
Utah State University Utah State University 

DigitalCommons@USU DigitalCommons@USU 

All Graduate Theses and Dissertations Graduate Studies 

5-2012 

The Mechanisms of Hydride Exchange, Organic Combination and The Mechanisms of Hydride Exchange, Organic Combination and 

Displacement Reactions Displacement Reactions 

Weifang Hao 
Utah State University 

Follow this and additional works at: https://digitalcommons.usu.edu/etd 

 Part of the Chemistry Commons, and the Philosophy Commons 

Recommended Citation Recommended Citation 
Hao, Weifang, "The Mechanisms of Hydride Exchange, Organic Combination and Displacement Reactions" 
(2012). All Graduate Theses and Dissertations. 1226. 
https://digitalcommons.usu.edu/etd/1226 

This Dissertation is brought to you for free and open 
access by the Graduate Studies at 
DigitalCommons@USU. It has been accepted for 
inclusion in All Graduate Theses and Dissertations by an 
authorized administrator of DigitalCommons@USU. For 
more information, please contact 
digitalcommons@usu.edu. 

https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F1226&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=digitalcommons.usu.edu%2Fetd%2F1226&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/525?utm_source=digitalcommons.usu.edu%2Fetd%2F1226&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/1226?utm_source=digitalcommons.usu.edu%2Fetd%2F1226&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/


THE MECHANISMS OF HYDRIDE EXCHANGE, ORGANIC COMBINATION 

AND DISPLACEMENT REACTIONS 

  

by 

 

Weifang Hao 

 

A dissertation submitted in partial fulfillment  
of the requirements for the degree 

 

of 

DOCTOR OF PHILOSOPHY 

in 

Chemistry 

 
Approved: 

 

_________________________ 
Vernon D. Parker, Ph.D. 
Major Professor 
 
_________________________ 
Cheng-Wei Tom Chang, Ph.D. 
Committee Member 
 
_________________________ 
Roger A. Coulombe, Jr., Ph.D. 
Committee Member 

 

_________________________ 
Alvan C. Hengge, Ph.D. 
Committee Member 
 
_________________________ 
Lance C. Seefeldt, Ph.D. 
Committee Member 
 
_________________________ 
Mark R. McLellan  
Vice President for Research and 
Dean of the School of Graduate Studies 

 

 
UTAH STATE UNIVERSITY 

Logan, Utah 
 

2012 



ii 

 

 

 

 

 

 

 

 

 

 

Copyright  ©  Weifang Hao 2012 

All Rights Reserved 

  



iii 

ABSTRACT 

The Mechanisms of Hydride Exchange, Organic Combination 

and Displacement Reactions 

by 

Weifang Hao, Doctor of Philosophy 

Utah State University, 2012 

Major Professor: Dr. Vernon D. Parker 
Department: Chemistry and Biochemistry 

The primary aim of this dissertation was to seek the answer to the 

question: “Is the single transition-state model appropriate for the fundamental 

reactions in organic chemistry?” The goal was accomplished by performing 

enormous kinetic data collection and detailed mechanistic analysis on several 

typical fundamental organic chemical reactions. 

Three new methodologies for differentiating between a simple one-step 

and complex multi-step mechanism were developed and extensively confirmed 

during the application in the kinetic studies of all of the reaction discussed in this 

dissertation. The three methods consist of (1) half-life dependence of kapp, (2) 

sequential linear pseudo-first-order correlation, and (3) revised instantaneous 

rate constant analysis.  

A detailed kinetic investigation of the formal hydride transfer reaction of 

NADH models [N-benzyl-1,4-dihydronicotinamide (BNAH) with N-
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methylacridinium (MA+) and N-methyl-9,10-dihydroacridine (MAH) with tropylium 

ion (Tr+)] confirmed that both these reactions take place in more than one step 

and involve kinetically significant reactant complex intermediates, which are 

noncovalentlly bound intermediates. Computations at the M06-2x/6-311++G(d,p) 

level provided the structure of the reactant complex intermediate. A 

reinvestigation of the formal hydride transfer reaction of 1-benzyl-3-

cyanoquinolinium ion (BQCN+) with N-methyl-9,10-dihydroacridine (MAH) in 

acetonitrile (AN) confirmed that the reaction takes place in more than one step 

and revealed a new mechanism that had not previously been considered. It was 

observed that even residual oxygen under glove box conditions initiates a chain 

process leading to the same products. 

The combination reactions studied include the reaction between a 

carbocation and an anion as well as the reaction of trans-β-nitrostyrene with 

nitroethide ion. Conventional pseudo-first-order analysis as well as instantaneous 

rate constant analysis confirmed that the combination reactions do not follow the 

simple one-step mechanism. The SN2 displacement of halide ions by the 4-

nitrophenoxide ion was also investigated and the kinetic data are inconsistent 

with the concerted single transition-state model.  

(249 pages) 
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PUBLIC ABSTRACT 

The Mechanisms of Hydride Exchange, Organic Combination 

and Displacement Reactions 

by 

Weifang Hao, Doctor of Philosophy 

Utah State University, 2012 

In chemical reactions, kinetics is the study of the rates of chemical 

processes. Reaction mechanisms are the detailed processes by which chemical 

substances are transformed into other substances. A mechanism describes in 

detail exactly what takes place at each stage of a chemical transformation.  

The work outlined in this dissertation was carried out in order to find out 

the actual mechanisms for three classes of fundamental organic reactions by 

means of a series of novel kinetic techniques and analysis methods. They 

include the hydride exchange between NADH model compounds, organic 

combination, and SN2 displacement reactions. 

Rigorous kinetic investigations have found that these reactions actually 

take place by multi-step mechanisms involving kinetically significant 

intermediates. This result challenges the long-held assumption that these 

reactions follow a simple one-step mechanism. Although the assumption of the 

one-step mechanism can be applied to evaluate the magnitude of the rate of the 

overall reaction, it fails to provide a detailed description of the chemical reactions. 
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However, adopting the multi-step mechanisms proposed in this dissertation 

should end this chapter of organic chemistry. 

Reaction mechanism is a primary topic for organic chemical studies and is 

able to provide a framework for appropriate application in pharmacy, industry, 

and agriculture. An essential objective of this work is to point out more attention 

to the importance of reaction mechanism in the field of organic chemistry. A 

broad impact of this work on academic studies may be achieved via promoting a 

revision of the mechanisms believed to be established over the past seventy 

years. It will have a broad effect in other branches of chemistry as well as in 

biochemistry. 

This work is a sub-project of the three-year $665,000 international 

cooperative project with the question, “Is the single transition state model 

appropriate for the fundamental reactions of organic chemistry?” initiated by 

Professor Vernon D. Parker at USU, collaborating with Professors Jin-Pei Cheng 

and Xiao-Qing Zhu at Nankai University in China. This international project, 

supported by both NSF (National Science Foundation) and NSFC (National 

Natural Science Foundation of China), has been fostering cooperation and good 

will between the scientific communities of the United States and China. 
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CHAPTER 1 

INTRODUCTION 

A prominent goal of physical organic chemists in the 20th century was to 

develop theoretical relationships that shed light on the structures of the transition 

states of organic reactions. Much of the current theory of physical organic 

chemistry is embodied in the relationships, often based on observed structural 

effects on reactivity, shown in Figure 1-1. These are used to describe the results 

of the study of the kinetics and mechanisms of organic reactions. What all of 

these relationships have in common is that they are all most appropriate for the 

description of reactions that take place in a single step. For reactions involving 

more than a single transition state, parameters derived from these relationships 

necessarily become less reliable in describing transition-state structure. 

Hammett equation 
Brønsted relationship 
Hammond postulate 
Variable transition-state theory 
Marcus theory 
Configuration mixing model 
Principle of non-perfect synchronization 

FIGURE 1-1. Physical organic chemistry relationships. 

Since the work of Eigen,1 it is an accepted fact that all bimolecular 

reactions in solution pass through an encounter complex (Scheme 1-1). Because 

the encounter complex is formed at diffusion-controlled rates, it is not considered 

to be kinetically significant for reactions taking place on the millisecond or second 

time scale. Thus, the simple irreversible second-order (simple) and the reversible 
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consecutive second-order (complex) mechanisms are described in Scheme 1-2 

without involving the encounter complexes which are assumed, but not included, 

in the rate laws. These two mechanisms are kinetically indistinguishable once 

steady state for the complex mechanism is achieved. 

SCHEME 1-1. The Simple Mechanism Based on Eigen’s Study 

 

SCHEME 1-2. The Simple One-Step Mechanism and the Complex 
Mechanism 

 

In his classic book on physical organic chemistry, Hammett2 recognized 

the difficulties in obtaining direct kinetic evidence for the presence of a multi-step 

reaction mechanism. However, he concluded that “it would require experimental 

data of more than ordinary precision to recognize effects of this magnitude with 

any assurance.” To my knowledge, there were no serious attempts during the 

last half of the 20th century to subject the fundamental reactions of organic 

chemistry, which are assumed to take place by a simple second-order 

mechanism, to a rigorous mechanism analysis designed to detect a more 

complex mechanism. During that period, enormous progress was made in digital 
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technology, which provided the tools necessary to undertake this task. 

