�b�l�e� �l�i�t�e�r�a�t�u�r�e� �s�u�p�p�o�r�t�i�n�g� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �G�r�i�g�n�a�r�d� 

�r�e�a�g�e�n�t�s� �a�n�d� �a�l�k�y�l�l�i�t�h�i�u�m�s� �w�i�t�h� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�,� �w�e� �f�e�l�t� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� 

�t�h�e�s�e� �r�e�a�g�e�n�t�s� �w�o�u�l�d� �p�r�o�v�i�d�e� �a� �d�i�r�e�c�t� �m�e�a�s�u�r�e� �o�f� �i�t ��s� �a�b�i�l�i�t�y� �t�o� �d�e�t�e�c�t� �S�E�T�.� �T�h�e�r�e�f�o�r�e�,� �w�e� 

�d�e�c�i�d�e�d� �t�o� �r�e�a�c�t� �2�0� �w�i�t�h� �m�e�t�h�y�l�m�a�g�n�e�s�i�u�m� �b�r�o�m�i�d�e� �a�n�d� �m�e�t�h�y�l�l�i�t�h�i�u�m� �t�o� �d�e�t�e�r�m�i�n�e� �i�t ��s� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �i�n� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s�.� �O�n�c�e� �w�e� �h�a�d� �e�s�t�a�b�l�i�s�h�e�d� �t�h�e� 

�e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �2�0� �t�o� �d�e�t�e�c�t� �S�E�T�,� �w�e� �w�o�u�l�d� �t�h�e�n� �r�e�a�c�t� �2�0� �w�i�t�h� �l�i�t�h�i�u�m� �d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� �t�o� 

�d�e�t�e�r�m�i�n�e� �i�f� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �w�a�s� �o�c�c�u�r�r�i�n�g� �t�h�r�o�u�g�h� �a� �S�E�T� �m�e�c�h�a�n�i�s�m�.� 
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�R�E�A�C�T�I�O�N� �O�F� �1�,�1�-�D�I�M�E�T�H�Y�L�-�5�,�7�-�D�I�-�/�-�B�U�T� �Y�L�S�P�I�R�O�[�2�,�5�]�O�C�T�A�-�4�,�7�-� 

�D�I�E�N�-�6�-�O�N�E� �(�2�0�)� �W�I�T�H� �M�E�T�H�Y�L�M�A�G�N�E�S�I�U�M� �B�R�O�M�I�D�E� 

�T�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �M�e�M�g�B�r� �w�a�s� �p�e�r�f�o�r�m�e�d� �i�n� �a�n�h�y�d�r�o�u�s� �T�H�F� �a�t� �0�°�C�.� �A�f�t�e�r� 

�a� �2� �h�o�u�r� �r�e�a�c�t�i�o�n� �t�i�m�e� �a�l�l� �o�f� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l� �w�a�s� �c�o�n�s�u�m�e�d�.� �I�n� �a�l�l� �7� �p�r�o�d�u�c�t�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d�,� �t�w�o� �o�f� �w�h�i�c�h� �o�b�t�a�i�n�e�d� �i�n� �a� �3�9�%� �y�i�e�l�d� �c�a�n� �b�e� �a�s�c�r�i�b�e�d� �t�o� �h�y�d�r�o�l�y�s�i�s� �o�f� �u�n�r�e�a�c�t�e�d� 

�s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l� �t�o� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �1�°� �a�n�d� �3�°� �a�l�c�o�h�o�l�s�.� �H�o�w�e�v�e�r�,� �p�r�o�d�u�c�t�s� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �t�o� �2�0� �i�n� �a�n� �o�v�e�r�a�l�l� �y�i�e�l�d� �o�f� �6�1�%�.� �T�h�e� �r�e�l�a�t�i�v�e� 

�y�i�e�l�d�s� �a�n�d� �s�t�r�u�c�t�u�r�e�s� �o�f� �t�h�e�s�e� �p�r�o�d�u�c�t�s� �a�r�e� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �3�0�.� 
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�E�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �f�r�o�m� �M�e�M�g�B�r� �t�o� �2�0� �r�e�s�u�l�t�s� �i�n� �t�h�e� �m�a�g�n�e�s�i�u�m� �k�e�t�y�l� �r�a�d�i�c�a�l�,� �5�9�,� 

�w�h�i�c�h� �t�h�e�n� �u�n�d�e�r�g�o�e�s� �r�i�n�g� �o�p�e�n�i�n�g� �t�o� �t�h�e� �1�°� �a�n�d� �3�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l�s�,� �6�1� �a�n�d� �6�0� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �R�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �c�a�n� �t�h�e�n� �o�c�c�u�r� �b�e�t�w�e�e�n� �C�H�;�:� �a�n�d� �6�0� �a�n�d� �6�1� �t�o� �g�i�v�e� �5�7� �a�n�d� 

�5�9� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�i�s� �p�r�o�c�e�s�s� �c�a�n� �e�i�t�h�e�r� �o�c�c�u�r� �i�n� �t�h�e� �s�o�l�v�e�n�t� �c�a�g�e� �o�r� �a�f�t�e�r� �d�i�f�f�u�s�i�o�n� �f�r�o�m� 

�t�h�e� �s�o�l�v�e�n�t� �c�a�g�e�.� �T�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t�s� �4�0� �a�n�d� �4�1� �w�a�s� �i�n�t�e�r�e�s�t�i�n�g� �a�n�d� 

�s�o�m�e�w�h�a�t� �u�n�e�x�p�e�c�t�e�d� �b�e�c�a�u�s�e� �a� �s�t�u�d�y� �b�y� �H�o�l�m� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �C�-�C� �b�o�n�d�i�n�g� �o�c�c�u�r�s� 

�d�u�r�i�n�g� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �m�e�t�h�y�l�m�a�g�n�e�s�i�u�m� �b�r�o�m�i�d�e� �a�n�d� 

�b�e�n�z�o�p�h�e�n�o�n�e�. �� �I�f� �p�a�r�t�i�a�l� �C�-�C� �b�o�n�d�i�n�g� �o�c�c�u�r�s� �d�u�r�i�n�g� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� 

�2�0� �w�i�t�h� �m�e�t�h�y�l�m�a�g�n�e�s�i�u�m� �b�r�o�m�i�d�e�,� �t�h�e�n� �o�n�l�y� �5�7� �a�n�d� �5�8� �s�h�o�u�l�d� �b�e� �f�o�r�m�e�d�.� �T�h�e� 

�a�p�p�e�a�r�a�n�c�e� �o�f� �4�0� �a�n�d� �4�1� �i�n� �t�h�e� �p�r�o�d�u�c�t� �m�i�x�t�u�r�e� �s�u�g�g�e�s�t�s� �t�h�a�t� �C�-�C� �b�o�n�d�i�n�g� �i�s� �n�o�t� 

�o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�.� �A�s� �a� �r�e�s�u�l�t�,� �6�0� �a�n�d� �6�1� �a�r�e� �a�b�l�e� �t�o� �d�i�s�p�r�o�p�o�t�i�o�n�a�t�e� �a�n�d�/�o�r� 

�a�b�s�t�r�a�c�t� �h�y�d�r�o�g�e�n� �a�t�o�m�s� �f�r�o�m� �s�o�l�v�e�n�t� �b�e�f�o�r�e� �r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �c�a�n� �o�c�c�u�r�,� �F�i�g�u�r�e� �3�1�.� 
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�E�>� �e�l�i�m�i�n�a�t�i�o�n� �r�e�a�c�t�i�o�n� �c�a�n� �n�o�t� �b�e� �d�i�s�c�o�u�n�t�e�d� �a�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �m�e�c�h�a�n�i�s�m�.� �T�h�e� �v�i�a�b�i�l�i�t�y� 

�o�f� �t�h�e� �E�,� �p�a�t�h�w�a�y� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �b�y� �s�h�o�w�i�n�g� �t�h�a�t� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �s�o�d�i�u�m� �h�y�d�r�i�d�e� 

�r�e�s�u�l�t�e�d� �i�n� �a� �q�u�a�n�t�i�t�a�t�i�v�e� �y�i�e�l�d� �o�f� �3�9�,� �F�i�g�u�r�e� �3�2�.� 
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�F�i�g�u�r�e� �3�2�:� �E�;� �e�l�i�m�i�n�a�t�i�o�n� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �N�a�H� �a�n�d� �M�e�M�g�B�r�.� 

�O�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �d�a�t�a�,� �a� �9�:�1� �r�a�t�i�o� �o�f� �t�h�e� �3�°� �t�o� �1�°� �d�i�s�t�o�n�i�c� �r�a�d�i�c�a�l� 

�a�n�i�o�n�s� �w�a�s� �e�x�p�e�c�t�e�d�;� �h�o�w�e�v�e�r�,� �a� �6�:�1� �r�a�t�i�o� �w�a�s� �p�r�o�d�u�c�e�d�.� �S�i�n�c�e� �i�t� �i�s� �n�o�t� �k�n�o�w�n� �h�o�w� �t�h�e� 

�c�o�o�r�d�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�o�u�n�t�e�r�i�o�n� �m�i�g�h�t� �a�f�f�e�c�t� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �o�f� �r�i�n�g� �o�p�e�n�i�n�g�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� 

�t�h�a�t� �5�8� �i�s� �p�r�o�d�u�c�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �S�E�T�.� �H�o�w�e�v�e�r�,� �a� �d�i�r�e�c�t� �S�x�2� �s�u�b�s�t�i�t�u�t�i�o�n� �r�e�a�c�t�i�o�n� �c�a�n� 

�n�o�t� �b�e� �d�i�s�c�o�u�n�t�e�d� �a�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �5�8�,� �S�c�h�e�m�e� �3�2�.� 
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�I�n�t�e�r�e�s�t�i�n�g�l�y�,� �4�0� �a�n�d� �4�1� �w�e�r�e� �n�o�t� �p�r�e�s�e�n�t� �i�n� �t�h�e� �p�r�o�d�u�c�t�s�.� �H�o�w�e�v�e�r�,� �b�a�s�e�d� �o�n�  � ��C� 

�k�i�n�e�t�i�c� �i�s�o�t�o�p�e� �e�f�f�e�c�t� �(�K�I�E�)� �s�t�u�d�i�e�s� �b�e�t�w�e�e�n� �m�e�t�h�y�l�l�i�t�h�i�u�m� �a�n�d� �b�e�n�z�o�p�h�e�n�o�n�e�,� �t�h�e�i�r� 

�a�b�s�e�n�c�e� �i�s� �n�o�t� �u�n�e�x�p�e�c�t�e�d�. � �� �T�h�e� �r�a�t�e� �l�i�m�i�t�i�n�g� �s�t�e�p� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �b�e�n�z�o�p�h�e�n�o�n�e� 

�a�n�d� �m�e�t�h�y�l�l�i�t�h�i�u�m� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �t�h�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�.� �I�f� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �2�0� �a�n�d� 

�m�e�t�h�y�l�l�i�t�h�i�u�m� �o�c�c�u�r�s� �w�i�t�h� �r�a�t�e� �l�i�m�i�t�i�n�g� �E�T�,� �t�h�e�n� �r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �m�a�y� �o�c�c�u�r� �a�t� �a� �r�a�t�e� 

�s�u�f�f�i�c�i�e�n�t� �t�o� �p�r�e�v�e�n�t� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �R�e�g�a�r�d�l�e�s�s�,� �t�h�e� 

�a�p�p�e�a�r�a�n�c�e� �o�f� �5�7� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �S�E�T� �w�a�s� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� �o�f� 

�m�e�t�h�y�l�l�i�t�h�i�u�m� �t�o� �2�0�.� 
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�R�E�A�C�T�I�O�N� �O�F� �1�,�1�-�D�I�M�E�T�H�Y�L�-�5�,�7�-�D�I�-�t�-�B�U�T� �Y�L�S�P�I�R�O�[�2�,�5�|�O�C�T�A�-�4�,�7�-� 

�D�I�E�N�-�6�-�O�N�E� �(�2�0�)� �W�I�T�H� �L�I�T�H�I�U�M� �D�I�M�E�T�H�Y�L�C�U�P�R�A�T�E� 

�H�o�u�s�e� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �s�u�b�s�t�r�a�t�e�s� �w�i�t�h� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l�s� �<� �-�2�.�3�5� �V� �v�s�.� �S�C�E� 

�s�h�o�u�l�d� �r�e�a�c�t� �v�i�a� �S�E�T� �w�i�t�h� �l�i�t�h�i�u�m� �d�i�m�e�t�h�y�l�c�u�p�r�a�t�e�. �� �T�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �2�0� �h�a�s� 

�b�e�e�n� �e�s�t�i�m�a�t�e�d� �a�t� �-�2�.�2� �V� �v�s�.� �S�C�E�.� �W�e�,� �t�h�e�r�e�f�o�r�e�,� �e�x�p�e�c�t�e�d� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �2�0� �a�n�d� 

�l�i�t�h�i�u�m� �d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� �t�o� �p�r�o�c�e�e�d� �v�i�a� �S�E�T�.� �T�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �l�i�t�h�i�u�m� 

�d�i�m�e�t�h�y�l�c�u�p�r�a�t�e� �i�n� �a�n�h�y�d�r�o�u�s� �T�H�F� �a�t� �-�1�0�°� �C� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �e�x�c�l�u�s�i�v�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �5�8� �i�n� 

�a� �7�3�%� �y�i�e�l�d�,� �S�c�h�e�m�e� �3�4�.� 
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�S�c�h�e�m�e� �3�4� 