In 1998, Parker’s group first realized that it is possible to kinetically 

distinguish between the simple and complex mechanisms shown in Scheme 1-2 

during their studies of the proton-transfer reactions of methylanthracene radical 

cations with nitrogen-centered bases.3-6 This is made possible by the observation 

that the reactions taking place by the complex mechanism do not quickly reach a 

steady state and in the pre-steady-state time period, the kinetic response 

deviates significantly from that expected for the simple one-step mechanism. 

Subsequently, Parker’s group has employed non-steady-state kinetic methods to 

show that a number of fundamental organic reactions which include a nitroalkane 

proton transfer,7-9 an E2 elimination,10 an SN2 reaction,11-12 a hydride exchange 

reaction between NADH models,13 a Diels-Alder reaction,14 an acyl transfer 

reaction,15 a carbocation-anion combination16 as well as an SNAr reaction,17 long 

believed to take place by simple one-step mechanisms are actually more 

complex and proceed via kinetically significant reaction intermediates. 

Methodology for Distinguishing Mechanisms 

It is useful to define steady-state and non-steady-state in reactions 

following complex mechanisms in terms of the kinetic response as illustrated in 

Figure 1-2. For a reaction at steady state, the decay in reactant concentration is 

equal to the rise in product concentration at all times, while the decay in reactant 

concentration leads the rise in product concentration under non-steady-state 

conditions. These relationships assume that the reactant/product stoichiometry is 

equal to unity. The relationships in Figure 1-2 suggest a number of mechanism 
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probes to distinguish between the simple mechanism and the complex 

mechanism under non-steady-state conditions (Figure 1-3).  

Steady-state (at all times): 
–d[R]/dt = d[P]/dt, (R: Reactant, P: Product) 
Non-steady-state (initial rates): 
–d[R]/dt > d[P]/dt 
 
kinit > ks.s. if reactant is monitored 
kinit < ks.s. if product is monitored  

(kinit: pseudo-first-order rate constants measured in the extent of reaction ranges 
from 0 to 0.05, ks.s.: pseudo-first-order rate constants measured at steady state.) 

FIGURE 1-2. Steady-state vs. non-steady-state. 

Extent of reaction – time profiles 
Rate constant ratio – kinit/ks.s. 
Time ratio – t0.50/t0.05 
Extent of reaction – dependent deuterium KIE 
Wavelength – dependent kinetic response 
Instantaneous rate constants – time profiles 

(t0.50: half-life, t0.05: the time necessary to reach the extent of reaction equal to 
0.05.) 

FIGURE 1-3. Mechanism probes. 

Practical Aspects of the Mechanism Analysis. At an early stage in the 

development of physical organic chemistry, Hammett2 recognized that the kinetic 

response of the reversible consecutive second-order mechanism (Scheme 1-2) 

differs from that of the simple irreversible second-order mechanism at short 

times. However, he concluded that the deviations from simple mechanism 

behavior are small and differentiation of the mechanisms could not be done with 

the precision of kinetic measurements at that time. In 1974, Bunnett18 expressed 

the general belief that rate constants of organic reactions obtained by 
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spectrophotometric methods are reliable to about ± 5 %. Obviously, precision in a 

set of measurements can be much greater than the expected reliability of a 

single measurement. When making multiple repetitions of a measurement, it is 

appropriate to use the standard error of the mean (σ/N0.5), where σ is the 

standard deviation and N is the number of measurement, to express the 

uncertainty in the mean value.19 Thus, the best value of the quantity measured 

(Xbest) is given by eq. 1-1, which shows that the uncertainty decreases with the 

square root of the number of measurements. The necessity of gathering large 

quantities of kinetic data in order to take advantage of this fact is readily 

accommodated when using stopped-flow spectrophotometry as the 

measurement technique. Parker20 found that the precision in rate constant 

measurements of first-order reactions can be of the order of ± 0.5 % using that 

method. That means that when the numerical probes values differ from those for 

the simple mechanism by as much as 5%, the observed deviations are 

significantly large to confirm that the data are inconsistent with the simple 

mechanism. 

Xbest = Xmean ± σ/N0.5 (1-1)

Extent of Reaction – Time Profiles. The most common method used to 

evaluate absorbance – time profiles is to fit the experimental data to an 

exponential function and evaluate the resulting rate constant. Although this 

method of data analysis gives excellent results when it is known with certainty 

that the reaction follows first-order or pseudo-first-order kinetics, it has the very 
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serious drawback that small deviations from first-order kinetics are masked and 

go unnoticed. 

This situation is clearly illustrated by the two different graphical treatments 

of the same data shown in Figure 1-4. The kinetic data are for the Diels-Alder 

reaction between anthracene (ANTH) and tetracyanoethylene (TCNE) in 

acetonitrile, which follows the complex mechanism. The figure on the left is the 

least-squares plot of theoretical ln [Anthracene] – time data under pseudo-first-

order conditions. Small deviations from linearity are observed at short times, but 

it is obvious that in the presence of experimental scatter in the data these would 

be buried in noise and would go undetected. The figure on the right is for the 

same theoretical data plotted as an extent of reaction – time profile. The simple 

mechanism line is normalized to the theoretical data (solid circles) at extent of 

reaction equal to 0.05. The deviation of the simple mechanism line from the data 

points is obvious and can only lead to the conclusion that the data are 

inconsistent with the simple mechanism. 

 

FIGURE 1-4. Graphical representation of kinetic data. 
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Numerical Mechanism Probes (kinit/ks.s. and t0.50/t0.05). The values of the 

numerical mechanism probes kinit/ks.s. (the ratio of pseudo-first-order rate 

constants measured in the extent of reaction ranges from 0 to 0.05 and steady 

state, respectively) and t0.50/t0.05 (the half-life divided by the time necessary to 

reach the extent of reaction equal to 0.05) are invariant at 1.00 and 13.5, 

respectively, for a reaction following the simple mechanism, but are dependent 

upon whether reactant or product is monitored for a reaction following the 

reversible consecutive second-order mechanism under pseudo-first-order 

conditions (Figure 1-5). In the limit where the two mechanisms are kinetically 

indistinguishable, the mechanism probe values for the complex mechanism are 

equal to those for the simple irreversible second-order mechanism (under 

pseudo-first-order conditions). Obviously, the ability to distinguish between the 

two mechanisms depends strongly on the precision of the measurements. 

Irreversible second-order mechanism: 
kinit/ks.s. = 1.00 
t0.50/t0.05 = 13.5 
 
Reversible consecutive second-order mechanism: 
Monitor reactant: kinit/ks.s. ≥ 1.00 
                            t0.50/t0.05 ≥ 13.5 
Monitor product:  kinit/ks.s. ≤ 1.00 
                            t0.50/t0.05 ≤ 13.5 

FIGURE 1-5. Mechanism probe values. 

The elimination of HBr from 2-(p-nitrophenyl)ethyl bromide in 

alcohol/alkoxide media takes place by a two-step mechanism involving the 

intermediate formation of the carbanion.10 The values of the rate constant and 

time ratios for this reaction shown in Table 1-1 represent the complex 
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mechanism feature when monitrong the product evolution. The last two columns 

in Table 1-1 show that both kinit/ks.s. and t0.50/t0.05 deviate drastically from the 

theoretical values for simple one-step mechanisms, 1.00 and 13.5, respectively. 

TABLE 1-1. The Rate Constant and Time Ratios for the Elimination 
Reactions of 2-(p-Nitrophenyl)ethyl Bromide in Alcohols Containing the 
Corresponding Alkoxide Ions at 293 K10 

Substrate a Solvent [RO-]/mM kinit/ks.s. t0.50/t0.05 
NPEB EtOH 300 0.810 11.12 
  150 0.763 10.52 
NPEB-d2 EtOH 300 0.881 12.03 
  150 0.929 12.61 
NPEB MeOH 300 0.840 11.58 
  150 0.783 11.08 
NPEB-d2 MeOH 300 0.714   8.72 

  150 0.750   9.04 
     

a NPEB = 2-(p-nitrophenyl)ethyl bromide. 

Extent of Reaction – Dependent Deuterium Kinetic Isotope Effects. 

Because of the fact that the intermediate in the complex mechanism partitions 

between return to reactants and irreversible product formation, the apparent 

deuterium kinetic isotope effect (KIEapp) is attenuated and can be considerably 

smaller than the real value (KIEreal), which is equal to kp
H/kp

D, the ratio of the 

product-forming rate constants for H and D substrate, respectively.3,8 This has 

the important consequence that possible hydrogen atom, hydride or proton 

tunneling may be masked when evaluating KIEapp. The mechanism probe is 

readily applied with a high degree of precision, and its observation gives a clear 

indication of deviation of experimental data from that expected for the simple 

mechanism. It also has the advantage that when data from only one of the H or D 

substrates deviate significantly from simple mechanism behavior, the observation 
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of extent of reaction dependence of KIEapp allows for the resolution of the kinetics 

into the microscopic rate constants for the complex mechanism. 

Wavelength – Dependent Kinetic Response.20 For reactions following 

the simple mechanism (1 - E.R.) is expected to be independent on whether 

reactant or product is monitored and on the wavelength at which measurements 

are made. It is obvious from the mechanism probe values shown in Figure 1-5 

that this is not the case for reactions following the complex mechanism. The ideal 

experimental situation is when measurements can be made at wavelengths 

where reactant and product are the only absorbing species. In any event, the 

observation that mechanism probe values are dependent upon the wavelength at 

which measurements are made is convincing evidence that the kinetics of the 

reaction are inconsistent with the simple mechanism. 

Instantaneous Rate Constants – Time Profiles.15 The apparent 

instantaneous rate constant (kinst) for a reaction taking place in a single 

microscopic step (simple mechanism) is time independent and equal to the 

microscopic rate constant for that step. However, for a reaction taking place in 

more than one consecutive step, the opportunity exists to observe time 

dependent kinst. This opportunity can only be taken advantage of in the event that 

the pre-steady-state time period can be accessed. By definition, a kinst is 

evaluated over an infinitesimally short time period. In practice, it is convenient to 

evaluate kinst over a finite time period as the rate constant at the time of the mid-

point of the time range. The validity of this procedure was readily established by 
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showing that the resultant value is independent of the magnitude of the time 

interval when the latter is small. 

Most of the reactions of interest can be studied under pseudo-first-order 

conditions with the second reactant (B in Scheme 1-2) in large excess. Under 

these conditions the appropriate form of the rate law for the simple mechanism is 

Equation 1-2 in which E.R. represents the extent of reaction. Equation 1-2 

transforms to Equation 1-3 when the decay of [R] is monitored and to Equation 1-

4 when evolution of [P] is followed. The appropriate equations for evaluating 

instantaneous pseudo-first-order rate constants (kinst)
21 over a finite time interval 

(∆t) when monitoring reactant decay or product accumulation are Equations 1-5 

and 1-6, respectively. 

-ln (1 - E.R.) = kt (1-2)

-ln ([R]/[R]0) = kt (1-3)

-ln (1 - [P]/[R]0) = kt (1-4)

kinst = -∆ ln ([R]/[R]0) / ∆t (1-5)

kinst = -∆ ln (1 - [P]/[R]0) / ∆t (1-6)

A Sliding n-Point IRC Analysis.15 Due to the fact that there is always some 

scatter and noise in experimental kinetic data it is not practical to evaluate IRC 

directly from the raw data. The raw data have to be treated with a Savitsky-Golay 

smooth procedure22 before the calculation of IRC. The raw data consisted of a 

2000-point absorbance – time profile. Conversion of the raw data to a -ln (1 -

E.R.) – time profile set the stage for evaluating a sliding n-point procedure (n = 

11, 21, 31, 51, or 101) for calculating kinst – time arrays. The first step involves a 
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least-squares correlation of smoothed ln (1 - E.R.) – time over points 1 to n. The 

slope of this line is assigned to -kinst(N) where N is equal to (n+1)/2. The value of 

N is then incremented by taking points 2 to n+1 as the second correlation to 

obtain -kinst(N+1). The value -kinst(N+2) is obtained using points 3 to n+2. This 

procedure is continued until all points in the ln (1 - E.R.) – time profile have been 

used. For example when n = 11, the kinst – time array consists of -kinst(6) to -kinst 

(1995). In order to incorporate the advantages of using different n values into a 

single IRC analysis, a procedure was devised to successively increase n with 

increasing time. A superior procedure was observed to involve an initial 

correlation over the first 3 points to give IRC(2), followed by correlations over 5 

points (IRC(3)), 7 points (IRC(4)), and 9 points (IRC(5)). The 11-point sliding 

procedure was then used to give IRC(6) to IRC(50) and this was followed by 

application of the 101-point sliding procedure to generated IRC(51) to IRC(1950). 

The instantaneous rate constants (kinst) – time profiles for simple one-step 

mechanism are straight lines with zero slopes (Figure 1-6a) no matter whether 

reactant decay or product evolution is monitored. This reflects the fact that the 

instantaneous rate constant for this mechanism is also the microscopic rate 

constant for the process. However, the kinst – time profiles for reactions taking 

place in more than one step depend upon whether decay of reactant or evolution 

of product concentration is monitored. In Figure 1-6b, the upper profile is for 

reactant decay and the lower one is for product evolution. When reactant decay 

is monitored, the kinst – time plot extrapolated to zero time is equal to the rate 

constant for the initial step (kf) in the reaction while the kinst – time profile for 
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product evolution extrapolates to zero at t = 0. The intercept for the reactant 

decay plot suggests the possibility of evaluating the forward rate constant (kf) 

directly from experimental data without the necessity of the complete resolution 

of the kinetics. The kinst – time profiles for monitoring reactant decay and product 

evolution converge to a plateau value which can be equated to the rate constant 

under steady-state conditions (ks.s.). Under the latter conditions, the profiles for 

both the simple mechanism and the complex mechanism are straight lines with 

zero slopes, so the two mechanisms become kinetically indistinguishable.  

FIGURE 1-6. Instantaneous rate constants (kinst) – time profiles for simple one-
step irreversible mechanism (a) and two-step reversible consecutive mechanism 
(b). 

Comments on the Structures of Intermediates 
in the Complex Mechanism 

 For the Diels-Alder reaction between anthracene (ANTH) and 

tetracyanoethylene (TCNE) in acetonitrile, Parker14 proposed that the 

intermediate (reactant complex) forming reactions, that necessarily take place on 

the same time scale as the overall reaction, do not involve the creation of new 

covalent bonds. Since the charge-transfer complex (CT) is formed on a much 
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shorter time scale than the stopped-flow kinetic measurements and is in rapid 

equilibrium with the reactants, the CT complex is ruled out as the kinetically 

significant intermediate which is expected to affect the extent of reaction – time 

profiles. However, theoretical calculations23 suggest that the CT complex lies on 

the product-forming reaction coordinate for the reaction carried out in chloroform. 

The barrier for CT complex formation appears to be very small, and density 

function calculations24 suggest that the reactant moieties lie in parallel planes 

with an interplanar distance of 3.40 Å. Since the carbon atoms involved in bond 

formation have the proper orientation in the CT complex, it appears reasonable 

to assume the latter is indeed on the product-forming reaction coordinate. 

Parker14 proposed that the conversion of the CT complex to the “reactant 

complex” is accompanied by the shortening of the distances between the 

reaction centers and the extrusion of solvent, giving rise to a significant reaction 

barrier, as illustrated in Scheme 1-3. In Scheme 1-3, the interactions shown on 

the left are the lowest unoccupied molecular orbital (LUMO) of TCNE and the 

highest occupied molecular orbital (HOMO) of ANTH.  

SCHEME 1-3. The Proposed Structure for the Reactant Complex 
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Similar considerations were employed to suggest the formation of the 

“reactant complex” in other reactions that involve significant reaction barriers. 

The ion-dipole complexes were suggested as the pertinent intermediates in 

nitroalkane proton-transfer reactions in aqueous solutions,7-9 in the SN2 reaction 

between p-nitrophenoxide ion and methyl iodide in acetonitrile,11-12 and in the 

elimination reactions of p-nitrophenethylhalides in protic solvents.10 The ion-

dipole complex formation for the proton-transfer reaction between an aryl 

nitroalkane and hydroxide ion7 in aqueous acetonitrile is illustrated in Scheme 1-

4. 

SCHEME 1-4. The Proposed Ion-Dipole Complex 

 

The Objective of My Dissertation 

The scientific objective of the work in this dissertation is to provide an 

answer to the question: “Is the single transition-state model appropriate for the 

fundamental reactions in organic chemistry?” It is aimed at challenging the very 

basis of much of the body of knowledge in physical organic chemistry developed 

over the past seventy years. The main efforts consist of (1) development of the 

new methodologies capable of differentiating between the simple one-step and 
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multi-step complex mechanisms and (2) investigation of the detailed mechanisms 

for several fundamental organic chemical reactions, which include the formal 

hydride transfer reactions between NADH model compounds, the combination 

reactions (a carbocation with an anion and a neutral molecule with an anion), and 

the SN2 displacement reactions.  

It is my opinion that our efforts will uncover the tip of the iceberg and that 

further probing of this area in the future may possibly bring about a profound 

change in the thinking of physical organic chemists and the way they approach 

the study of organic reaction mechanisms. 
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CHAPTER 2 

THE DEVELOPMENT OF NEW METHODOLOGIES FOR DIFFERENTIATING 

BETWEEN THE SIMPLE ONE-STEP AND COMPLEX MULTI-STEP 

MECHANISMS* 

Abstract 

Three new analysis procedures for pseudo-first-order kinetics are 

introduced and applied to the reaction of bromoacetonitrile (BrAN) with 

phenoxide ion (PO-) in acetonitrile. The three methods consist of (1) half-life 

dependence of kapp, (2) sequential linear pseudo-first-order correlation, and (3) 

revised instantaneous rate constant analysis. Each of the three procedures is 

capable of distinguishing between simple one-step and multi-step mechanisms, 

and the combination of the three procedures provides a powerful strategy for 

differentiating between the two mechanistic possibilities, which has been 

extensively confirmed during the application in our kinetic studies of a wide 

variety of fundamental organic reactions discussed in the latter chapters. 