�T�w�o� �m�e�c�h�a�n�i�s�m�s� �m�a�y� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �e�x�c�l�u�s�i�v�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �5�8�:� �(�1�)� �A� �d�i�r�e�c�t� 
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�T�h�e� �d�o�m�i�n�a�n�t� �m�e�c�h�a�n�i�s�m� �o�f� �a�d�d�i�t�i�o�n� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�n� �t�h�e� 

�c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �a�n�d� �u�p�o�n� �t�h�e� �r�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s�.� �D�o�u�b�l�y� �a�c�t�i�v�a�t�e�d� �c�y�c�l�o�p�r�o�p�a�n�e�s� �(�1�.�e�.�,� 

�c�y�c�l�o�p�r�o�p�a�n�e�s� �w�i�t�h� �t�w�o� �e�l�e�c�t�r�o�n� �w�i�t�h�d�r�a�w�i�n�g� �g�r�o�u�p�s� �a�t� �t�h�e� �s�a�m�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� 

�c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g�)�,� �s�u�c�h� �a�s� �2�0�,� �a�r�e� �c�a�p�a�b�l�e� �o�f� �u�n�d�e�r�g�o�i�n�g� �d�i�r�e�c�t� �n�u�c�l�e�o�p�h�i�l�i�c� �s�u�b�s�t�i�t�u�t�i�o�n� 

�a�t� �t�h�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �c�a�r�b�o�n�.� �T�h�e�r�e�f�o�r�e�,� �w�e� �f�e�e�l� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a� �p�o�l�a�r� 

�n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� �c�y�c�l�o�p�r�o�p�a�n�e� �c�a�r�b�o�n�.� �H�o�w�e�v�e�r�,� �B�e�r�t�z� �a�n�d� 

�c�o�w�o�r�k�e�r�s� �h�a�v�e� �f�o�r�w�a�r�d�e�d� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �e�x�p�l�a�n�a�t�i�o�n� �i�n�v�o�l�v�i�n�g� �s�i�n�g�l�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r�,� 

�i�n�v�o�l�v�i�n�g� �a� �c�o�p�p�e�r� �a�s�s�i�s�t�e�d� �c�y�c�l�o�p�r�o�p�y�l�c�a�r�b�i�n�y�l� �+� �h�o�m�o�a�l�l�y�l� �r�e�a�r�r�a�n�g�e�m�e�n�t�,� �F�i�g�u�r�e� 

�3�5�A�. ��"� 

�I�n� �t�h�i�s� �m�e�c�h�a�n�i�s�m�,� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�c�i�s�s�i�o�n� �o�c�c�u�r�s� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �c�u�p�r�a�t�e� �t�o� �2�0�.� �D�u�e� �t�o� �t�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �g�e�m�-� 

�d�i�m�e�t�h�y�l� �g�r�o�u�p�s�,� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �s�c�i�s�s�i�o�n� �o�c�c�u�r�s� �a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� �s�i�d�e� �o�f� �t�h�e� 

�c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �5�8�.� �T�h�i�s� �m�e�c�h�a�n�i�s�m� �r�e�q�u�i�r�e�s� 

�c�o�o�r�d�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�u�p�r�a�t�e� �t�o� �t�h�e� �e�n�o�n�e� �s�y�s�t�e�m� �t�o� �p�r�e�v�e�n�t� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �o�p�e�n�i�n�g�,� 

�r�e�s�u�l�t�i�n�g� �i�n� �a� �C�u!"� �i�n�t�e�r�m�e�d�i�a�t�e�. � �� �T�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�u�b�s�t�i�t�u�e�n�t�s� �o�n� �t�h�e� 

�c�y�c�l�o�h�e�x�a�d�i�e�n�o�n�e� �r�i�n�g� �a�n�d� �t�h�e� �d�i�m�e�r�i�c� �c�o�p�p�e�r� �s�p�e�c�i�e�s� �w�o�u�l�d� �p�r�o�b�a�b�l�y� �p�r�e�c�l�u�d�e� �t�h�i�s� �f�r�o�m� 

�o�c�c�u�r�r�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�e�s�u�l�t�s� �a�r�e� �b�e�t�t�e�r� �e�x�p�l�a�i�n�e�d� �b�y� �a� �d�i�r�e�c�t� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �b�y� �t�h�e� 

�c�u�p�r�a�t�e� �o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �f�o�l�l�o�w�e�d� �b�y� �a� �r�e�d�u�c�t�i�v�e� �e�l�i�m�i�n�a�t�i�o�n� �r�e�s�u�l�t�i�n�g� �i�n� 

�s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �a� �m�e�t�h�y�l� �g�r�o�u�p� �a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� �c�a�r�b�o�n�.� 
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�C�O�N�C�L�U�S�I�O�N�S� 

�U�t�i�l�i�z�i�n�g� �r�e�a�g�e�n�t�s� �r�e�c�o�g�n�i�z�e�d� �f�o�r� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �s�o�m�e� �c�o�m�p�o�n�e�n�t� �o�f� �S�E�T� �i�n� 

�t�h�e�i�r� �a�d�d�i�t�i�o�n� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�,� �2�0� �h�a�s� �s�h�o�w�n� �i�t�s�e�l�f� �t�o� �b�e� �a�n� �e�f�f�e�c�t�i�v�e� �p�r�o�b�e� �f�o�r� �t�h�e� 

�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �d�e�t�e�c�t�i�n�g� �r�a�d�i�c�a�l� �k�e�t�y�l� �a�n�i�o�n�s� �g�e�n�e�r�a�t�e�d� �i�n� �a� �S�E�T� 

�p�a�t�h�w�a�y�,� �2�0� �i�s� �e�f�f�e�c�t�i�v�e� �i�n� �t�r�a�p�p�i�n�g� �t�h�e� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�.� 

�T�h�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �¢�-�b�u�t�y�l� �g�r�o�u�p�s� �e�l�i�m�i�n�a�t�e�s� �t�h�e� �a�m�b�i�g�u�i�t�y� �s�u�r�r�o�u�n�d�i�n�g� 

�1�,�2� �a�d�d�i�t�i�o�n� �p�r�o�d�u�c�t�s� �b�y� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e�i�r� �o�c�c�u�r�r�e�n�c�e�.� �M�o�r�e�o�v�e�r�,� �t�h�e� �g�e�m�i�n�a�l� �d�i�m�e�t�h�y�l� 

�g�r�o�u�p�s� �o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �p�r�o�v�i�d�e� �c�l�e�a�r� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �r�i�n�g� �o�p�e�n�e�d� �p�r�o�d�u�c�t�s� 

�a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �S�E�T� �a�n�d� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �i�n� �a� �n�u�c�l�e�o�p�h�i�l�i�c� �p�r�o�c�e�s�s�.� �B�a�s�e�d� �o�n� �t�h�e� 

�p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �r�e�a�c�t�i�v�i�t�y� �s�t�u�d�i�e�s�,� �2�0� �e�m�e�r�g�e�s� �a�s� �t�h�e� �p�r�e�m�i�e�r� �s�u�b�s�t�r�a�t�e� �f�o�r� �t�h�e� 

�d�e�t�e�c�t�i�o�n� �o�f� �S�E�T� �t�o� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s�.� 
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�C�H�A�P�T�E�R� �4�.� �R�E�A�C�T�I�O�N� �O�F� �S�P�I�R�O�[�2�,�5�]�O�C�T�A�D�I�E�N�O�N�E�S� �W�I�T�H� 

�P�O�T�A�S�S�I�U�M� �T�H�I�O�P�H�E�N�O�X�I�D�E�.� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�W�e� �b�e�c�a�m�e� �i�n�t�e�r�e�s�t�e�d� �i�n� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �t�h�i�o�l�a�t�e� �i�o�n�s� �u�n�d�e�r�g�o� �S�E�T� �i�n� �r�e�a�c�t�i�o�n�s� 

�w�i�t�h� �2�0� �b�a�s�e�d� �o�n� �a� �r�e�p�o�r�t� �t�h�a�t� �r�e�a�c�t�i�o�n� �o�f� �l�i�t�h�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �b�e�n�z�o�p�h�e�n�o�n�e� 

�g�e�n�e�r�a�t�e�d� �a�n� �E�P�R� �a�c�t�i�v�e� �s�p�e�c�i�e�s�. �� �T�h�e� �o�b�s�e�r�v�e�d� �E�P�R� �s�i�g�n�a�l� �w�a�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�a�t� �o�f� �t�h�e� 

�b�e�n�z�o�p�h�e�n�o�n�e� �k�e�t�y�l� �r�a�d�i�c�a�l� �a�n�i�o�n�.� �H�o�w�e�v�e�r�,� �o�n�l�y� �b�e�n�z�o�p�h�e�n�o�n�e� �w�a�s� �r�e�c�o�v�e�r�e�d� �u�p�o�n� 

�q�u�e�n�c�h�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �R�e�d�u�c�t�i�o�n� �a�n�d� �r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �p�r�o�d�u�c�t�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� 

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �r�a�d�i�c�a�l� �a�n�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �w�e�r�e� �a�b�s�e�n�t�,� �S�c�h�e�m�e� �3�5�.� 

� � 

�O� 
�L�i�S�P�h� 

�e�n�o�n� �P�h� �O� �T�H�F� 

�p�r�o� �P�h� �o�u� �O�o�o� �o�O� 

�_�U�S�P�h� �A�  ��* � � ��_� �P�h� �¢�-�C�P�h� �+� �P�h� �é� �T�H�F� �=� �P�h �� �*�P�h� �2� �2� �a�n�,� 
�+� 

�P�h�S� 

�S�c�h�e�m�e� �3�5� 

�T�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a� �p�a�r�a�m�a�g�n�e�t�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �S�E�T� 

�w�a�s� �o�c�c�u�r�r�i�n�g�;� �h�o�w�e�v�e�r�,� �t�h�e� �a�b�s�e�n�c�e� �o�f� �p�r�o�d�u�c�t�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �a� �r�a�d�i�c�a�l� �a�n�i�o�n� 
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�i�n�t�e�r�m�e�d�i�a�t�e� �c�a�s�t� �d�o�u�b�t� �o�n� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �S�E�T� �b�e�i�n�g� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �t�o� �b�e�n�z�o�p�h�e�n�o�n�e�.� 

�T�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �b�e�n�z�o�p�h�e�n�o�n�e� �(�-�2�.�2� �V� �v�s�.� �0�.�1� �M� �A�g ��/�A�g�)� �i�s� �s�i�m�i�l�a�r� �t�o� 

�t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �2�0� �(�-�2�.�5� �V� �v�s�.� �0�.�1� �M� �A�g ��/�A�g�)�.� �T�h�e�r�e�f�o�r�e�,� �2�0� �s�h�o�u�l�d� �r�e�a�c�t� �w�i�t�h� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� �a� �m�a�n�n�e�r� �s�i�m�i�l�a�r� �t�o� �b�e�n�z�o�p�h�e�n�o�n�e�.� �B�a�s�e�d� �o�n� �t�h�e� �p�r�e�v�i�o�u�s� �u�t�i�l�i�t�y� �t�h�a�t� �2�0� 

�e�x�h�i�b�i�t�e�d� �i�n� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �S�E�T� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �w�i�t�h� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s�,� �w�e� �f�e�l�t� 

�t�h�a�t� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�o�u�l�d� �a�l�l�o�w� �d�e�t�e�r�m�i�n�a�t�i�o�n� �a�s� �t�o� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� 

�S�E�T�.� 

�D�u�e� �t�o� �t�h�e� �m�o�n�o�m�e�r�i�c� �a�n�d� �d�i�m�e�r�i�c� �n�a�t�u�r�e� �o�f� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s�,� �c�o�n�t�r�o�v�e�r�s�y� 

�e�x�i�s�t�s� �a�s� �t�o� �t�h�e� �a�c�t�u�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �r�e�d�u�c�t�i�o�n� �o�f� �c�a�r�b�o�n�y�l� 

�c�o�m�p�o�u�n�d�s�. � �� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s� �a�s� �w�e�l�l� �a�s� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�o�n�o�m�e�r�i�c� �a�n�d� �d�i�m�e�r�i�c� �s�p�e�c�i�e�s� �c�o�m�p�l�i�c�a�t�e� �t�h�e� �m�e�c�h�a�n�i�s�t�i�c� �a�n�d� �k�i�n�e�t�i�c� 

�a�n�a�l�y�s�e�s� �o�f� �r�e�a�c�t�i�o�n�s� �o�f� �c�a�r�b�o�n�y�l� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �o�r�g�a�n�o�m�e�t�a�l�l�i�c� �r�e�a�g�e�n�t�s�.� �T�h�e�s�e� 

�c�o�m�p�l�i�c�a�t�i�o�n�s� �a�r�e� �n�o�t� �o�b�s�e�r�v�e�d� �i�n� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �t�h�i�o�p�h�e�n�o�x�i�d�e�. ��*� �T�h�u�s�,� �m�e�c�h�a�n�i�s�t�i�c� 

�a�n�d� �k�i�n�e�t�i�c� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �2�0� �a�n�d� �t�h�i�o�p�h�e�n�o�x�i�d�e� �s�h�o�u�l�d� �b�e� 

�s�t�r�a�i�g�h�t�f�o�r�w�a�r�d�.� �B�y� �e�m�p�l�o�y�i�n�g� �a� �c�r�o�w�n� �e�t�h�e�r� �a�s� �a� �c�h�e�l�a�t�i�n�g� �r�e�a�g�e�n�t� �f�o�r� �t�h�e� �c�o�u�n�t�e�r� �i�o�n�,� 

�w�e� �s�h�o�u�l�d� �b�e� �a�b�l�e� �t�o� �d�i�m�i�n�i�s�h� �t�h�e� �c�a�p�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�u�n�t�e�r� �i�o�n� �t�o� �b�e�h�a�v�e� �a�s� �a� �L�e�w�i�s� �a�c�i�d� 

�c�a�t�a�l�y�s�t�,� �i�n�s�u�r�i�n�g� �t�h�a�t� �t�h�e� �c�o�u�n�t�e�r� �i�o�n� �d�o�e�s� �n�o�t� �f�a�c�i�l�i�t�a�t�e� �a� �c�h�a�r�g�e� �s�e�p�a�r�a�t�e�d� �s�p�e�c�i�e�s� �i�n� 

�s�o�l�u�t�i�o�n�.� 

�C�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �s�h�o�u�l�d� �o�c�c�u�r� �w�i�t�h� �t�h�e� 

�r�e�g�i�o�s�p�e�c�i�f�i�c�i�t�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �m�e�c�h�a�n�i�s�m� �i�n� �o�p�e�r�a�t�i�o�n�.� �A�d�d�i�t�i�o�n� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �t�o� 

�2�0� �s�h�o�u�l�d� �r�e�s�u�l�t� �i�n� �o�n�e� �o�f� �t�w�o� �p�r�o�d�u�c�t�s�,� �e�i�t�h�e�r� �t�h�e� �1�°� �s�u�l�f�i�d�e� �(�6�2�)� �f�r�o�m� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� 
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�a�t� �t�h�e� �l�e�a�s�t� �h�i�n�d�e�r�e�d� �c�a�r�b�o�n� �o�f� �t�h�e� �c�y�c�l�o�p�r�o�p�a�n�e� �r�i�n�g�,� �o�r� �t�h�e� �3�°� �s�u�l�f�i�d�e� �(�6�3�)� �f�r�o�m� 

�N�u�-�/�r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �i�n� �a� �S�E�T� �r�e�a�c�t�i�o�n�,� �F�i�g�u�r�e� �3�6�.� 

� � 

� � 

� � � 

�S�E�T� �p�a�t�h�w�a�y� 
�o�O �� 

�R� 

�R� �=� �¢� �-�b�u�t�y�l� �.� 
�[� �P�h�S� 

�P�o�l�a�r� �p�a�t�h�w�a�y� 

�O�H� 

�R� �R� 

�°� �S�P�h� 

�6�2� 

�=� � � � � 
� � 

�F�i�g�u�r�e� �3�6�:� �P�r�o�p�o�s�e�d� �S�E�T� �a�n�d� �p�o�l�a�r� �a�d�d�i�t�i�o�n� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �t�o� �2�0�.� 

�I�t� �w�a�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �p�r�o�d�u�c�t� �a�n�a�l�y�s�i�s� �s�h�o�u�l�d� �a�f�f�o�r�d� �a�n� �a�c�c�u�r�a�t�e� �a�c�c�o�u�n�t� �o�f� �t�h�e� �a�b�i�l�i�t�y� 

�o�f� �2�0� �t�o� �u�n�d�e�r�g�o� �S�E�T� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e�.� 
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�M�E�C�H�A�N�I�S�T�I�C� �A�N�A�L�Y�S�I�S� �O�F� �T�H�E� �R�E�A�C�T�I�O�N� �O�F� �T�H�I�O�P�H�E�N�O�X�I�D�E� 

�W�I�T�H� �S�P�I�R�O�[�2�,�5�]�O�C�T�A�D�I�E�N�O�N�E�S� 

�A�.� �P�r�e�l�i�m�i�n�a�r�y� �R�e�s�u�l�t�s� �a�n�d� �I�n�i�t�i�a�l� �C�o�n�c�l�u�s�i�o�n�s�.� 

�S�t�u�d�i�e�s� �o�f� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�t�i�l�i�z�i�n�g� 

�p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e�,� �d�i�m�e�t�h�y�l� �s�u�l�f�o�x�i�d�e� �(�D�M�S�O�)�,� �a�n�d� �1�8�-�c�r�o�w�n�-�6�.� �P�o�t�a�s�s�i�u�m� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �r�e�a�c�t�i�o�n� �o�f� �p�o�t�a�s�s�i�u�m� �/�-�b�u�t�o�x�i�d�e� �w�i�t�h� �b�e�n�z�e�n�e�t�h�i�o�l�.� �T�h�e� 

�c�r�u�d�e� �r�e�a�c�t�i�o�n� �m�a�t�e�r�i�a�l� �w�a�s� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �a�n�h�y�d�r�o�u�s� �e�t�h�e�r� �u�n�t�i�l� �n�o� �i�m�p�u�r�i�t�i�e�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �'�H� �N�M�R� �s�p�e�c�t�r�u�m� �a�n�d� �H�P�L�C� �c�h�r�o�m�a�t�o�g�r�a�m� �o�f� �t�h�e� �s�a�l�t�.� �D�M�S�O� �w�a�s� 

�c�h�o�s�e�n� �a�s� �s�o�l�v�e�n�t� �b�a�s�e�d� �u�p�o�n� �i�t�s� �w�e�l�l� �k�n�o�w�n� �a�b�i�l�i�t�y� �t�o� �s�o�l�v�a�t�e� �c�a�t�i�o�n�s� �a�n�d� �m�i�n�i�m�i�z�e� �i�o�n�-� 

�p�a�i�r�i�n�g� �e�f�f�e�c�t�s�.� �T�h�i�s� �s�o�l�v�a�t�i�o�n� �p�r�o�d�u�c�e�s� �a�n� �e�s�s�e�n�t�i�a�l�l�y�  ��n�a�k�e�d �� �a�n�i�o�n� �i�n� �s�o�l�u�t�i�o�n�,� �t�h�e�r�e�b�y� 

�i�n�c�r�e�a�s�i�n�g� �i�t�s� �r�e�a�c�t�i�v�i�t�y�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �u�s�e� �o�f� �1�8�-�c�r�o�w�n�-�6� �t�o� �c�h�e�l�a�t�e� �K �� �s�h�o�u�l�d� �f�u�r�t�h�e�r� 

�r�e�m�o�v�e� �a�n�y� �i�n�f�l�u�e�n�c�e� �b�y� �t�h�e� �c�o�u�n�t�e�r� �i�o�n� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s�.� 

�U�p�o�n� �r�e�a�c�t�i�o�n� �o�f� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �2�0� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e�,� �a� �3�.�6�:�1� �r�a�t�i�o� �o�f� �6�2� �v�e�r�s�u�s� �6�3� �w�a�s� �o�b�t�a�i�n�e�d�,� �T�a�b�l�e� �7�.� 
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�T�a�b�l�e� �7�:� �R�e�a�c�t�i�o�n� �o�f� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �2�0�.� 
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�R� �R� 
�D�M�S�O� 

�+� �P�h�S�K� 
�1�8�-�c�r�o�w�n�-�6� 

�S�P�h� 

�6�2� �6�3� 

�0�.�0�2� �M� �0�.�0�2� �M� �3�.�6� �1�.�0� 

�0�.�0�2� �M� �0�.�2�M� �3�.�6� �1�.�0� 

�A� �1�0� �f�o�l�d� �i�n�c�r�e�a�s�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �h�a�d� �n�o� �e�f�f�e�c�t� �u�p�o�n� �t�h�e� �r�a�t�i�o� 

�o�f� �6�2� �t�o� �6�3�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �s�u�g�g�e�s�t�s� �t�h�a�t� �b�o�t�h� �6�2� �a�n�d� �6�3� �a�r�e� �f�o�r�m�e�d� �b�y� �p�r�o�c�e�s�s�e�s� 

�h�a�v�i�n�g� �t�h�e� �s�a�m�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�i�o�p�h�e�n�o�x�i�d�e� �(�p�r�e�s�u�m�a�b�l�y� �f�i�r�s�t� �o�r�d�e�r�)�.� 

�T�h�e� �r�a�t�e� �o�f� �S�y�2� �a�n�d� �S�E�T� �p�r�o�c�e�s�s�e�s� �s�h�o�u�l�d� �b�e� �d�e�p�e�n�d�e�n�t� �o�n� �b�o�t�h� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �2�0� 

�a�n�d� �t�h�i�o�p�h�e�n�o�x�i�d�e�;� �t�h�e�r�e�f�o�r�e�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�o�u�l�d� �n�o�t� �a�f�f�e�c�t� �t�h�e� �p�r�o�d�u�c�t� 

�r�a�t�i�o�s�.� �T�h�u�s�,� �i�t� �w�a�s� �i�n�i�t�i�a�l�l�y� �b�e�l�i�e�v�e�d� �t�h�a�t� �6�2� �w�a�s� �f�o�r�m�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �a� �S�x�2� �s�u�b�s�t�i�t�u�t�i�o�n� 

�r�e�a�c�t�i�o�n�,� �w�h�i�l�e� �6�3� �w�a�s� �p�r�e�s�u�m�e�d� �t�o� �r�e�s�u�l�t� �f�r�o�m� �a� �S�E�T� �r�e�a�c�t�i�o�n�,� �S�c�h�e�m�e� �3�6�.� 
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�S�i�m�i�l�a�r�l�y� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �u�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� 

�r�e�s�u�l�t�e�d� �i�n� �a� �3�.�8�:�1� �r�a�t�i�o� �o�f� �t�h�e� �p�r�i�m�a�r�y� �(�6�4�)� �v�e�r�s�u�s� �t�h�e� �s�e�c�o�n�d�a�r�y� �s�u�l�f�i�d�e� �(�6�5�)�,� �T�a�b�l�e� �8�.� 

�T�a�b�l�e� �8�:� �R�a�t�i�o�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �r�e�a�c�t�i�o�n� �o�f� �1�9� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e�.� 
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�O�H� �O�H� 

�R� �R� �R� �R� 
�D�M�S�O� 

�+� �P�h�S�K� �+� 
�1�8�-�c�r�o�w�n�-�6� 

�S�P�h� �S�P�h� 
�R� �=� �t�-� �b�u�t�y�l� 

�1�9� �6�4� �6�5� 

�0�.�0�2� �M� �0�.�0�2� �M� �3�.�8� �1�.�0� 

�T�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s� �s�e�e�m�e�d� �t�o� �r�u�l�e� �o�u�t� �a� �c�o�m�p�e�t�i�n�g� �S�y�2�/�S�y�1� �p�r�o�c�e�s�s�e�s�,� �S�c�h�e�m�e� �3�7�.� 
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�O�H� 
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�R� �R� 

�p�P�h�s� 

�S�n�2� �-� �S�P�h� 

�6�2� 

�2�0� �S�n�I�w� �k�y� �O�K� 
�R�=� �¢� �-�b�u�t�y�!� �w�e� �R� �R� �R� 

�K�.�4� 

�S�P�h� 
�®� �*�.� 

�S�c�h�e�m�e� �3�7� 

�T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�n�e�r�g�y� �b�e�t�w�e�e�n� �a� �s�e�c�o�n�d�a�r�y� �a�n�d� �t�e�r�t�i�a�r�y� �c�a�r�b�o�c�a�t�i�o�n� �i�s� �c�a�.� �1�7� �k�c�a�l�/�m�o�l�. �� 

�A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �i�f� �c�o�m�p�e�t�i�n�g� �S�x�2�/�S�x�1� �p�r�o�c�e�s�s�e�s� �w�e�r�e� �i�n�v�o�l�v�e�d�,� �t�h�e� 

�r�a�t�i�o� �o�f� �3�°�/�1�°� �s�u�l�f�i�d�e�s� �p�r�o�d�u�c�e�d� �v�i�a� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�o�u�l�d� �b�e� �v�a�s�t�l�y� 

�g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �r�a�t�i�o� �o�f� �2�°�/�1�°� �s�u�l�f�i�d�e�s� �p�r�o�d�u�c�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �w�i�t�h� 

�t�h�i�o�p�h�e�n�o�x�i�d�e�.� �A� �1�0�%� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �p�r�o�d�u�c�t� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� 

�1�9� �a�n�d� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�a�s� �n�o�t� �f�e�l�t� �t�o� �b�e� �l�a�r�g�e� �e�n�o�u�g�h� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� 

�i�n� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e� �c�a�r�b�o�c�a�t�i�o�n�s�,� �s�o� �t�h�e� �c�l�a�s�s�i�c� �S�x�1� �m�e�c�h�a�n�i�s�m� �w�a�s� �d�i�s�c�o�u�n�t�e�d� 

�a�s� �a� �m�e�c�h�a�n�i�s�t�i�c� �p�o�s�s�i�b�i�l�i�t�y� �t�h�r�o�u�g�h� �w�h�i�c�h� �6�3� �w�a�s� �p�r�o�d�u�c�e�d�.� 
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�B�.� �W�h�y� �S�i�n�g�l�e� �E�l�e�c�t�r�o�n� �T�r�a�n�s�f�e�r� �i�s� �N�o�t� �I�n�v�o�l�v�e�d� �I�n� �T�h�e� �R�e�a�c�t�i�o�n� �o�f� 
�T�h�i�o�p�h�e�n�o�x�i�d�e� �W�i�t�h� �2�0�.� 

�D�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a� �r�e�l�i�a�b�l�e� �v�a�l�u�e� �f�o�r� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l� 

�o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�a�s� �p�u�b�l�i�s�h�e�d�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l�s� �o�f� �t�h�e� �p�r�e�v�i�o�u�s� �n�u�c�l�e�o�p�h�i�l�e�s� 