Introduction 

In 1997, Professor George S. Hammond published a short article entitled 

Physical Organic Chemistry after 50 years: “It has changed, but is it still there?”1 

In this article Hammond summarized the remarkable developments in the sub-

discipline since it began with the work of Hammett.2 No mention was made of the 

development of pseudo-first-order kinetic methods, which was the most important 
                                                            
*Coauthored by Vernon D. Parker, Weifang Hao, Zhao Li and Russell Scow. 
Reproduced with permission from Int. J. Chem. Kinet. 2012, 44(1), 2-12. 
Copyright  2011, John Wiley and Sons.  
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kinetic technique used by the vast majority of physical organic chemists. Aside 

from the development of very rapid kinetic techniques, essentially no 

improvements were made in the methods for which so many rate constants were 

measured for linear free-energy relationships. This is evident from the classic 

book Kinetics and Mechanism, by J. W. Moore and R. G. Pearson published in 

1981.3 This deficiency continued for the remainder of the 20th century.  

The digital revolution occurred during the time period of the development 

of physical organic chemistry. The latter had a great influence on the work of the 

physical chemists studying rapid kinetics but did not filter down to the physical 

organic chemists measuring rate constants of slower reactions. The objective of 

our work is to fill the gap by introducing work on the fundamental reactions of 

organic chemistry using new methods, which take advantage of modern digital 

acquisition of absorbance – time data and extensive new data analysis of 

pseudo-first-order kinetics. During the current century, several papers have 

appeared to deal with the inadequacy of a simple fit of an exponential curve to 

establish a simple one-step mechanism.4-7 The work of Kormányos and 

coworkers,5 entitled “Inherent Pitfalls in the Simplified Evaluation of Kinetic 

Curves,” is particularly relevant to the topic of this chapter. A more mathematical 

approach is presented for the analysis of the kinetics of complex systems in 

Bandstra’s work.6 The work of Nagy and Turányi4 deals with the effect of 

uncertainties in rate constants on the reliability of the corresponding activation 

parameters. 
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In this chapter, the kinetic data for the reaction of bromoacetonitrile (BrAN) 

with phenoxide ion (PO-) (Scheme 2-1) in acetonitrile were chosen as samples to 

show how the new procedures work in practice. The results of the application of 

three different non-conventional pseudo-first-order procedures on the kinetic data 

of this reaction will be presented without mechanism discussions. But in the 

following chapters, the kinetic response of a wide variety of reactions, which 

include the formal hydride transfer reactions between NADH model compounds, 

the combination reactions, and the SN2 displacement reactions, will be covered 

as well as the detailed mechanism analysis. 

Bromoacetonitrile (BrAN) is not a common alkyl halide, but 

chloroacetonitrile (ClAN) has been used in recent publications concerned with 

the mechanism of the SN2 reaction.8-9 The advantage of studying SN2 reactions 

of BrAN is that it is much more reactive than a typical alkyl halide. 

SCHEME 2-1. The Reaction of Bromoacetonitrile (BrAN) with Phenoxide ion 
(PO-) 

  

Experimental Methods and Data Processing 

The methods discussed are limited to three general procedures, and the 

first is a more detailed application of the conventional pseudo-first-order kinetic 

relationship in a way that in some cases clearly distinguishes between simple 

one-step and complex multi-step mechanisms. When a complex mechanism is 

indicated, the other two procedures provide data, which give more details of the 
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kinetic response and can verify that the reaction follows a complex mechanism. 

The methods are discussed using experimental data for the reaction of 

bromoacetonitrile (BrAN) with phenoxide ion (PO-) in acetonitrile at 298 K. 

Half-Life Dependence of Conventional Pseudo-First-Order Rate 

Constants. The procedure involves converting absorbance – time profiles (Abs –

t) to -ln (1 - E.R.) – time profiles, where E.R. is the extent of reaction. The latter 

are then subjected to linear least-squares analysis on five different segments of 

the data over time ranges corresponding to 0 – 0.5 half-lives (HL), 0 – 1 HL, 0 – 2 

HL, 0 – 3 HL, and 0 – 4 HL. The data for the reaction of bromoacetonitrile (BrAN) 

with phenoxide ion (PO-) in acetonitrile at 298 K are summarized in Table 2-1. In 

this case, the data show that the value of the apparent pseudo-first-order rate 

constant (kapp) over the first segment (0.5 HL) equals to 0.0350 s-1. Values 

obtained for longer segments of the data (1.0 – 4.0 HL) steadily decreased with 

degree of conversion. While the changes in kapp observed are modest, the 

corresponding changes in the zero-time intercepts are much larger and suggest 

that this parameter is much more sensitive to the deviations from first-order 

kinetics than kapp is. Obviously, the response expected for the simple one-step 

mechanism is a constant value of kapp and an intercept independent of the 

number of HL taken into the linear least-squares correlation. 
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TABLE 2-1. Changes in the Slopes and the Intercepts with the Extent of 
Reaction During Conventional Pseudo-First-Order Analysis for the 
Reaction of BrAN (5.0 mM) with PO- (0.50 mM) in Acetonitrile at 298 K 

Number of HL kapp/s
-1 a Intercept/s-1 a 

0.5 0.0350 0.0125 
1.0 0.0346 0.0134 
2.0 0.0336 0.0244 
3.0 0.0318 0.0565 
4.0 0.0289 0.1353 

   
a The error is ± 0.0002 s-1. 

Sequential Pseudo-First-Order Linear Correlation. This analysis has 

been described in our recent papers.10-11 The procedure involves recording a 

2000-point absorbance – time profile over about the first HL of the reaction. After 

the conversion of the raw data to a -ln (1 - E.R.) – time profile, the linear least-

squares analysis is then carried out over the following point segments: 1-11, 1-

21, 1-31, 1-41, 1-51, 1-101, 1-201, . . . , 1-1801, and 1-1901, which gives 24 kapp 

values at the midpoints of the segments (Table 2-2). Standard deviations (S.D.) 

of the kapp evaluated for multiple (normally 20) stopped-flow shots are then 

recorded.  

TABLE 2-2. Point Segment Set for Sequential Pseudo-First-Order Linear 
Correlation Analysis 

Number Segment midpoint Number Segment midpoint 
1 1-11 6 13 1-801 401 
2 1-21 11 14 1-901 451 
3 1-31 16 15 1-1001 501 
4 1-41 21 16 1-1101 551 
5 1-51 26 17 1-1201 601 
6 1-101 51 18 1-1301 651 
7 1-201 101 19 1-1401 701 
8 1-301 151 20 1-1501 751 
9 1-401 201 21 1-1601 801 

10 1-501 251 22 1-1701 851 
11 1-601 301 23 1-1801 901 
12 1-701 351 24 1-1901 951 
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TABLE 2-3. Apparent Rate Constants and Standard Deviations Obtained by 
the 24-Point Sequential Analysis for the Reaction of BrAN (5.0 mM) with PO- 
(0.50 mM) in Acetonitrile at 298 Ka 

time/s kapp/s
-1 S.D./s-1 Segment 

0.08 0.1293 0.0196 1 
0.16 0.0870 0.0081 2 
0.23 0.0669 0.0047 3 
0.31 0.0553 0.0030 4 
0.38 0.0479 0.0021 5 
0.76 0.0334 0.0010 6 
1.51 0.0284 0.0006 7 
2.26 0.0272 0.0004 8 
3.01 0.0266 0.0003 9 
3.76 0.0262 0.0002 10 
4.51 0.0259 0.0002 11 
5.26 0.0257 0.0002 12 
6.01 0.0255 0.0002 13 
6.76 0.0254 0.0002 14 
7.51 0.0252 0.0002 15 
8.26 0.0251 0.0002 16 
9.01 0.0249 0.0002 17 
9.76 0.0248 0.0002 18 

10.51 0.0247 0.0002 19 
11.26 0.0246 0.0002 20 
12.01 0.0245 0.0002 21 
12.76 0.0243 0.0002 22 
13.51 0.0242 0.0002 23 
14.26 0.0241 0.0002 24 

    
a At least 20 stopped-flow shots. 

The analysis is illustrated in Table 2-3 for the reaction of bromoacetonitrile 

(BrAN) with phenoxide ion (PO-) in acetonitrile at 298 K. The S.D. value for 

segment 1 is nearly 15% of the kapp value, and S.D. falls dramatically until it 

stabilizes to about 1% of the corresponding kapp from segments 9 to 24. The 

reason for the large S.D. in the early segments is related to the small number of 

points used in the linear correlations of the data in these segments. Each 

stopped-flow experiment is generally repeated at least three times. The expected 
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result (20 shots) of the 24-point procedure for the simple one-step mechanism is 

a rate constant, independent of time and of the particular time segment analyzed.  

Although the primary purpose of this method is to estimate the errors in 

kapp, the plot shown in Figure 2-1 provides a convenient visual representation of 

the data, showing an initial high value and the subsequent decay to a plateau 

value as steady state is reached in about 3-4 s.  

 

FIGURE 2-1. Apparent rate constants (kapp) – time plot for the reaction between 
phenoxide ion and BrAN in acetonitrile at 298 K (1.0 HL = 27.5 s). 

The expected plot of the 24-point procedure for the simple one-step 

mechanism is illustrated in Figure 2-2a. For the reactions following the complex 

mechanism, the apparent rate constants derived from sequential correlation 

analysis steadily change with reaction time in different directions dependent upon 

whether reactant decay or product evolution is monitored. In Figure 2-2b, the 

upper profile is for reactant decay and the lower one is for product evolution. 
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FIGURE 2-2. Apparent rate constants (kapp) – time plots for the simple one-step 
mechanism (a) and the complex mechanism (b).  

A New Procedure for the Estimation of Instantaneous Rate Constants 

– Time Profiles. Due to the use of a data smoothing procedure in the previous 

IRC analysis, we received the criticism for our method. So in this revised IRC 

analysis, we use the raw data directly obtained from the experiment. This method 

is actually an extension of the 24-point procedure. In this method, the points in 

the data segment are 1-3, 1-4, 1-5, 1-6, . . . , and 1-2000, and a 1998-point array 

of kapp – time data is obtained. The procedure was applied to calculated -ln (1 - 

E.R.) – time profiles, and the results were then compared to instantaneous rate 

constants (kinst) – time profiles obtained at the midpoint between all points, as 

presented earlier.12 The comparison showed that the kapp – time values at short 

times, as well as those near the end of the 1998-point array, were nearly identical 

to the corresponding kinst – time values. The largest deviations (about 5%) were 

found in values near the center of the correlation. It was concluded that for all 

practical purposes the values obtained by the new procedure are equivalent to 

kinst values, and the term kIRC is appropriate to distinguish between the two 
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different instantaneous rate constants. The one advantage of kIRC over kinst is that 

since every value of the rate constant in the former case results from a linear 

correlation over several points (3 to 2000), there is a very large difference in the 

experimental precision as compared to the latter case. The other one is that the 

new procedure does not employ a data smoothing procedure. The plot in Figure 

2-3 shows the application of the procedure outlined above. 

 

FIGURE 2-3. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction of BrAN (5.0 mM) with PO- (0.50 mM) in acetonitrile at 298 K (1.0 HL = 
27.5 s). 

Conclusion 

Experimental absorbance – time profiles obtained from the reaction of 

bromoacetonitrile (BrAN) with phenoxide ion (PO-) in acetonitrile were processed 

using three different non-conventional pseudo-first-order kinetic procedures, and 

the results are summarized. The procedures include (1) half-life dependence of 

kapp during conventional pseudo-first-order analysis, (2) sequential linear pseudo-

first-order correlation, and (3) revised IRC analysis. Using these procedures, the 

determination as to whether a reaction follows a simple one-step or a more 
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complex mechanism can be made using a minimum of both time and materials. 

This, of course, is only the first step in the investigation of the mechanism of a 

reaction and should be followed by experiments under all applicable conditions, 

including changes in reactant concentrations, wavelengths at which absorbance 

– time data are obtained, temperature, and isotopic composition of reactants to 

name the most common variables. 
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CHAPTER 3 

MECHANISM STUDY OF HYDRIDE TRANSFER BETWEEN N-BENZYL-1,4- 

DIHYDRONICOTINAMIDE AND N-METHYLACRIDINIUM ION IN 

ACETONITRILE 

Abstract 

A kinetic investigation of the formal hydride transfer reaction of N-benzyl-

1,4-dihydronicotinamide (BNAH) with N-methylacridinium (MA+) in acetonitrile 

(AN) confirmed that the reaction takes place in more than one step and involves 

a kinetically significant reactant complex intermediate, which is a non-covalent 

bound intermediate that is partially rate limiting during the course of this reaction. 

The methodology includes a numerical mechanism probe based on the ratio of 

times necessary to reach 50 and 5% reaction as well as quantitative pseudo-first-

order kinetic analysis. The time-dependent apparent deuterium kinetic isotope 

effects (KIEapp) for the hydride transfer reaction approach unity at near zero time 

and increase with time toward plateau values as the reaction reaches a steady 

state. Computations at the M06-2x/6-311++G(d,p) level are consistent with the 

experimental study and provide the structures of two intermediates and confirm 

the free energy of the experimental rate-determining transition state.  

Introduction 

Hydride transfer is one of the fundamental chemical and biological 

reactions. The mechanism of the formal hydride transfer from the nicotinamide 

adenine dinucleotide coenzyme (NADH) and its analogues to the surrounding 

substrates has been a fascinating subject to chemists and biochemists and has 
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attracted the attention of many researchers around the world.1-5 A controversy 

regarding the mechanism which began in the 1980’s  mainly focused on whether 

the hydride transfers takes place by direct hydride transfer or by a stepwise 

electron-proton-electron transfer and was eventually settled with the realization 

that which mechanism takes place depends upon the particular reaction in 

queston.6-10 The studies of Sigman and co-workers11-14 on the reduction of the N-

methylacridinium cation (MA+) by N-benzyl-1,4-dihydronicotinamide (BNAH) and 

of van Eikeren and co-workers15 on the transhydrogenation between BNAH and 

N-benzylnicotinamide cation (BNA+) using suitable isotopic labels have both 

pointed to the possible generation of at least one intermediate species during 

these formal hydride transfers. In addition, several other publications also 

provided evidence for the formation of an intermediate in reactions between 

dihydronicotinamide and acceptors.16-18  

In 1982, Bruice et. al reinvestigated the reaction between BNAH and MA+ 

and claimed that the differences in kinetic (kH/kD) and product (YH/YD) isotope 

effects are invalid to determine the mechanism.6 They proposed a direct hydride 

transfer for this reaction. Since then, the direct one-step hydride transfer 

mechanism has been taken for granted for the reaction between BNAH and 

MA+.8,10 

The present work is a part of our general effort to determine the 

mechanisms of fundamental organic reactions. We have recently shown that the 

carbocation-anion combination reaction,19 the reaction of 2,4,6-trinitroanisole 

(TNA) with methoxide ion,20 and the proton transfer reactions of simple 
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nitroalkanes with hydroxide ion21 take place by a reversible consecutive 

mechanism with kinetically significant intermediates using our recently developed 

methods.22-23 In this chapter, we report the kinetic data consistent with a complex 

mechanism which involves the existence of a kinetically significant intermediate 

during the hydride transfer reactions between BNAH/BNAH-d2 (1) and MA+ (2) in 

acetonitrile. 

 

Results and Discussion 

Numerical Mechanism Probes. The time ratio (t0.50/t0.05) and apparent 

rate constant ratio (kinit/ks.s.) are very useful mechanism probes in the analysis of 

reaction mechanisms.24-25 The time and rate constant ratios are equal to 13.5 

and 1.00, respectively, for a pseudo-first-order reaction taking place in a simple 

one-step (Scheme 3-1, (1)) regardless of whether reactant or product is 

monitored. The data in Table 3-1 summarize the mechanism probe parameters 

observed for the hydride transfer reaction between BNAH/BNAH-d2 and MA+ in 

acetonitrile at 298 K along with the values of the steady-state rate constants ks.s. 

as a function of the wavelengths of the measurement. The experimental data are 

inconsistent with the simple one-step mechanism for the hydride trasfer. In all 

cases, t0.50/t0.05 are significantly greater than 13.5 and kinit/ks.s. are significantly 
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greater than unity while monitoring reactant decay. The observed results are 

consistent with the reversible consecutive second-order mechanism under 

pseudo-first-order conditions  (Scheme 3-1, (2)). 

SCHEME 3-1. The Simple One-Step Mechanism (1) and the Reversible 
Consecutive Mechanism (2) 

A + B C (1)

A + B I C (2)

ksimple

kf

kb

kp

 

TABLE 3-1. Time and Rate Constant Ratios for the Hydride Transfer 
Reactions Between BNAHa/BNAH-d2

b and MA+ in Acetonitrile at 298K over a 
Range of Wavelengths 

λ/nm t0.50/t0.05
a kinit/ks.s. 

a ks.s./s
-1 a 

410 15.9 1.36 0.515 
420 16.7 1.57 0.518 
430 18.2 1.67 0.475 
440 18.6 1.74 0.503 
450 16.7 1.26 0.504 

    
λ/nm t0.50/t0.05

b kinit/ks.s. 
b ks.s./s

-1 b 
410 15.1 1.48 0.132 
420 15.2 1.45 0.133 
430 15.1 1.32 0.141 
440 14.9 1.21 0.127 
450 15.5 1.44 0.131 

    
a [BNAH] = 7.2 mM, [MA+] = 0.3 mM. b [BNAH-d2] = 7.2 mM, [MA+] = 0.3 mM. 

Pseudo-First-Order Kinetic Analysis. We recently developed a new 

method to carry out quantitative pseudo-first-order kinetic studies.20 The 

experimental procedure involves recording a 2000-point absorbance – time (Abs 

– t) profile over about the first HL of the reaction and carrying out a sequential 

first-order analysis on specific point segments of the (1 - E.R.) – time (where E.R. 
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denotes extent of reaction) profiles. The procedure employs 24 different linear 

least-squares correlations over increasingly large point segments in the profile. 