�h�a�v�e� �o�n�l�y� �b�e�e�n� �p�r�o�v�i�s�i�o�n�a�l�l�y� �d�e�t�e�r�m�i�n�e�d�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �e�x�a�c�t� �o�x�i�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l�s� �o�f� �t�h�e�s�e� 

�s�u�b�s�t�r�a�t�e�s� �a�r�e� �n�o�t� �k�n�o�w�n�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �h�a�s� �b�e�e�n� 

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �a�n�d� �i�s� �n�o�w� �k�n�o�w�n� �p�r�e�c�i�s�e�l�y�. �� 

�T�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �1�9� �h�a�s� �y�e�t� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�;� �h�o�w�e�v�e�r�,� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� 

�o�f� �v�o�l�t�a�m�m�e�t�r�i�c� �t�e�c�h�n�i�q�u�e�s�,� �w�e� �h�a�v�e� �e�s�t�i�m�a�t�e�d� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �2�0� �t�o� �b�e� �-�2�.�2�V� 

�v�s�.� �S�C�E�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �p�o�t�e�n�t�i�a�l� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �-�0�.�1� �V� �v�s�.� �S�C�E�. �� 

�S�i�n�c�e� �b�o�t�h� �p�o�t�e�n�t�i�a�l�s� �a�r�e� �k�n�o�w�n�,� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �(�A�G�)� �o�f� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �c�a�n� �b�e� 

�c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�7�.� 
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�©� �;� �:�  �� �+�n�F�E�°�_�,� �P�h�s� �p�h�s� �+� �e� �n�F�E� �n�S�?� �P�h�S� 

�+� �&� �-� �n�F�E�°� �X�I�X�:� 

�4� �x�:� 

�P�h�s�®� �+�x� �P�h�S� �+�X�:� �A�G�°� �=� �n�F�l�E�2�.�.�.� �©� �-� �E�X�,� �y�.� 
�-� �P�h�S�/� �P�h�s�:� �X�/� �K�~� 

�F�i�g�u�r�e� �3�7�:� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �f�o�r� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� 
�t�h�i�o�p�h�e�n�o�x�i�d�e� �a�n�d� �2�0�.� 

�O�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�i�s� �a�n�a�l�y�s�i�s�,� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �e�n�d�o�t�h�e�r�m�i�c� �b�y� �5�0� 

�k�c�a�l�/�m�o�l�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �f�r�e�e� �e�n�e�r�g�y� �f�o�r� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �(�A�G ��)� �i�s� �>� �5�0� 

�k�c�a�l�/�m�o�l�,� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �t�h�i�s� �p�r�o�c�e�s�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �w�o�u�l�d� �b�e� �p�r�o�h�i�b�i�t�i�v�e�l�y� 

�s�l�o�w� �(�t�h�e� �r�e�a�c�t�i�o�n� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �2�0� �i�s� �c�o�m�p�l�e�t�e� �i�n� �5� �m�i�n�u�t�e�s� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�)�.� �C�o�n�s�e�q�u�e�n�t�l�y� �a� �p�o�s�s�i�b�l�e� �d�i�r�e�c�t� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �m�e�c�h�a�n�i�s�m� �c�a�n� �b�e� 

�u�n�a�m�b�i�g�u�o�u�s�l�y� �e�x�c�l�u�d�e�d� �o�n� �b�o�t�h� �t�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �k�i�n�e�t�i�c� �g�r�o�u�n�d�s�.� 

�1�2�7



�C�.� �E�l�e�c�t�r�o�n� �T�r�a�n�s�f�e�r� �P�r�o�c�e�e�d�i�n�g� �T�h�r�o�u�g�h� �A� �R�a�d�i�c�a�l� �C�h�a�i�n� �M�e�c�h�a�n�i�s�m�:� 
�T�h�e� �S�p�n�l� �M�e�c�h�a�n�i�s�m�.� 

�A�n� �a�l�t�e�r�n�a�t�i�v�e� �e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �p�a�t�h�w�a�y� �w�h�i�c�h� �m�i�g�h�t� �e�x�p�l�a�i�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �6�4� 

�i�s� �t�h�e� �S�p�x�!� �m�e�c�h�a�n�i�s�m�,� �S�c�h�e�m�e� �3�8�.� 
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�p�h�s�®� 

�P�r�o�p�a�g�a�t�i�o�n� 
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� � 
�S�c�h�e�m�e� �3�8� 
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�T�h�i�s� �t�y�p�e� �o�f� �r�e�a�c�t�i�o�n� �p�r�o�c�e�e�d�s� �t�h�r�o�u�g�h� �a� �c�h�a�i�n� �m�e�c�h�a�n�i�s�m� �a�n�d� �a�s� �a� �r�e�s�u�l�t� �t�h�e�r�e� �a�r�e� 

�t�h�r�e�e� �d�i�s�c�r�e�t�e� �s�t�e�p�s� �i�n�v�o�l�v�e�d�:� �i�n�i�t�i�a�t�i�o�n�,� �p�r�o�p�a�g�a�t�i�o�n�,� �a�n�d� �t�e�r�m�i�n�a�t�i�o�n�.�°�*�*�'� �G�e�n�e�r�a�l�l�y� �t�h�i�s� 

�r�e�a�c�t�i�o�n� �i�s� �i�n�i�t�i�a�t�e�d� �p�h�o�t�o�c�h�e�m�i�c�a�l�l�y�,� �o�r� �v�i�a� �a�d�d�i�t�i�o�n� �o�f� �a� �c�a�t�a�l�y�t�i�c� �q�u�a�n�t�i�t�y� �o�f� �a� �o�n�e�-� 

�e�l�e�c�t�r�o�n� �r�e�d�u�c�i�n�g� �a�g�e�n�t�.� �A� �f�e�w� �i�n�s�t�a�n�c�e�s� �i�n�v�o�l�v�i�n�g�  ��s�p�o�n�t�a�n�e�o�u�s �� �i�n�i�t�i�a�t�i�o�n� �a�r�e� �k�n�o�w�n�.�®�!� 

�A�f�t�e�r� �r�i�n�g� �o�p�e�n�i�n�g� �t�h�e� �r�e�s�u�l�t�i�n�g� �r�a�d�i�c�a�l� �a�n�i�o�n� �c�a�n� �t�h�e�n� �r�e�a�c�t� �w�i�t�h� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �r�e�s�u�l�t�i�n�g� 

�i�n� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�.� �C�h�a�i�n� �t�r�a�n�s�f�e�r� �(�p�r�o�p�a�g�a�t�i�o�n�)� �o�c�c�u�r�s� �w�h�e�n� �t�h�e� �e�l�e�c�t�r�o�n� 

�f�r�o�m� �t�h�e� �r�a�d�i�c�a�l� �a�n�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �b�a�c�k� �t�o� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l�.� 

�T�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�h�a�i�n� �m�a�y� �o�c�c�u�r� �t�h�r�o�u�g�h� �e�i�t�h�e�r� �r�a�d�i�c�a�l� �c�o�u�p�l�i�n�g� �o�r� �t�h�r�o�u�g�h� 

�d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �o�f� �t�h�e� �r�a�d�i�c�a�l�s�,� �F�i�g�u�r�e� �3�8�.� �H�o�w�e�v�e�r�,� �r�a�d�i�c�a�l� �a�n�i�o�n� �c�o�u�p�l�i�n�g� 

�h�a�s� �n�o�t� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �t�h�i�s� �s�y�s�t�e�m� �a�n�d� �p�r�o�b�a�b�l�y� �w�i�l�l� �n�o�t� �o�c�c�u�r�.� 

�R�a�d�i�c�a�l� �C�o�u�p�l�i�n�g� 

�o�O� �o�O� 

�R� �R� �R� �R� 
�+� �O�O�O� 

�O� 

�D�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� 

� � 

�o�O� 
�o�O� �o�O� �o�O� 

�R� �R� �R� �R� �R� �R� �R� �R� 
�+�  ��_ ��_ ��_�>� �+� 

�F�i�g�u�r�e� �3�8�:� �T�e�r�m�i�n�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �p�o�s�s�i�b�l�e� �i�n� �t�h�e� �S�x�l� �r�e�a�c�t�i�o�n�.� 
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�T�o� �a�s�c�e�r�t�a�i�n� �w�h�e�t�h�e�r� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� �D�M�S�O� 

�w�a�s� �p�h�o�t�o�i�n�d�u�c�e�d�,� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �l�i�g�h�t�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �w�a�s� 

�c�o�n�d�u�c�t�e�d� �a�t� �n�i�g�h�t� �t�o� �m�i�n�i�m�i�z�e� �s�t�r�a�y� �l�i�g�h�t� �e�n�t�e�r�i�n�g� �t�h�e� �f�l�a�s�k�.� �T�h�e� �r�e�a�g�e�n�t�s� �w�e�r�e� �m�i�x�e�d� 

�a�f�t�e�r� �t�h�e� �r�o�o�m� �l�i�g�h�t�s� �h�a�d� �b�e�e�n� �e�x�t�i�n�g�u�i�s�h�e�d�.� �G�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �a�n�a�l�y�s�e�s� �w�e�r�e� 

�c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �d�a�r�k� �t�o� �i�n�s�u�r�e� �t�h�e� �r�e�a�c�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r� �b�e�t�w�e�e�n� �t�h�e� �t�i�m�e� �t�h�e� �a�l�i�q�u�o�t�s� 

�w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �i�n�j�e�c�t�e�d�.� �T�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �2�0� �a�n�d� �t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� 

�c�o�m�p�l�e�t�e� �d�a�r�k�n�e�s�s� �w�a�s� �e�s�s�e�n�t�i�a�l�l�y� �c�o�m�p�l�e�t�e� �i�n� �5� �m�i�n�u�t�e�s� �i�n� �a� �3�.�2�:�1� �r�a�t�i�o� �o�f� �6�2� �t�o� �6�3� �i�n� �a�n� 

�o�v�e�r�a�l�l� �y�i�e�l�d� �o�f� �6�3�%�,� �T�a�b�l�e� �9�.� 

�T�a�b�l�e� �9�:� �R�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �l�i�g�h�t�.� 

� � 

� � � 
� � 

�R� 
�D�M�S�O� 

�+� �P�h�S�K� 
�1�8�-�c�r�o�w�n�-�6� 

�S�P�h� 

�R� �=� �t� �-� �b�u�t�y�l� �%� 

�2�0� �6�2� �6�3� 

�0�.�0�2� �M� �0�.�0�2� �M� �3�.�2� �1�.�0� 

�U�p�o�n� �w�o�r�k�u�p� �a�n�d� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�,� �n�o� 

�d�i�s�c�e�r�n�i�b�l�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �r�a�t�i�o� �o�f� �6�2� �t�o� �6�3� �w�a�s� �o�b�s�e�r�v�e�d� �r�e�l�a�t�i�v�e� �t�o� �t�h�a�t� �i�n� �l�i�g�h�t�.� �I�f� �t�h�e� 

�r�e�a�c�t�i�o�n� �w�e�r�e� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� �l�i�g�h�t� �i�n�i�t�i�a�t�e�d� �S�p�x� �r�e�a�c�t�i�o�n�,� �t�h�e� �a�b�s�e�n�c�e� �o�f� �l�i�g�h�t� 

�s�h�o�u�l�d� �h�a�v�e� �d�i�m�i�n�i�s�h�e�d� �t�h�e� �p�r�o�d�u�c�t� �y�i�e�l�d�s�.� �T�h�e� �s�i�m�i�l�a�r�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�s� �i�n� �t�h�e� 

�1�3�0



�p�r�e�s�e�n�c�e� �a�n�d� �a�b�s�e�n�c�e� �o�f� �l�i�g�h�t� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �n�o�t� �p�h�o�t�o�-�i�n�d�u�c�e�d� �a�n�d� 

�s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �S�p�y�]� �r�e�a�c�t�i�o�n� �m�a�y� �n�o�t� �b�e� �o�c�c�u�r�r�i�n�g�.� 

�A� �s�e�c�o�n�d� �t�e�s�t� �f�o�r� �t�h�e� �S�p�y�!� �r�e�a�c�t�i�o�n� �i�s� �t�o� �e�x�a�m�i�n�e� �t�h�e� �a�f�f�e�c�t� �o�f� �a�d�d�e�d� �i�n�h�i�b�i�t�o�r�s�.� 

�T�h�r�e�e� �s�u�b�s�t�r�a�t�e�s� �w�e�r�e� �c�h�o�s�e�n� �a�s� �i�n�h�i�b�i�t�o�r�s�:� �o�x�y�g�e�n�,� �t�h�i�o�p�h�e�n�o�l�,� �a�n�d� �d�i�p�h�e�n�y�!� �d�i�s�u�l�f�i�d�e�.� 

�T�h�e�s�e� �r�e�a�g�e�n�t�s� �w�e�r�e� �c�h�o�s�e�n� �b�a�s�e�d� �o�n� �t�h�e�i�r� �a�v�a�i�l�a�b�i�l�i�t�y� �a�n�d� �o�n� �t�h�e�i�r� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� 

�a�b�i�l�i�t�y� �t�o� �t�r�a�p� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s�.� �O�x�y�g�e�n� �r�e�a�c�t�s� �w�i�t�h� �a�l�k�y�l� �r�a�d�i�c�a�l�s� �a�t� �r�a�t�e�s� �k� �>� �1�0�°� 

�M�'�s�"�,� �w�h�e�r�e�a�s�,� �t�h�i�o�p�h�e�n�o�l� �a�n�d� �d�i�p�h�e�n�y�l� �d�i�s�u�l�f�i�d�e� �r�e�a�c�t� �w�i�t�h� �a�l�k�y�l� �r�a�d�i�c�a�l�s� �a�t� �r�a�t�e�s� 