These segments involve points 1-11, 1-21, 1-31, 1-41, 1-51, 1-101, 1-201, . . . , 

1-1801, and 1-1901. Although the successive series of rate constants (kapp) 

obtained can then be plotted vs. the times at the midpoints of each segment, its 

primary value is that it provides average values and standard deviations (see 

Tables 3-2, 3-3 and A-1 to A-5) of apparent psuedo-first-order rate constants 

(kapp) for the midpoint of each segment. The times in this analysis are t6, t11, t16, 

t21, t26, t51, t101, . . . , t901, and t951 where the subscript is the point number. This 

procedure gives a clear indication of any changes in the values of kapp as the 

reaction proceeds. If a reaction obeys pseudo-first-order kinetics, the values of 

kapp are constant for all of the point segments and are expected to be time 

independent and have the same value within experimental error. 

The data in Tables 3-2 and 3-3 were obtained using the successive 

correlation method. It is obvious that the kapp – time profiles begin at relatively 

high values of kapp and decay with time toward steady-state values at all of the 

wavelengths. At 410 nm, the value of kapp in segment 1 was observed to be equal 

to 1.144 and then was observed to decrease steadily to 0.515 at segment 24 for 

the H-substrate. However, at 430 nm the value starts at 1.924 in segment 1 and 

decreases to 0.475 at segment 24. The wavelength-dependent rate constants for 

both of H- and D- substrates are inconsistent with the simple mechanism. The 

plots shown in Figure 3-1 provide a convenient visual representation of the data 

(Tables 3-2 and 3-3) showing an initial high value and the subsequent decay to a 
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plateau value as steady state is reached. The expected result of the sequential 

24-point procedure for the one-step mechanism is a rate constant, independent 

of time and of the particular time segment analyzed. 

TABLE 3-2. Apparent Rate Constants for the Hydride Transfer Reaction 
Between BNAH and MA+ in Acetonitrile over the First Half-Life at 298K as a 
Function of Wavelengthsa 

410 nm 420 nm 430 nm 440 nm 450 nm 
No. 

kapp/s
-1 ± b kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± kapp/s
-1 ± 

1.144 0.193 1.190 0.088 1.924 0.114 1.347 0.141 1.424 0.107 1 
0.974 0.105 1.010 0.105 1.729 0.074 1.112 0.178 1.288 0.052 2 
0.893 0.110 0.896 0.084 1.593 0.046 0.986 0.181 1.144 0.012 3 
0.819 0.080 0.812 0.057 1.422 0.073 0.908 0.171 1.047 0.016 4 
0.761 0.066 0.756 0.040 1.282 0.099 0.845 0.154 0.966 0.024 5 
0.638 0.030 0.640 0.015 0.912 0.137 0.691 0.089 0.783 0.016 6 
0.580 0.010 0.592 0.032 0.702 0.084 0.610 0.029 0.687 0.012 7 
0.551 0.004 0.558 0.038 0.603 0.058 0.570 0.015 0.624 0.008 8 
0.538 0.002 0.543 0.038 0.557 0.044 0.552 0.014 0.590 0.006 9 
0.531 0.004 0.536 0.038 0.533 0.035 0.540 0.016 0.570 0.004 10 
0.526 0.004 0.531 0.039 0.520 0.026 0.533 0.018 0.556 0.003 11 
0.523 0.004 0.530 0.042 0.511 0.022 0.529 0.020 0.547 0.002 12 
0.521 0.005 0.528 0.043 0.504 0.019 0.526 0.020 0.539 0.002 13 
0.519 0.006 0.527 0.043 0.498 0.016 0.523 0.020 0.533 0.002 14 
0.518 0.006 0.525 0.044 0.494 0.014 0.520 0.020 0.528 0.002 15 
0.517 0.006 0.524 0.045 0.490 0.013 0.518 0.020 0.524 0.002 16 
0.517 0.006 0.523 0.045 0.487 0.012 0.515 0.020 0.520 0.002 17 
0.517 0.007 0.521 0.045 0.485 0.011 0.513 0.020 0.517 0.002 18 
0.517 0.007 0.520 0.046 0.483 0.011 0.511 0.020 0.514 0.002 19 
0.517 0.008 0.520 0.046 0.481 0.010 0.509 0.020 0.511 0.002 20 
0.517 0.008 0.520 0.046 0.479 0.009 0.507 0.020 0.509 0.002 21 
0.516 0.008 0.519 0.046 0.478 0.009 0.506 0.021 0.508 0.002 22 
0.516 0.009 0.518 0.046 0.476 0.009 0.505 0.021 0.506 0.001 23 
0.515 0.009 0.518 0.047 0.475 0.009 0.503 0.021 0.504 0.001 24 

 
a [BNAH] = 7.2 mM, [MA+] = 0.3 mM, average of 3 sets of 20 stopped-flow repetitions. b ± is the 
standard deviation of 3 sets of experiments. 
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FIGURE 3-1. Apparent rate constants (kapp) – time plots for the reactions 
between BNAH (a)/BNAH-d2 (b) and MA+ in acetonitrile at 298K and 430 nm. 

TABLE 3-3. Apparent Rate Constants for the Hydride Transfer Reaction 
Between BNAH-d2 and MA+ in Acetonitrile over the First Half-Life at 298K as 
a Function of Wavelengthsa 

410 nm 420 nm 430 nm 440 nm 450 nm 
No. 

kapp/s
-1 ± b kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± kapp/s
-1 ± 

0.470 0.068 0.502 0.060 0.387 0.036 0.192 0.051 0.215 0.056 1 
0.287 0.042 0.335 0.028 0.272 0.024 0.169 0.028 0.180 0.027 2 
0.238 0.021 0.270 0.022 0.239 0.019 0.164 0.019 0.204 0.029 3 
0.221 0.017 0.239 0.021 0.218 0.021 0.162 0.021 0.211 0.030 4 
0.202 0.015 0.215 0.016 0.202 0.021 0.158 0.018 0.204 0.030 5 
0.161 0.008 0.164 0.007 0.165 0.011 0.142 0.009 0.165 0.016 6 
0.140 0.003 0.144 0.002 0.152 0.004 0.132 0.003 0.145 0.006 7 
0.135 0.001 0.140 0.001 0.148 0.002 0.130 0.001 0.140 0.003 8 
0.133 0.001 0.137 0.001 0.146 0.001 0.129 0.001 0.138 0.002 9 
0.133 0.001 0.137 0.001 0.144 0.001 0.129 0.001 0.136 0.001 10 
0.132 0.001 0.137 0.001 0.144 0.001 0.130 0.001 0.135 0.001 11 
0.131 0.001 0.136 0.001 0.144 0.001 0.129 0.001 0.134 0.001 12 
0.131 0.001 0.135 0.001 0.143 0.001 0.129 0.001 0.134 0.001 13 
0.131 0.001 0.135 0.001 0.143 0.001 0.129 0.001 0.133 0.001 14 
0.131 0.001 0.134 0.001 0.142 0.001 0.129 0.001 0.133 0.001 15 
0.131 0.001 0.134 0.001 0.142 0.001 0.128 0.001 0.132 0.001 16 
0.132 0.001 0.133 0.001 0.142 0.001 0.128 0.001 0.132 0.001 17 
0.132 0.001 0.133 0.001 0.142 0.001 0.128 0.001 0.132 0.001 18 
0.132 0.001 0.133 0.001 0.142 0.001 0.127 0.001 0.131 0.001 19 
0.132 0.001 0.133 0.001 0.142 0.001 0.127 0.001 0.131 0.001 20 
0.132 0.001 0.133 0.001 0.142 0.001 0.127 0.001 0.131 0.001 21 
0.132 0.001 0.133 0.001 0.141 0.001 0.127 0.001 0.131 0.001 22 
0.132 0.001 0.133 0.001 0.141 0.001 0.127 0.001 0.131 0.001 23 
0.132 0.001 0.133 0.001 0.141 0.001 0.127 0.001 0.131 0.001 24 
 
a [BNAH-d2] = 7.2 mM, [MA+] = 0.3 mM, average of 3 sets of 20 stopped-flow repetitions. b ± is 
the standard deviation of 3 sets of experiments. 
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Instantaneous rate constant (IRC) analysis was reported several year 

ago,19,22 and required data smoothing due to the very small changes in signal 

from one point to the next in the 2000-point data profile, smaller than 

experimental noise. Recently, a variation of the successive correlation method 

was shown to give very nearly the same results without employing a data 

smoothing procedure.23 The key feature of this analysis is that successive 

segments of the 2000-point -ln (1 - E.R.) – time profile; 1-3, 1-4, 1-5, . . . , and 1-

2000 are subjected to linear least-squares correlation (the conventional first-

order treatment) to give a 1998-point data array. A plot of the latter, kIRC – time 

then provides a smooth plot very similar to the original kinst – time plot.19,22 

FIGURE 3-2. Apparent instantaneous rate constants (kIRC) – time plots for the 
reactions between BNAH (a)/BNAH-d2 (b) and MA+ in acetonitrile at 298K and 
430 nm. 

The kIRC – time data for the reactions between BNAH/BNAH-d2 and MA+ in 

acetonitrile are illustrated by the plots in Figures 3-2 and A-1 to A-4. The kIRC –

time profiles have the form expected for monitoring the reactant decay in a 

complex mechanism decaying rapidly from an initial value of close to 2.0 s-1 for 
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the H-substrate (a) and 0.8 s-1 for the D-substrate (b), respectively, toward 

steady-state values, while that expected for the one-step mechanism is a straight 

line with zero slopes. 

Apparent Kinetic Isotope Effects. The apparent kinetic isotope effects 

for the hydride transfer reactions between BNAH/BNAH-d2 and MA+ in 

acetonitrile were determined using the values of kapp obtained from the 24-point 

successive correlation method. KIEapp equals to the ratio of kapp
H to kapp

D. The 

observation of time-dependent KIEapp has been shown to provide a very effective 

argument to establish the existence of a complex mechanism.21 The KIEapp 

observed for a simple one-step mechanism corresponding to the ratio of 

microscopic rate constants are time independent. It is particularly important in 

showing complex reaction behavior to attempt to estimate the KIEapp as zero time 

is approached since an extrapolated KIEapp equal to 1 is very strong evidence 

that there is no C-H bond breaking in any step prior to the rate-determining 

transition state in a multi-step mechanism. The time-dependent KIEapp at 430 nm 

is illustrated in Figure 3-3 (Figures A-5 to A-8 for other wavelengths) for the 

hydride transfer reactions between BNAH/BNAH-d2 and MA+ in acetonitrile at 

298K. The KIEapp values rise from near unity at zero-time to approach a constant 

value equal to 3.6 as steady state is reached. The KIEapp values at wavelengths 

from 410 nm to 450 nm, at 10 nm intervals, are summarized in Table 3-4. In all 

cases the KIEapp values at short times are close to unity and increase with time to 

the steady-state KIEapp value. 
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TABLE 3-4. Apparent KIE for the Reactions Between BNAH/BNAH-d2 and 
MA+ in Acetonitrile at 298K under Different Wavelengths 

time/s 
410 nm 420 nm 430 nm 440 nm 450 nm 

Segment 
KIEapp KIEapp KIEapp KIEapp KIEapp 

0.008 1.85 1.64 1.78 2.60 2.15 1 
0.012 1.68 1.73 1.99 3.03 2.79 2 
0.016 1.93 1.78 2.15 3.23 3.08 3 
0.019 2.04 1.85 2.31 3.12 3.19 4 
0.023 2.13 1.88 2.43 3.24 3.36 5 
0.041 2.42 2.20 2.69 3.37 3.35 6 
0.077 2.72 2.55 2.92 3.48 3.20 7 
0.113 3.00 2.86 3.19 3.74 3.46 8 
0.150 3.13 3.08 3.33 3.85 3.61 9 
0.186 3.22 3.21 3.40 3.94 3.73 10 
0.222 3.32 3.28 3.44 4.03 3.80 11 
0.258 3.39 3.33 3.47 4.08 3.84 12 
0.294 3.44 3.37 3.49 4.11 3.86 13 
0.331 3.48 3.39 3.51 4.12 3.87 14 
0.367 3.50 3.40 3.52 4.13 3.88 15 
0.403 3.52 3.41 3.53 4.12 3.88 16 
0.439 3.55 3.42 3.53 4.11 3.88 17 
0.475 3.57 3.43 3.53 4.10 3.88 18 
0.512 3.57 3.44 3.53 4.09 3.89 19 
0.548 3.57 3.46 3.54 4.09 3.89 20 
0.584 3.57 3.47 3.54 4.09 3.89 21 
0.620 3.57 3.48 3.54 4.09 3.89 22 
0.656 3.58 3.47 3.54 4.08 3.89 23 
0.693 3.58 3.46 3.55 4.07 3.90 24 

 

FIGURE 3-3. Apparent KIE for the reactions between BNAH/BNAH-d2 and MA+ 
in acetonitrile at 298K and 430 nm as a function of reaction time. 
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Electronic Absorbance Spectral Evidence for a Charge-Transfer 

Complex During the Reaction Between BNAH and MA+. When high 

concentrations of BNAH (0.1 M) and MA+ (0.08 M) were allowed to react in 

acetonitrile, a new broad absorbance band at λmax = 560 nm, which is 

characteristic of a charge-transfer (CT) complex, was observed in a stopped-flow 

spectrophotometer (Figure 3-4) upon mixing. The absorbance then decayed with 

time and disappeared as the reaction approached completion.  

FIGURE 3-4. Electronic absorbance spectrum of the charge-transfer complex for 
the reaction between BNAH (0.1 M) and MA+ (0.08 M) in acetonitrile at 298 K 
(left) and the absorbance – time decay curve at 560 nm (right).  

The data discussed in the previous paragraphs clearly rule out the simple 

one-step mechanism for the hydride transfer reactions between BNAH or BNAH-

d2 and MA+ in acetonitrile. Since the charge-transfer complex is formed 

immediately during the time of mixing, the rapid equilibrium between reactants 

and the CT complex is not expected to perturb the kinetics evaluated in the 

wavelength range from 410 nm to 450 nm during the reactions of BNAH or 

BNAH-d2 and MA+ in acetonitrile. Due to the very rapid formation and 
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dissociation of the CT complex it can be ruled out as the kinetically significant 

intermediate required by the kinetics.26-27 Therefore, during the course of the 

reaction, there is necessarily another intermediate, which we call the “Reactant 

Complex,” giving rise to the time-dependent rate constants and time-dependent 

KIEapp’s. The most probable mechanism for the reaction is shown in Scheme 3-2. 

The first step is the formation of the CT complex in rapid equilibrium with 

reactants, followed by the formation of a second intermediate, the “Reactant 

Complex” which is an intermediate without any new covalent bonds. Up to the 

latter step, there is no C-H bond breaking which contributes to the KIEapp. The 

final step is the actual hydride transfer process to produce the products. The 

multi-step mechanism for the hydride transfer fits our pseudo-first-order rate 

constant analysis and KIEapp observation.  

SCHEME 3-2. The Proposed Mechanism for the Reaction Between BNAH 
and MA+ 

 

Furthermore, the preliminary computations show that there are two 

complexes on the reaction coordinate between the reactants and products. The 

structures of the complexes were optimized in solution (acetonitrile) using 

SMD/M06-2x/6-311++G(d,p) method. The M06-2x functional is particularly 

appropriate for these calculations since it has been shown to give very high 
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precision in energies when compared with a number of other DFT functionals.28-

31 

The optimized structures shown in Figure 3-5 were confirmed by 

frequency calculations to be minima on the reaction coordinate using the same 

level of theory. The calculations were carried out using the Gaussian 09 program 

package.32 Our kinetic results suggest that there are no covalent bound 

intermediates in this and related hydride transfer reactions from the reactants to 

the “Reactant Complexes.” We have previously proposed in a related reaction 

that the CT complex is rapidly formed and is in equilibrium with reactants in 

acetonitrile and that the CT complex undergoes intra-molecular rearrangement to 

another intermediate which we have called the “Reaction Complex.”26 

It is obvious that the reaction centers (circled in Figure 3-5) in the 

intermediate which we have labeled as Complex 1 are not in relative positions 

which make hydride transfer possible. So in this case Complex 1 functions in the 

same manner as the CT complex in our previously proposed26 mechanism. 

Complex 2, which has a geometry conducive to bond formation between the 

reactive centers, is then equivalent to the “Reactant Complex” in the proposed 

mechanism. From the top view, we can see that Complex 2 is actually derived 

from the 180 degree rotation of Complex 1. We also present the calculated rate-

determining transition state structure for the reaction. 
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Complex 1, Side View Complex 1, Top View 

  

Complex 2, Side View Complex 2, Top View 

 
 

Transition State, Side View Transition State, Top View 

FIGURE 3-5. Calculated structures of complex 1, complex 2, and transition state 
in acetonitrile. 
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The reaction coordinate diagram for the reaction of BNAH and MA+ in 

acetonitrile is shown in Figure 3-6. A point of interest is that in acetonitrile, the 

reaction enthalpies (ΔH’s) for the formation of the transition state, the 

intermediates, and the products are significantly lower than the corresponding 

free energies (ΔG’s). The computations predict that the entropy changes (ΔS’s) 

will have a dominant effect on the kinetics of the reaction in solution. The latter 

compares favorably with the experimental activation parameters (∆H≠ = 6.47 kcal 

mol-1, ∆S≠ = -28.3 cal mol-1 K-1 and ∆G≠ = 14.9 kcal mol-1, rate constants at 

various temperatures are listed in Table A-6). 

 

FIGURE 3-6. The reaction coordinate for the reaction of BNAH and MA+ in 
acetonitrile at 298.15 K calculated using the M06-2x/6-311++G(d,p)/SMD 
functional. 

The calculated transition state free energy is 16.8 kcal mol-1, close to the 

experimentally observed activation free energy for the reaction leading to product 

formation which is 14.9 kcal mol-1. The CP1 and CP2 represent the CT complex 
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and the reactant complex, respectively. The “Reactant Complex” has a higher 

Gibbs free energy than the CT complex. Since we were unable to locate the 

transition state33 for the formation of CP2, we are unable to compare the 

computed free energy of activation for its formation with the experimental value. 