�r�a�n�g�i�n�g� �f�r�o�m� �k� �=� �1�0 �� �-� �1�0�°� �M�'�s�!�"� �T�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e�s� �o�f� �t�h�e� �i�n�h�i�b�i�t�o�r�s� �s�h�o�u�l�d� �b�e� 

�c�o�m�p�e�t�i�t�i�v�e� �w�i�t�h� �t�h�e� �o�t�h�e�r� �r�a�d�i�c�a�l� �p�r�o�c�e�s�s�e�s� �o�c�c�u�r�r�i�n�g�,� �t�h�e�r�e�f�o�r�e�,� �a�l�l�o�w�i�n�g� �i�n�h�i�b�i�t�i�o�n� �o�f� �a� 

�r�a�d�i�c�a�l� �c�h�a�i�n� �p�r�o�c�e�s�s�.� �T�h�e� �e�f�f�e�c�t� �o�n� �p�r�o�d�u�c�t� �r�a�t�i�o� �a�s� �a� �r�e�s�u�l�t� �o�f� �a�d�d�i�n�g� �t�h�e�s�e� �r�e�a�g�e�n�t�s� �i�s� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �1�0�.� 

�T�a�b�l�e� �1�0�:� �A�d�d�e�d� �i�n�h�i�b�i�t�o�r� �e�f�f�e�c�t� �u�p�o�n� �p�r�o�d�u�c�t� �r�a�t�i�o�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� 
�t�h�i�o�p�h�e�n�o�x�i�d�e�.� 
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�5� �H�o�u�r�s� �S�P�h� 

�O�v�e�r�a�l�l� 
�I�n�h�i�b�i�t�o�r� �I�n�h�i�b�i�t�o�r� �6�2� �6�3� �Y�i�e�l�d� 

�O�2� �|� �0�.�0�2� �M� �0�.�0�2� �M� �3�.�2� �1�.�0� �|� �2�3�.�3�%� �|� 

�P�h�s�s�P�H� �0�.�0�2� �M� �0�.�0�2� �M� �0�.�0�4�M� �3�.�7� �1�.�0� �|� �7�2�.�5�%� 

�P�h�S�H� �|� �0�.�0�2� �M� �0�.�0�2� �M� �0�.�0�6� �M� �3�.�6� �1�.�0� �|� �7�3�.�8�%� �|� � � 
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�T�h�e� �s�i�m�i�l�a�r�i�t�y� �i�n� �t�h�e� �p�r�o�d�u�c�t� �r�a�t�i�o� �6�2�:�6�3� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �a�n�d� �a�b�s�e�n�c�e� �o�f� �i�n�h�i�b�i�t�o�r�s� �s�t�r�o�n�g�l�y� 

�s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� �S�p�x�l� �m�e�c�h�a�n�i�s�m� �i�s� �n�o�t� �t�h�e� �p�a�t�h�w�a�y� �t�h�r�o�u�g�h� �w�h�i�c�h� �6�3� �i�s� �p�r�o�d�u�c�e�d�.� 

�P�r�o�d�u�c�t� �y�i�e�l�d�s� �w�e�r�e� �s�i�m�i�l�a�r� �e�x�c�e�p�t� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �i�n� �w�h�i�c�h� �a�i�r� �w�a�s� �c�o�n�s�t�a�n�t�l�y� �b�u�b�b�l�e�d� �i�n� 

�t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�e� �r�e�d�u�c�e�d� �p�r�o�d�u�c�t� �y�i�e�l�d� �i�n� �t�h�i�s� �r�e�a�c�t�i�o�n� �w�a�s� �a�s�c�r�i�b�e�d� �t�o� �o�x�i�d�a�t�i�o�n� 

�o�f� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e�.� �E�l�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �S�p�n�l� �m�e�c�h�a�n�i�s�m� �e�x�c�l�u�d�e�d� �p�a�t�h�w�a�y�s� 

�p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� �r�a�d�i�c�a�l� �c�h�a�i�n� �m�e�c�h�a�n�i�s�m� �f�o�r� �f�o�r�m�a�t�i�o�n� �o�f� �6�3�.� �T�h�e�r�e�f�o�r�e�,� �w�e� �b�e�g�a�n� 

�t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �c�o�m�p�e�t�i�n�g� �p�o�l�a�r� �p�r�o�c�e�s�s�e�s� �a�s� �t�h�e� �p�r�o�c�e�s�s�e�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� 

�t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �6�2� �a�n�d� �6�3�.� 

�D�.� �C�o�m�p�e�t�i�n�g� �S�y�2�/�C�a�r�b�o�c�a�t�i�o�n�i�c� �P�a�t�h�w�a�y�s�.� 

�1�.� �R�e�e�v�a�l�u�a�t�i�o�n� �o�f� �p�r�e�v�i�o�u�s� �d�a�t�a�.� 

�E�l�i�m�i�n�a�t�i�o�n� �o�f� �p�a�t�h�w�a�y�s� �i�n�v�o�l�v�i�n�g� �r�a�d�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �p�o�l�a�r� 

�r�e�a�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �p�r�o�d�u�c�t�s�.� �I�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� 

�p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �2�0�,� �T�a�b�l�e� �7�,� �a� �1�0� �f�o�l�d� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� 

�n�u�c�l�e�o�p�h�i�l�e� �p�r�o�d�u�c�e�d� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �p�r�o�d�u�c�t� �r�a�t�i�o�.� �T�h�e� �r�a�t�e� �e�q�u�a�t�i�o�n� �f�o�r� �f�o�r�m�a�t�i�o�n� 

�o�f� �6�2� �a�n�d� �6�3� �t�h�r�o�u�g�h� �c�o�m�p�e�t�i�n�g� �z�e�r�o� �a�n�d� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n�s� �i�s� �s�h�o�w�n� �i�n� �E�q�u�a�t�i�o�n� �2�6�.� 
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�E�q�n�.� �2�6� 

�1�°� �o�r�d�e�r� �r�a�t�e� �d�e�p�e�n�d�e�n�c�e� �k�{�N�u�J�[�2�0�]� �6�2� 
� � 

�Z�e�r�o� �o�r�d�e�r� �r�a�t�e� �d�e�p�e�n�d�e�n�c�e� �k�[�2�0�]� �6�3� 

�I�f� �c�o�m�p�e�t�i�n�g� �f�i�r�s�t� �o�r�d�e�r� �a�n�d� �z�e�r�o� �o�r�d�e�r� �p�r�o�c�e�s�s�e�s� �w�e�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �f�o�r�m�a�t�i�o�n� �o�f� �6�2� �a�n�d� 

�6�3�,� �t�h�e�n� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�o�u�l�d� �c�a�u�s�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �6�2� 

�a�n�d� �a�f�f�e�c�t� �t�h�e� �p�r�o�d�u�c�t� �r�a�t�i�o�s�.� �S�i�n�c�e� �p�r�o�d�u�c�t� �r�a�t�i�o�s� �w�e�r�e� �u�n�a�f�f�e�c�t�e�d� �b�y� �i�n�c�r�e�a�s�i�n�g� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �t�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� 

�o�f� �6�2� �a�n�d� �6�3� �o�n� �t�h�i�o�p�h�e�n�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �m�u�s�t� �b�e� �t�h�e� �s�a�m�e�,� �e�i�t�h�e�r� �b�o�t�h� �r�e�a�c�t�i�o�n�s� 

�e�x�h�i�b�i�t� �a� �z�e�r�o� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�i�o�p�h�e�n�o�x�i�d�e� �o�r� �b�o�t�h� �r�e�a�c�t�i�o�n�s� �e�x�h�i�b�i�t� �a� �f�i�r�s�t� �o�r�d�e�r� 

�d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�i�o�p�h�e�n�o�x�i�d�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �S�i�n�c�e�,� �D�M�S�O� �i�s� �n�o�t� �g�e�n�e�r�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� 

�b�e� �a� �s�o�l�v�e�n�t� �c�o�n�d�u�c�i�v�e� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s�,� �w�e� �f�e�l�t� �t�h�a�t� �t�h�e� 

�S�n�2� �m�e�c�h�a�n�i�s�m�,� �w�h�i�c�h� �s�h�o�w�s� �a� �f�i�r�s�t� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �o�n� �b�o�t�h� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �t�h�e� 

�n�u�c�l�e�o�p�h�i�l�e� �a�n�d� �s�u�b�s�t�r�a�t�e�,� �w�a�s� �a� �b�e�t�t�e�r� �c�h�o�i�c�e� �f�o�r� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �t�h�e�s�e� �r�e�s�u�l�t�s�,� �E�q�u�a�t�i�o�n� 

�2�6�.� 
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�E�q�n�.� �2�6�A� 

� � 

�A�+�B� 

�r�a�t�e� �=� �k�[�A�]�[�{�B�]� 

�H�o�w�e�v�e�r�,� �S�x�2� �r�e�a�c�t�i�o�n�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �a�v�o�i�d�e�d� �a�s� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �s�u�b�s�t�i�t�u�t�i�o�n�s� �a�t� �3�°� 

�c�e�n�t�e�r�s�.� 

�T�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �o�f� �n�u�c�l�e�o�p�h�i�l�e�s� �a�t� �3�°� �c�e�n�t�e�r�s� �i�s� �g�e�n�e�r�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �r�a�d�i�c�a�l� 

�o�r� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�.� �T�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �a� �r�a�d�i�c�a�l� �p�a�t�h�w�a�y� �a�s� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� 

�t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �6�3�,� �l�e�a�v�e�s� �a� �m�e�c�h�a�n�i�s�m� �i�n�v�o�l�v�i�n�g� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �a�s� �a� �l�i�k�e�l�y� 

�e�x�p�l�a�n�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�a�t�e� �o�f� �a� �c�l�a�s�s�i�c� �S�y�]� �m�e�c�h�a�n�i�s�m� �s�h�o�w�s� �n�o� �d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�,� �S�c�h�e�m�e� �3�9�.� 

�K�y� �R� �R� 

� � 

�S�P�h� 

� � 

�r�a�t�e� �=� �k�,�[�2�0�]� 

�S�c�h�e�m�e� �3�9� 
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�I�n� �t�h�e� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �c�l�a�s�s�i�c� �S�x�1� �r�e�a�c�t�i�o�n�,� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �(�k�,�)� �t�o� �t�h�e� 

�c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �i�s� �r�a�t�e� �l�i�m�i�t�i�n�g�;� �t�h�u�s�,� �a� �f�i�r�s�t� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �i�s� �s�h�o�w�n� �o�n�l�y� �o�n� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �u�n�d�e�r�g�o�i�n�g� �s�u�b�s�t�i�t�u�t�i�o�n�.� �H�o�w�e�v�e�r�,� �i�f� �k�.�;� �i�s� �f�a�s�t�e�r� �t�h�a�n� 

�t�h�e� �r�a�t�e� �o�f� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k�,� �k�.�[�P�h�S�]�,� �a� �p�r�e�e�q�u�i�l�i�b�r�i�u�m� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �b�e�t�w�e�e�n� �t�h�e� 

�u�n�i�o�n�i�z�e�d� �s�u�b�s�t�r�a�t�e� �a�n�d� �t�h�e� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�,� �t�h�u�s�,� �t�h�e� �r�a�t�e� �o�f� �n�u�c�l�e�o�p�h�i�l�i�c� 

�a�t�t�a�c�k� �b�e�c�o�m�e�s� �r�a�t�e� �l�i�m�i�t�i�n�g�,� �r�e�s�u�l�t�i�n�g� �i�n� �a� �f�i�r�s�t� �o�r�d�e�r� �r�a�t�e� �d�e�p�e�n�d�e�n�c�e� �o�n� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�,� 

�S�c�h�e�m�e� �4�0�.� 

� � 

� � � 
�o�m� 

�k�y� �R� �R� �p�r�s� �R� 

�k�y� �K�a� 
�S�P�h� 

�@�)� �i�o� 
�2�0� 

�6�3� 
�R� �=� �t�-�b�u�t�y�l� �k�K�,� �K�o� 

�r�a�t�e� �=�  � � �� �[�2�0�]�[�P�h�S� �]� 
�K�4� 

�S�c�h�e�m�e� �4�0� 

�T�h�i�s� �m�e�c�h�a�n�i�s�m� �w�a�s� �c�o�i�n�e�d� �a�s� �t�h�e� �S�s�2�C�+� �m�e�c�h�a�n�i�s�m�.�®� �T�h�e� �S�x�2�C�+� �m�e�c�h�a�n�i�s�m� �h�a�s� 

�p�r�e�c�e�d�e�n�c�e� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�.� �H�o�w�e�v�e�r�,� �i�t� �h�a�s� �o�n�l�y� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �h�i�g�h�l�y� �p�o�l�a�r� �s�o�l�v�e�n�t�s�,� 

�1�3�5



�u�n�d�e�r� �v�e�r�y� �s�t�r�o�n�g� �c�o�m�m�o�n� �i�o�n� �e�f�f�e�c�t�s�,� �w�h�e�n� �t�h�e� �c�a�r�b�o�c�a�t�i�o�n� �i�s� �i�n� �c�o�n�j�u�g�a�t�i�o�n� �w�i�t�h� �a� 

�p�h�e�n�y�!� �r�i�n�g�,� �o�r� �w�h�e�n� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �i�s� �s�o� �s�t�e�r�i�c�a�l�l�y� �h�i�n�d�e�r�e�d� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �a�d�d�i�t�i�o�n� �i�s� 

�r�e�t�a�r�d�e�d� �.�*�*� 

�A� �s�e�c�o�n�d� �m�e�c�h�a�n�i�s�m� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �t�h�a�t� �a�l�s�o� 

�e�x�h�i�b�i�t�s� �a� �d�e�p�e�n�d�e�n�c�e� �o�n� �b�o�t�h� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�p�h�i�l�e� �i�s� 

�t�h�e� �S�c�7�2� �m�e�c�h�a�n�i�s�m�,� �S�c�h�e�m�e� �4�1�.�*�>�*�°� 

�o�f� �o�o� 

�k�y� �R� �R� �k�o� �R� �R� 

�k�4� �/� �\� 

�S�e�)� �.� 

� � 

�2�0� 

�R� �=� �t�-�b�u�t�y�l� 

� � 

�S�c�h�e�m�e� �4�1� 
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�A�s� �i�n� �t�h�e� �c�l�a�s�s�i�c� �S�x�]� �m�e�c�h�a�n�i�s�m� �t�h�e� �f�i�r�s�t� �s�t�e�p� �i�s� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�o� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e� �c�a�r�b�o�c�a�t�i�o�n�.� �A�t� �t�h�i�s� �p�o�i�n�t� �a�n� �e�l�e�c�t�r�o�n� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �f�r�o�m� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �t�o� 

�t�h�e� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�,� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�c�a�l�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� 

�e�l�e�c�t�r�o�p�h�i�l�e� �a�n�d� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�.� �T�h�e�s�e� �s�p�e�c�i�e�s� �t�h�e�n� �u�n�d�e�r�g�o� �s�u�b�s�e�q�u�e�n�t� �c�o�u�p�l�i�n�g�,� 

�r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t�s�.� 

�B�a�s�e�d� �o�n� �t�h�e� �f�i�r�s�t� �o�r�d�e�r� �d�e�p�e�n�d�e�n�c�e� �o�n� �n�u�c�l�e�o�p�h�i�l�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �e�x�h�i�b�i�t�e�d� �b�y� �t�h�e� 

�S�e�r�2� �o�r� �S�x�2�C�+� �m�e�c�h�a�n�i�s�m�s�,� �w�e� �b�e�g�a�n� �a�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�e�s�e� �m�e�c�h�a�n�i�s�m� 

�w�e�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �6�3� �a�n�d� �6�5�.� 

�2�.� �S�o�l�v�e�n�t� �e�f�f�e�c�t�s� �o�n� �t�h�e� �r�a�t�i�o�s� �o�f� �s�u�l�f�i�d�e�s� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� 
�w�i�t�h� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e�.� 

�I�n� �g�e�n�e�r�a�l� �t�h�e� �r�a�t�e� �o�f� �r�a�d�i�c�a�l� �r�e�a�c�t�i�o�n�s� �i�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �s�o�l�v�e�n�t� �i�n� �w�h�i�c�h� �t�h�e�y� 

�a�r�e� �c�o�n�d�u�c�t�e�d�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�h�a�r�g�e�d� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s�.� 

�H�o�w�e�v�e�r�,� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �n�u�c�l�e�o�p�h�i�l�i�c� �s�u�b�s�t�i�t�u�t�i�o�n� �r�e�a�c�t�i�o�n�s� �p�r�o�c�e�e�d� �i�s� �v�e�r�y� �s�o�l�v�e�n�t� 

�d�e�p�e�n�d�e�n�t�.� �T�h�e� �m�a�n�n�e�r� �i�n� �w�h�i�c�h� �s�o�l�v�e�n�t� �a�f�f�e�c�t�s� �t�h�e� �r�a�t�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n� �r�e�a�c�t�i�o�n�s� �d�e�p�e�n�d�s� 

�o�n� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �(�i�.�e�.�,� �S�n�]� �o�r� �S�n�2�)� �r�e�a�c�t�i�o�n�.� 

�T�h�e� �g�e�n�e�r�a�l�l�y� �a�c�c�e�p�t�e�d� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e� �S�y�2� �r�e�a�c�t�i�o�n� �i�n�v�o�l�v�e�s� �t�h�e� �b�a�c�k�s�i�d�e� 

�a�d�d�i�t�i�o�n� �o�f� �a� �n�u�c�l�e�o�p�h�i�l�e� �t�o� �a�n� �e�l�e�c�t�r�o�p�h�i�l�e� �i�n� �a� �5� �m�e�m�b�e�r�e�d� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�,� �F�i�g�u�r�e� �3�9�.� 
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�Q�O� �R�y� �R�y� 

�M�d� �N� �t� �x� �t� �R� 
�g�a�n�n�a� �u�-�c�7�7� �a� �k�a�  ��u�r� 

�R� �/� �x� �j�\� �N�u�~� �N�p� 
�R�o� �R� �R�o� �2� 

�(�E�)� 

�r�a�t�e� �=� �k�[�N�u�J�[�E�]� 

�F�i�g�u�r�e� �3�9�:� �T�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �S�y�x�2� �s�u�b�s�t�i�t�u�t�i�o�n�.� 

�T�h�e� �r�e�a�c�t�i�o�n� �o�c�c�u�r�s� �w�i�t�h� �a�n� �o�v�e�r�a�l�l� �i�n�v�e�r�s�i�o�n� �o�f� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� �T�h�e� �r�a�t�e� �o�f� �t�h�i�s� �r�e�a�c�t�i�o�n� �i�s� 

�s�e�c�o�n�d� �o�r�d�e�r�,� �w�i�t�h� �a� �d�e�p�e�n�d�e�n�c�y� �o�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �b�o�t�h� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �a�n�d� �t�h�e� 

�e�l�e�c�t�r�o�p�h�i�l�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�a�t�e� �i�s� �a�l�s�o� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �a�c�c�e�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� 

�f�o�r� �r�e�a�c�t�i�o�n�.� �I�n� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s�,� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �i�s� �h�i�g�h�l�y� �s�o�l�v�a�t�e�d�.� �T�h�e� �s�o�l�v�e�n�t� �s�p�h�e�r�e� 

�s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �s�h�i�e�l�d�s� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�,� �t�h�u�s� �s�l�o�w�i�n�g� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �i�t� �c�a�n� 

�r�e�a�c�t� �w�i�t�h� �t�h�e� �e�l�e�c�t�r�o�p�h�i�l�e�.� �I�n� �c�o�n�t�r�a�s�t�,� �p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �d�o� �n�o�t� �b�e�h�a�v�e� �i�n� �t�h�i�s� 

�m�a�n�n�e�r�.� �I�n� �m�o�s�t� �c�a�s�e�s� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �i�s� �i�n�c�r�e�a�s�e�d� �b�y� �s�o�l�v�a�t�i�n�g� �t�h�e� 

�a�s�s�o�c�i�a�t�e�d� �c�o�u�n�t�e�r� �i�o�n�,� �F�i�g�u�r�e� �4�0�.� 
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�o�O� �D�M�S�O� �S�s �� �_� �C�8�6� �S�p�r� 
�5�0� 
�!� 

�/�@�O�r�n� 

�F�i�g�u�r�e� �4�0�:� �S�o�l�v�a�t�i�o�n� �o�f� �c�o�u�n�t�e�r�i�o�n� �b�y� �p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�t�e�s� �o�f� �S�y�2� �r�e�a�c�t�i�o�n�s� �i�n� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �a�r�e� �s�l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �i�n� 

�a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� 

�T�h�e� �s�o�l�v�e�n�t� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �S�e�r�2� �a�n�d� �S�x�2�C�+� �r�e�a�c�t�i�o�n�s� �d�o� �n�o�t� �s�t�e�m� �f�r�o�m� 

�s�o�l�v�a�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�;� �i�t� �i�n�s�t�e�a�d� �s�t�e�m�s� �f�r�o�m� �t�h�e� �s�o�l�v�e�n�t ��s� �a�b�i�l�i�t�y� �t�o� �i�o�n�i�z�e� �t�h�e� 

�e�l�e�c�t�r�o�p�h�i�l�e� �t�o� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�,� �a�n�d� �o�n�c�e� �i�o�n�i�z�e�d� �t�o� �s�t�a�b�i�l�i�z�e� �t�h�e� 

�c�a�r�b�o�c�a�t�i�o�n�/�a�n�i�o�n� �p�a�i�r� �f�o�r�m�e�d� �i�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�,� �F�i�g�u�r�e� �4�1�.� 
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�F�i�g�u�r�e� �4�1�:� �S�o�l�v�a�t�i�o�n� �o�f� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s� �b�y� �p�o�l�a�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� 

�P�r�o�t�i�c� �s�o�l�v�e�n�t�s� �a�r�e� �b�e�t�t�e�r� �s�u�i�t�e�d� �t�h�a�n� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �t�o� �i�o�n�i�z�e� �t�h�e� �s�u�b�s�t�r�a�t�e� �a�n�d� 

�s�t�a�b�i�l�i�z�e� �t�h�e� �c�a�r�b�o�c�a�t�i�o�n�i�c� �t�r�a�n�s�i�t�i�o�n� �t�h�r�o�u�g�h� �s�o�l�v�a�t�i�o�n� �o�f� �t�h�e� �i�o�n� �p�a�i�r�.� 

�T�h�e� �r�a�t�e�s� �o�f� �S�y�2� �r�e�a�c�t�i�o�n�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �f�a�s�t�e�r� �t�h�a�n� �r�e�a�c�t�i�o�n�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� 

�c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s�,� �w�h�i�l�e� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n�s� 

�p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�s� �a�r�e� �g�e�n�e�r�a�l�l�y� �f�a�s�t�e�r� �t�h�a�n� �S�y�2� �r�e�a�c�t�i�o�n�s� �i�n� 

�p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� �I�f� �i�n�d�e�e�d� �a� �m�e�c�h�a�n�i�s�m� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� 

�w�e�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �6�3� �a�n�d� �6�5� �t�h�e�n� �a�n� �i�n�c�r�e�m�e�n�t�a�l� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�i�o�n�i�z�i�n�g� �p�o�w�e�r� �o�f� �t�h�e� �s�o�l�v�e�n�t� �s�h�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �r�a�t�e�s� �o�f� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� 

�r�a�t�e�s� �o�f� �t�h�e� �S�x�2� �r�e�a�c�t�i�o�n�s� �t�h�r�o�u�g�h� �w�h�i�c�h� �6�2� �a�n�d� �6�4� �a�r�e� �f�o�r�m�e�d�.� �A�n�y� �c�h�a�n�g�e� �i�n� �t�h�e� �r�a�t�e�s� �o�f� 

�t�h�e� �r�e�a�c�t�i�o�n�s� �w�i�l�l� �b�e� �r�e�a�d�i�l�y� �a�p�p�a�r�e�n�t� �b�y� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �r�a�t�i�o� �o�f� �6�4�:�6�5� �i�n� �r�e�a�c�t�i�o�n�s� �o�f� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �1�9� �a�n�d� �t�h�e� �r�a�t�i�o� �o�f� �6�2�:�6�3� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�i�t�h� �2�0�.� 

�T�h�e�r�e�f�o�r�e�,� �w�e� �f�e�l�t� �t�h�a�t� �c�o�n�d�u�c�t�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� 

�u�t�i�l�i�z�i�n�g� �a� �n�u�m�b�e�r� �o�f� �d�i�f�f�e�r�e�n�t� �s�o�l�v�e�n�t�s� �w�o�u�l�d� �a�l�l�o�w� �u�s� �t�o� �a�s�s�e�s�s� �w�h�e�t�h�e�r� �o�u�r� �r�e�s�u�l�t�s� �w�e�r�e� 

�e�x�p�l�i�c�a�b�l�e� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �a� �c�o�m�p�e�t�i�n�g� �S�y�x�2�/�c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�.� 
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�T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �s�c�a�l�e�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �c�o�r�r�e�l�a�t�i�n�g� �t�h�e� �i�o�n�i�z�i�n�g� �p�o�w�e�r� �o�f� �a� �s�o�l�v�e�n�t�.� 

�M�o�s�t� �a�r�e� �b�a�s�e�d� �u�p�o�n� �t�h�e� �Y� �s�c�a�l�e� �o�r� �a� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �Y� �s�c�a�l�e�,� �E�q�u�a�t�i�o�n� �2�7�.�° ��*�*� 

�E�q�n�.� �2�7� 

�L�o�g� �(�k�,�/�k�.�)� �=� �m�Y� 

�w�h�e�r�e�:� �k�,� �=� �r�a�t�e� �o�f� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�-�b�u�t�y�l� �c�h�l�o�r�i�d�e� �i�n� �8�0�:�2�0� �e�t�h�a�n�o�l�/�w�a�t�e�r�.� 
�k�,�=� �r�a�t�e� �o�f� �i�o�n�i�z�a�t�i�o�n� �o�f� �/�-�b�u�t�y�l� �c�h�l�o�r�i�d�e� �i�n� �o�t�h�e�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� 
�m� �=� �m�e�a�s�u�r�e� �o�f� �s�u�b�s�t�r�a�t�e ��s� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �i�o�n�i�z�a�t�i�o�n�.� 
�Y� �=� �m�e�a�s�u�r�e� �o�f� �a� �s�o�l�v�e�n�t ��s� �i�o�n�i�z�i�n�g� �p�o�w�e�r�.� 

�T�h�i�s� �s�c�a�l�e� �i�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �S�y�1� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�-�b�u�t�y�l� �c�h�l�o�r�i�d�e� �t�o� �t�h�e� �7�-�b�u�t�y�]� 

�c�a�r�b�o�c�a�t�i�o�n�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �a� �f�r�e�e� �e�n�e�r�g�y� �r�e�l�a�t�i�o�n�s�h�i�p� �w�h�i�c�h� �r�e�l�a�t�e�s� �t�h�e� �s�o�l�v�e�n�t ��s� �e�f�f�e�c�t� 

�o�n� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �a�c�t�i�v�a�t�i�o�n� �i�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e�.� �T�h�e� �s�l�o�p�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �p�l�o�t� �o�f� 

�l�o�g�(�k�)� �f�o�r� �t�h�e� �r�a�t�e� �o�f� �i�o�n�i�z�a�t�i�o�n� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �s�u�b�s�t�r�a�t�e� �v�e�r�s�u�s� �t�h�e� �Y� �v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�d� 

�f�r�o�m� �t�h�e� �i�o�n�i�z�a�t�i�o�n� �o�f� �f�-�b�u�t�y�l� �c�h�l�o�r�i�d�e� �i�n�d�i�c�a�t�e�s� �t�h�e� �s�u�s�c�e�p�t�i�b�i�l�i�t�y� �o�f� �a� �s�u�b�s�t�r�a�t�e� �t�o� 

�i�o�n�i�z�a�t�i�o�n�.� �S�l�o�p�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �0�.�7� �t�o� �|� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �i�s� �p�r�o�c�e�e�d�i�n�g� �t�h�r�o�u�g�h� �a� 

�c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e�.�*�*� �W�h�i�l�e� �s�l�o�p�e�s� �<� �0�.�3� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �r�e�a�c�t�i�o�n� �i�s� �p�r�o�c�e�e�d�i�n�g� 

�t�h�r�o�u�g�h� �a�n� �S�x�2� �r�e�a�c�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� 

�T�h�e� �i�o�n�i�z�a�t�i�o�n� �o�f� �¢�-� �b�u�t�y�l� �c�h�l�o�r�i�d�e� �i�n�v�o�l�v�e�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �t�e�r�t�i�a�r�y� �c�a�r�b�o�c�a�t�i�o�n�,� 

�t�h�e�r�e�f�o�r�e�,� �t�h�i�s� �s�c�a�l�e� �i�s� �l�i�m�i�t�e�d� �t�o� �m�e�a�s�u�r�i�n�g� �t�h�e� �i�o�n�i�z�a�t�i�o�n� �o�f� �t�-�b�u�t�y�l� �c�h�l�o�r�i�d�e� �t�o� �t�h�e� �t�-�b�u�t�y�l� 

�c�a�r�b�o�c�a�t�i�o�n� �i�n� �p�o�l�a�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� �A� �s�e�c�o�n�d� �l�i�m�i�t�a�t�i�o�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�i�s� �s�c�a�l�e� �i�s� �i�t�s� 

�i�n�a�b�i�l�i�t�y� �t�o� �a�c�c�o�u�n�t� �f�o�r� �a� �s�o�l�v�e�n�t ��s� �n�u�c�l�e�o�p�h�i�l�i�c�i�t�y�.� �I�n� �f�o�r�m�a�t�i�o�n� �o�f� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� 

�1�4�]



�i�n�t�e�r�m�e�d�i�a�t�e� �s�o�l�v�e�n�t�s� �c�a�n� �e�x�e�r�t� �a� �b�a�c�k�s�i�d�e� �p�u�s�h� �i�n� �a�n� �S�y�2� �t�y�p�e� �i�n�t�e�r�a�c�t�i�o�n�,� �t�h�e�r�e�b�y� 

�w�e�a�k�e�n�i�n�g� �t�h�e� �b�o�n�d� �o�f� �t�h�e� �l�e�a�v�i�n�g� �g�r�o�u�p�,� �F�i�g�u�r�e� �4�2�.� 

�H� 

�S�O�:� �i�k� 
�~� 

�~� 

�~� 

�w�u�.� �R�e�e�s�,� 
�~�~� 

�x�X�.� �~� �r�i� �n�o�o�n� 
�2� �y�-�O�S� 

�F�i�g�u�r�e� �4�2�:� �N�u�c�l�e�o�p�h�i�l�i�c� �s�o�l�v�e�n�t� �a�s�s�i�s�t�a�n�c�e� �i�n� �c�a�r�b�o�c�a�t�i�o�n� �f�o�r�m�a�t�i�o�n�.� 

�T�h�e� �m�o�r�e� �n�u�c�l�e�o�p�h�i�l�i�c� �a� �s�o�l�v�e�n�t�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �p�u�s�h� �f�e�l�t�.� �T�h�e�r�e�f�o�r�e�,� �s�o�l�v�e�n�t�s� 

�w�i�t�h� �h�i�g�h� �n�u�c�l�e�o�p�h�i�l�i�c�i�t�y� �c�o�u�l�d� �b�e� �e�r�r�o�n�e�o�u�s�l�y� �i�d�e�n�t�i�f�i�e�d� �a�s� �b�e�t�t�e�r� �a�b�l�e� �t�o� �i�o�n�i�z�e� �a� �s�u�b�s�t�r�a�t�e� 

�i�n�t�o� �a� �c�a�r�b�o�c�a�t�i�o�n�i�c� �i�n�t�e�r�m�e�d�i�a�t�e� �t�h�a�n� �n�o�n�-�n�u�c�l�e�o�p�h�i�l�i�c� �s�o�l�v�e�n�t�s�.� �A� �f�o�u�r� �p�a�r�a�m�e�t�e�r� �s�o�l�v�e�n�t� 

�s�y�s�t�e�m� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �t�o� �c�o�r�r�e�c�t� �t�h�e� �d�e�f�i�c�i�e�n�c�i�e�s� �o�f� �t�h�e� �Y� �s�c�a�l�e� �d�u�e� �t�o� �s�o�l�v�e�n�t� 

�n�u�c�l�e�o�p�h�i�l�i�c�i�t�y�,� �E�q�u�a�t�i�o�n� �2�8�.�"� 

�E�g�n�.� �2�8� 

�L�o�g� �(�k�.�/�k�,�)� �=� �I�N� �+� �m�Y� 

�w�h�e�r�e�:� �N� �=� �n�u�c�l�e�o�p�h�i�l�i�c�i�t�y� �o�f� �t�h�e� �s�o�l�v�e�n�t�.� 
�=� �s�u�b�s�t�r�a�t�e� �s�u�s�c�e�p�t�i�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�.� 
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�T�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �i�s� �a�b�l�e� �t�o� �c�o�r�r�e�c�t� �f�o�r� �s�o�l�v�e�n�t� �n�u�c�l�e�o�p�h�i�l�i�c�i�t�y�;� 

�h�o�w�e�v�e�r�,� �t�h�e�y� �a�l�s�o� �c�o�m�p�l�i�c�a�t�e� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �m� �a�n�d� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �a�r�e� �s�t�i�l�l� �l�i�m�i�t�e�d� �t�o� 

�p�o�l�a�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s�.� 

�S�i�n�c�e� �w�e� �w�e�r�e� �i�n�t�e�r�e�s�t�e�d� �i�n� �t�h�e� �b�e�h�a�v�i�o�r� �1�9� �a�n�d� �2�0� �i�n� �b�o�t�h� �p�r�o�t�i�c� �a�n�d� �a�p�r�o�t�i�c� 

�s�o�l�v�e�n�t�s�,� �c�o�r�r�e�l�a�t�i�o�n� �o�f� �s�u�l�f�i�d�e� �r�a�t�i�o�s� �t�o� �Y� �v�a�l�u�e�s� �w�o�u�l�d� �o�n�l�y� �a�l�l�o�w� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �a� �p�a�r�t� 

�o�f� �t�h�e� �s�o�l�v�e�n�t�s� �n�e�c�e�s�s�a�r�y�.� �F�o�r�t�u�n�a�t�e�l�y�,� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �r�a�t�e� �o�f� �i�o�n�i�z�a�t�i�o�n� �o�f� �n�e�o�p�h�y�l� 

�t�o�s�y�l�a�t�e� �(�6�6�)� �w�a�s� �a�b�l�e� �t�o� �e�x�t�e�n�d� �t�h�e� �m�e�a�s�u�r�e� �o�f� �a� �s�o�l�v�e�n�t�s� �i�o�n�i�z�i�n�g� �a�b�i�l�i�t�y� �t�o� �t�h�e� �p�o�l�a�r� 

�a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s�,� �S�c�h�e�m�e� �4�2�. �� 

�O�C�H� 

� � 

�6�6� �6�7� 

�S�c�h�e�m�e� �4�2� 

�T�h�e� �i�o�n�i�z�a�t�i�o�n� �o�f� �6�6� �p�r�o�c�e�e�d�s� �w�i�t�h� �a�n�c�h�i�m�e�r�i�c� �a�s�s�i�s�t�a�n�c�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� 

�r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �p�o�s�i�t�i�v�e�l�y� �c�h�a�r�g�e�d� �s�p�i�r�a�n�e� �i�n�t�e�r�m�e�d�i�a�t�e� �(�6�7�)�.� �T�h�i�s� �i�n�t�e�r�m�e�d�i�a�t�e� 

�s�u�b�s�e�q�u�e�n�t�l�y� �r�e�a�r�r�a�n�g�e�s� �t�o� �t�h�e� �3�°� �c�a�r�b�o�c�a�t�i�o�n�.� �T�h�e� �n�u�c�l�e�o�p�h�i�l�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�v�e�n�t� �i�s� 

�e�l�i�m�i�n�a�t�e�d� �i�n� �t�h�i�s� �r�e�a�r�r�a�n�g�e�m�e�n�t� �b�y� �t�h�e� �a�n�c�h�i�m�e�r�i�c� �a�s�s�i�s�t�a�n�c�e� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �a�r�o�m�a�t�i�c� 
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�r�i�n�g�.� �W�e� �f�e�l�t� �f�o�r�t�u�n�a�t�e� �i�n� �l�o�c�a�t�i�n�g� �t�h�i�s� �s�c�a�l�e� �d�u�e� �t�o� �t�h�e� �s�i�m�i�l�a�r�i�t�y� �i�n� �s�t�r�u�c�t�u�r�e� �o�f� �6�7� �t�o� �1�9� 

�a�n�d� �2�0�.� �W�e� �f�e�l�t� �c�o�n�f�i�d�e�n�t� �t�h�a�t� �a� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �s�u�l�f�i�d�e� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n�s� 

�o�f� �1�9� �a�n�d� �2�0� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �s�o�l�v�e�n�t� �t�o� �t�h�e� �r�a�t�e� �o�f� �i�o�n�i�z�a�t�i�o�n� �e�x�h�i�b�i�t�e�d� �b�y� �6�7� �i�n� �t�h�a�t� �s�o�l�v�e�n�t� 

�w�o�u�l�d� �p�r�o�v�i�d�e� �a�n� �a�c�c�u�r�a�t�e� �a�c�c�o�u�n�t� �o�f� �t�h�e� �m�e�c�h�a�n�i�s�m� �t�h�r�o�u�g�h� �w�h�i�c�h� �t�h�e� �s�u�l�f�i�d�e�s� �w�e�r�e� 

�b�e�i�n�g� �f�o�r�m�e�d�.� 

�T�h�e� �r�e�a�c�t�i�o�n�s� �b�e�t�w�e�e�n� �1�9� �a�n�d� �2�0� �a�n�d� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �3�.�4� �x� �1�0�°� �M� �i�n� �a�l�l� 

�s�o�l�v�e�n�t�s� �i�n�v�e�s�t�i�g�a�t�e�d�.� �T�o� �e�n�a�b�l�e� �c�o�m�p�l�e�t�e� �r�e�a�c�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�,� �t�h�i�o�p�h�e�n�o�x�i�d�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �m�a�i�n�t�a�i�n�e�d� �a�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�a�n�g�i�n�g� �f�r�o�m� �4�.�5� �x� �1�0 �� �t�o� �6�.�5� �x� �1�0�°� �M�.� 

�A�l�l� �s�o�l�v�e�n�t�s� �w�e�r�e� �d�r�i�e�d� �p�r�i�o�r� �t�o� �u�s�e� �a�n�d� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �u�n�d�e�r� �a�r�g�o�n�.� �U�p�o�n� 

�r�e�a�c�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �r�a�t�i�o�s� �w�e�r�e� �o�b�s�e�r�v�e�d�,� �T�a�b�l�e� �1�1�.� 

�T�a�b�l�e� �1�1�:� �S�u�l�f�i�d�e� �r�a�t�i�o�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e�.� 

� � 

�L�o�g� �k� 
�N�e�o�p�h�y�l� 

�S�o�l�v�e�n�t� �T�o�s�y�l�a�t�e �� �R�a�t�i�o� �6�3�-�6�4� �Y�i�e�l�d� �R�a�t�i�o� �6�5�-�6�6� �Y�i�e�l�d� 

�T�H�F� �-�6�.�0�7�3� �5�.�3�4�+�0�.�0�8� �8�4�%� �4�8�1�+�0�.�0�1� �6�3�%� 
�E�t�O�A�c� �~�5�.�9�4�7� �3�.�9�1�+�0�.�0�3� �8�4�%� �4�.�7�7� �+� �0�.�0�3� �8�7�%� 

�A�c�e�t�o�n�e� �-�5�.�0�6�7� �4�6�8�+�0�.�1�7� �9�6�%� �4�.�1�7�+�0�.�1� �9�7�%� 
�P�y�r�i�d�i�n�e� �-�4�.�6�7�0� �3�.�9�3� �+�0�.�0�2� �8�0�%� �4�3�7�+�0�.�0�2� �8�6�%� 
�D�M�F� �-�4�.�2�9�8� �4�.�7�5�+�0�.�1� �8�6�%� �4�.�7�0�+�0�.�1� �8�7�%� 
�D�M�S�O� �-�3�.�7�3�8� �3�.�0�5� �+� �0�.�0�9� �8�0�%� �3�.�7�5� �+�0�.�0�1� �8�0�%� 
�!�-�B�u�O�H� �-�3�.�5�9� �1�.�3�5�+�0�.�0�1� �9�1�%� �2�.�4�7� �+� �0�.�0�3� �8�9�%� 
�i�-�P�r�O�H� �-�3�.�4�]� �0�.�9�6� �+� �0�.�0�1� �8�4�%� �2�.�3�0� �+� �0�.�1�6� �9�0�%� 
�E�t�O�H� �-�3�.�2�0�4� �0�6�5�+�0�.�0�1� �7�2�%� �1�.�7�5� �+�0�.�0�1� �9�7�%� 
�M�e�O�H� �-�2�.�7�9�6� �0�.�4�3� �+�0�.�0�1� �5�6�%� �1�.�4�6�+�0�.�0�2� �9�5�%� 
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�I�o�n�i�z�a�t�i�o�n� �v�a�l�u�e�s� �w�e�r�e� �n�o�t� �a�v�a�i�l�a�b�l�e� �f�o�r� �2�-�p�r�o�p�a�n�o�!� �a�n�d� �¢�-�b�u�t�a�n�o�l�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �v�a�l�u�e�s� 

�w�e�r�e� �e�x�t�r�a�p�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �o�f� �a� �g�r�a�p�h� �o�f� �t�h�e� �Y� �v�a�l�u�e�s� �v�s�.� �l�o�g�(�k�)� �n�e�o�p�h�y�l� �t�o�s�y�l�a�t�e�.� 

�I�n� �a�l�l� �b�u�t� �t�w�o� �c�a�s�e�s� �t�h�e� �s�u�l�f�i�d�e� �y�i�e�l�d�s� �e�x�c�e�e�d�e�d� �8�0� �%�.� �T�h�e� �d�e�p�r�e�s�s�e�d� �y�i�e�l�d�s� 

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �p�o�t�a�s�s�i�u�m� �t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� �m�e�t�h�a�n�o�l� �a�n�d� �e�t�h�a�n�o�l� �w�e�r�e� 

�d�u�e� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �s�i�d�e� �p�r�o�d�u�c�t� �i�d�e�n�t�i�f�i�e�d� �u�t�i�l�i�z�i�n�g� �'�H� �N�M�R� �a�s� �t�h�e� �p�o�l�y�m�e�r�i�c� �e�t�h�e�r� 

�(�6�8�)�.� 

� � 

�R� �=� �t�-�b�u�t�y�l� 

�P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �5�,�7�-�d�i�m�e�t�h�y�l�-� �1�-�v�i�n�y�l�s�p�i�r�o�[�2�,�5� �J�o�c�t�a�-�4�,�7�-�d�i�e�n�-�6�-� 

�o�n�e� �(�6�8�)� �w�a�s� �a�b�l�e� �t�o� �u�n�d�e�r�g�o� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n� �D�M�F�. � �� �I�n� �t�h�i�s� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a� 

�2�0�0� �t�o� �|� �r�a�t�i�o� �o�f� �s�u�b�s�t�r�a�t�e� �t�o� �C�N� �w�a�s� �u�s�e�d� �t�o� �i�n�i�t�i�a�t�e� �t�h�e� �r�e�a�c�t�i�o�n�.� �I�n�t�e�r�e�s�t�i�n�g�l�y� �a�t�t�a�c�k� �b�y� 

�C�N �� �o�n� �t�h�e� �c�y�c�l�o�p�r�o�p�y�!� �r�i�n�g� �o�c�c�u�r�r�e�d� �a�t� �t�h�e� �m�o�r�e� �h�i�n�d�e�r�e�d� �p�o�s�i�t�i�o�n�,� �S�c�h�e�m�e� �4�3�.� 
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�o�O� 

� � � � � � 

�R� �R� 

!"�S�!�:� 

�C�N� 

�O� 

�R� �)� �R� 

�S�P�  � ��_ � ��+� �O� 
�N�C� �C�N� �.� 

�|� �"� �/� �n� 

�R� �=� �m�e�t�h�y�l� 

�S�c�h�e�m�e� �4�3� 

�I�t� �s�e�e�m�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r� �f�o�r�m�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�i�t�h� �t�h�i�o�p�h�e�n�o�x�i�d�e� 

�w�a�s� �f�o�r�m�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �a�n� �a�n�i�o�n�i�c� �p�r�o�c�e�s�s�.� �I�n� �a�n� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �t�h�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �u�s�e�d� �a�s� �t�h�e� �i�n�i�t�i�a�t�o�r� �i�s� �k�e�p�t� �a�t� �l�o�w� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �o�r�d�e�r� 

�t�o� �m�a�x�i�m�i�z�e� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �i�n� �o�u�r� �r�e�a�c�t�i�o�n�s� �w�a�s� �i�n� �e�x�c�e�s�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e�.� 

�D�u�e� �t�o� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �s�o�l�v�e�n�t�s� �i�n� �w�h�i�c�h� �t�h�e� �p�o�l�y�m�e�r�i�c� �p�r�o�d�u�c�t� �o�c�c�u�r�r�e�d�,� �i�t� �1�s� �m�o�r�e� 

�p�r�o�b�a�b�l�e� �t�h�a�t� �6�8� �w�a�s� �f�o�r�m�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �a� �c�a�t�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �p�r�o�c�e�s�s�.� 
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�E�v�e�n� �t�h�o�u�g�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �h�a�s� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �a�n�a�l�o�g�o�u�s� �s�y�s�t�e�m�s�,� �t�h�e� 

�a�p�p�e�a�r�a�n�c�e� �o�f� �p�o�l�y�m�e�r�i�c� �p�r�o�d�u�c�t� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �2�0� �w�a�s� �s�t�i�l�l� �s�u�r�p�r�i�s�i�n�g�.� �T�h�e�r�e� �i�s� �m�u�c�h� 

�m�o�r�e� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �/�-�b�u�t�y�l� �g�r�o�u�p�s� �o�f� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �t�h�a�t� �w�e� �a�r�e� 

�i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�a�n� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p�s� �o�f� �6�8� �i�n� �S�c�h�e�m�e� �4�3�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �f�e�l�t� �t�h�a�t� �t�h�e� 

�s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e� �o�f� �t�h�e� �t�w�o� �¢�-�b�u�t�y�l� �g�r�o�u�p�s� �w�o�u�l�d� �p�r�e�c�l�u�d�e� �a�d�d�i�t�i�o�n� �o�f� �s�u�b�s�t�i�t�u�e�n�t�s� �t�o� �t�h�e� 

�p�h�e�n�o�x�i�d�e� �o�x�y�g�e�n�.� �I�t� �w�a�s� �a�l�s�o� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r� �f�o�r�m�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�e�x�c�e�s�s� �t�h�i�o�p�h�e�n�o�x�i�d�e�,� �s�i�n�c�e� �t�h�e� �u�n�h�i�n�d�e�r�e�d� �t�h�i�o�p�h�e�n�o�x�i�d�e� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �m�u�c�h� 

�m�o�r�e� �n�u�c�l�e�o�p�h�i�l�i�c� �a�n�d� �t�h�u�s� �r�e�a�c�t� �a�t� �f�a�s�t�e�r� �r�a�t�e�s� �t�h�a�n� �t�h�e� �h�i�n�d�e�r�e�d� �p�h�e�n�o�x�i�d�e� �o�f� �2�0�.� �T�h�i�s� 

�s�e�e�m�s� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �c�y�c�l�o�p�r�o�p�y�l� �r�i�n�g� �o�p�e�n�i�n�g� �o�f� �2�0� �i�s� �v�e�r�y� �f�a�c�i�l�e� �i�n� �m�e�t�h�a�n�o�l� �a�n�d� 

�e�t�h�a�n�o�l� �o�r� �t�h�a�t� �e�t�h�a�n�o�l� �a�n�d� �m�e�t�h�a�n�o�l� �a�r�e� �v�e�r�y� �e�f�f�i�c�i�e�n�t�l�y� �s�o�l�v�a�t�i�n�g� �t�h�e� �t�h�i�o�p�h�e�n�o�x�i�d�e�,� 

�t�h�e�r�e�b�y�,� �s�l�o�w�i�n�g� �t�h�e� �a�d�d�i�t�i�o�n� �e�n�o�u�g�h� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �b�e�c�o�m�e�s� �a� �c�o�m�p�e�t�i�n�g� 

�p�r�o�c�e�s�s�.� 

�A� �p�l�o�t� �o�f� �t�h�e� �s�u�l�f�i�d�e� �r�a�t�i�o�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �1�9� �a�n�d� �2�0� �w�i�t�h� �p�o�t�a�s�s�i�u�m� 

�t�h�i�o�p�h�e�n�o�x�i�d�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �4�3�.� 
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�S�d� �e� 
�e� �H�i� �e�e� �>�  ��e�r�e� 

�A�C�E�T�  �� 
�i�b� 

�v� �A�C�E�T� �D�M�F� 
�E�T�O�A�C� �5� �P�Y�R� �a� 

�a� �a� 

�0�.�5� �-� 

�L�o�g� �R�a�t�i�o� �R�e�g�i�o�n� �A� 

�i�P�R�O�H� �0� 

�E�T�O�H� 
�a� 

�M�E�O�H� 
�i� �:� �-�0�.�5� �1� �L� �n�l� �4� �1� �1� �1� �1� �-�6�.�0�7�3� �-�5�.�9�4�7� �-�5�.�0�6�7� �4�.�6�7� �4�.�2�9�8� �-�3�.�7�3�8� �-�3�.�5�9� �3�.�4�1� �-�3�.�2�0�4� �-�2�.�7�9�6� 

�L�o�g� �k� �(�N�e�o�p�h�y�l� �T�o�s�y�l�a�t�e�)� 
�a� �L�o�g� �R�a�t�i�o� �1�/�3� �¢� �(�L�o�g� �R�a�t�i�o� �1�/�2�)� �X�2� 

�F�i�g�u�r�e� �4�3�:� �P�l�o�t� �o�f� �s�u�l�f�i�d�e� �r�a�t�i�o�s� �v�s�.� �l�o�g� �k� �n�e�o�p�h�y�]� �t�o�s�y�l�a�t�e�.� 

�I�n� �F�i�g�u�r�e� �4�3�,� �t�w�o� �d�i�s�t�i�n�c�t� �r�e�g�i�o�n�s� �e�m�e�r�g�e�,� �a� �r�e�g�i�o�n� �i�n�c�l�u�d�i�n�g� �a�l�l� �o�f� �t�h�e� �p�o�l�a�r� 

�a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �(� �R�e�g�i�o�n� �A�)�,� �e�x�c�e�p�t� �D�M�S�O�,� �w�i�t�h� �a� �s�l�o�p�e� �o�f� �-�1�.�1� �x� �1�0�°� �f�o�r� �t�h�e� �1�°�/�3�°� 

�s�u�l�f�i�d�e� �r�a�t�i�o� �a�n�d� �-�2�.�0� �x� �1�0�°� �f�o�r� �t�h�e� �1�°�/�2�°� �s�u�l�f�i�d�e� �r�a�t�i�o� �a�n�d� �a� �r�e�g�i�o�n� �t�h�a�t� �i�n�c�l�u�d�e�s� �D�M�S�O� 

�a�n�d� �t�h�e� �p�o�l�a�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �(�R�e�g�i�o�n� �B�)� �w�i�t�h� �a� �s�l�o�p�e� �o�f� �-�0�.�8�4� �f�o�r� �t�h�e� �1�°�/�3�°� �s�u�l�f�i�d�e� �r�a�t�i�o� 

�a�n�d� �a� �s�l�o�p�e� �o�f� �-�0�.�4�0� �f�o�r� �t�h�e� �1�°�/�2�°� �s�u�l�f�i�d�e� �r�a�t�i�o�.� 

�|� �T�h�e� �s�l�o�p�e� �o�f� �z�e�r�o� �o�b�s�e�r�v�e�d� �i�n� �r�e�g�i�o�n� �A� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �p�r�o�d�u�c�t� �f�o�r�m�i�n�g� �p�r�o�c�e�s�s�e�s� 

�t�h�a�t� �e�i�t�h�e�r� �h�a�v�e� �n�o� �d�e�p�e�n�d�e�n�c�e� �o�n� �s�o�l�v�e�n�t� �o�r� �w�h�e�r�e� �s�o�l�v�e�n�t� �a�f�f�e�c�t�s� �e�a�c�h� �p�r�o�c�e�s�s� �e�q�u�a�l�l�y�.� 

�I�f� �c�o�m�p�e�t�i�n�g� �S�y�2�/�c�a�r�b�o�c�a�t�i�o�n�i�c� �p�r�o�c�e�s�s�e�s� �w�e�r�e� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�i�s� �r�e�g�i�o�n� �o�f� �t�h�e� �g�r�a�p�h�,� 

�s�o�l�v�e�n�t�s� �b�e�t�t�e�r� �a�b�l�e� �t�o� �s�t�a�b�i�l�i�z�e� �t�h�e� �c�a�r�b�o�c�a�t�i�o�n�i�c� �t�r�a�n�s�i�t�i�o�n� �s�t�a�t�e� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a�n� 
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