Conclusions 

Our primary conclusion is that the hydride transfer reaction between 

BNAH and MA+ in acetonitrile takes place by a complex mechanism with a 

kinetically significant intermediate. This conclusion was arrived at from the 

experimental kinetic data which show that the kapp for the reactions of both BNAH 

and BNAH-d2 is time dependent, with high values at short times and decreasing 

with time to steady-state values. The latter results in time-dependent KIEapp that 

approach unity near zero time and increase with time to a steady-state value. 

Gaussian calculations at the M06-2x/6-311++G(d,p) level resulted in the 

observation of two intermediates, Complex 1 and Complex 2, on the reaction 

coordinate leading to hydride transfer. The two intermediates have no new 

covalent bonds and are held together by the overlap of -orbitals in the two 

moieties. It was concluded that the geometry of Complex 1 is unsuitable for 

hydride transfer to occur at that stage of the reaction and the unimolecular 

rearrangement to Complex 2, in which the reactive sites are suitably close, is 

required before proceeding to the rate-determining transition state. 

The calculations reveal that the enthalpies for the formation of the 

intermediates and the transition state are significantly lower than the 

corresponding free energies. This leads to the conclusion that the reaction from 
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reactants to the rate-determining transition state is driven to a large extent by the 

changes in entropy. The calculated rate-determining transition state energy is 

very close to the experimental free energy of activation available from the 

apparent rate constants at steady state. 

Experimental Section 

Materials. N-Benzyl-1,4-dihydronicotinamide (BNAH) and its 4,4’-

dideuterated analogue (BNAH-d2) were synthesized by reduction of the oxidized 

forms, N-benzylnicotinamide salt (BNA+) according to the standard literature 

procedure.36-37 The C-4 deuterium content of BNAH-d2 was determined to be 

greater than 98% as indicated by 1H NMR. N-methylacridinium perchlorate 

(MA+ClO4
-) was obtained from the ion exchange between N-methylacridinium 

iodide38 and excess magnesium perchlorate. Acetonitrile was refluxed and 

distilled over P2O5 under a nitrogen atmosphere and past through an Al2O3 

column before transferring into the glove box. 

Kinetic Experiments. Kinetic experiments were carried out using a Hi-

Tech SF-61 DX2 stopped-flow spectrophotometer installed in a glove box and 

kept under a nitrogen atmosphere. The temperature was controlled at 298 K 

using a constant temperature flow system connected directly to the reaction cell 

through a bath situated outside of the glove box. All stopped-flow experiments 

included the recording of at least 20 absorbance – time profiles over the entire 

applicable wavelengths range from 410 nm to 450 nm at 10 nm intervals. Each 

experiment was repeated at least three times. The 2000-point absorbance – time 

curve data were collected over one half-life. 
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CHAPTER 4 

MECHANISM STUDY OF HYDRIDE TRANSFER BETWEEN N-METHYL-9,10-

DIHYDROACRIDINE AND TROPYLIUM ION IN ACETONITRILE 

Abstract 

A kinetic analysis of the hydride transfer reaction of N-methyl-9,10-

dihydroacridine (MAH) with tropylium ion (Tr+) in acetonitrile (AN) revealed that 

the reaction takes place in more than one step and involves a kinetically 

significant intermediate. Computations at the M06-2x/6-311++G(d,p) level are 

consistent with the experimental study and provide the structure of the reactant 

complex intermediate. 

Introduction 

The mechanism of the formal hydride transfer from the nicotinamide 

adenine dinucleotide coenzyme (NADH) and its analogues to the surrounding 

substrates has been a fascinating subject to chemists and biochemists and has 

attracted the attention of many researchers around the world.1-5 The direct one-

step hydride transfer mechanism has been reported for the oxidation of Hantzsch 

4-aryl-1,4-dihydropyridines by tropylium ion (Tr+) based on the kinetic and 

thermodynamic analysis.6 The detailed kinetics of the reduction of the tropylium 

cation by N-methyl-9,10-dihydroacridine (MAH) in 20% acetonitrile – 80% water 

were studied.7 But all of the kinetic analyses inside were based on the 

assumption that the reaction takes place by a direct one-step hydride transfer 

mechanism. 
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The present work is a part of our general effort to determine the 

mechanisms of fundamental organic reactions. In this chapter, we report the 

kinetic data consistent with a complex mechanism which involves the existence 

of a kinetically significant intermediate during the hydride transfer reactions 

between MAH/MAH-d2 and Tr+ in acetonitrile. In order to reduce the complexity of 

the reaction, pure acetonitrile was used instead of aqueous solution because 

tropylium ion exists in equilibrium with its hydroxide adduct in aqueous solution. 

Results and Discussion 

Detailed Pseudo-First-Order Kinetics Analysis. The detailed pseudo-

first-order analysis8 of the reactions of N-methyl-9,10-dihydroacridine (MAH) and 

N-Methyl-9,10-dihydroacridine-9,9-d2 (MAH-d2) with Tr+ in acetonitrile is 

illustrated by the data in Table 4-1 and Tables A-7 to A-11. In the Table 4-1, the 

values of the apparent pseudo-first-order rate constants (kapp) for MAH steadily 

decreased from 0.210 over the first 0.5 HL to 0.135 at 4.0 HL, approximately with 

a change of 36%. Under comparable conditions, except that MAH-d2 instead of 

MAH, a similar pattern of kapp as a function of the degree of reaction 

encompassed in the analysis was observed (column 3), and the variations were 

almost the same (about a change of 38%), from 0.0383 to 0.0237 s-1 (at 

[substrate] = 0.4 mM)  over the same range of degree of reaction. While the 

changes in kapp observed are modest, the corresponding changes in the zero-

time intercepts are much more remarkable, which indicates that this parameter is 

much more sensitive to the deviations from the first-order kinetics than kapp is. 

These values are also listed in the Table 4-1. Obviously, the response expected 
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for the simple one-step mechanism is a constant value of kapp with an intercept 

independent of the number of HL taken into the linear least-squares correlation. 

TABLE 4-1. Changes in the Slopes and the Intercepts with the Extent of 
Reaction During Conventional Pseudo-First-Order Analysis for the 
Reactions of MAH/MAH-d2 (0.4 mM) with Tr+ (0.05 M) in Acetonitrile at 298K 
and 450 nm  

Number of HL 
MAH MAH-d2 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.210 0.00237 0.0383   -0.00196 
1.0 0.199 0.0108 0.0371 0.00354 
2.0 0.185 0.0366 0.0347 0.0263 
3.0 0.168 0.0945 0.0312 0.0905 
4.0 0.135 0.275 0.0237 0.322 

Sequential Pseudo-First-Order Kinetics Analysis. The 24-point 

sequential pseudo-first-order kinetics analysis has been described in Chapters 2 

and 3. The apparent rate constants for the reactions of MAH/MAH-d2 with Tr+ in 

acetonitrile obtained using the successive correlation method are summarized in 

Tables 4-2, 4-3 and A-12 to A-17. It is obvious that the kapp – time profiles begin 

at relatively high values of kapp and decay with time toward steady-state values at 

all of the wavelengths for H- substrate. At 450 nm, the value of kapp in segment 1 

was observed to be equal to 0.237 and then to decrease steadily to 0.196 at 

segment 24 for the H- substrate. But for the D-substrate at all of the wavelengths, 

the kapp – time profiles show the initial values close to 0.046 s−1, decrease sharply 

to about 0.040 s−1 at about 0.5 s, and then rise more slowly to 0.041 s−1 at about 

1 s and are approximately constant for the remainder of the reaction period 

analyzed. The expected result of the sequential 24-point procedure for the simple 

one-step mechanism is a rate constant, independent of time and of the particular 

time segment analyzed. 
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TABLE 4-2. Apparent Rate Constants for the Reaction of MAH with Tr+ in 
Acetonitrile over the First Half-Life at 298K as a Function of Wavelengthsa 

400 nm 410 nm 420 nm 430 nm 440 nm 450 nm 
No. 

kapp/s
-1         ± b kapp/s

-1         ± kapp/s
-1         ± kapp/s

-1         ± kapp/s
-1         ± kapp/s

-1         ± 

0.236 0.030 0.229 0.008 0.241 0.020 0.229 0.016 0.231 0.012 0.237 0.026 1 

0.234 0.014 0.229 0.007 0.228 0.016 0.228 0.014 0.229 0.012 0.232 0.021 2 

0.230 0.010 0.225 0.007 0.227 0.013 0.228 0.012 0.228 0.012 0.230 0.017 3 

0.226 0.012 0.222 0.010 0.224 0.009 0.225 0.011 0.226 0.013 0.225 0.015 4 

0.222 0.011 0.218 0.007 0.221 0.008 0.222 0.011 0.223 0.013 0.221 0.016 5 

0.211 0.006 0.208 0.004 0.209 0.008 0.213 0.010 0.213 0.011 0.207 0.012 6 

0.206 0.004 0.203 0.003 0.205 0.005 0.208 0.010 0.208 0.010 0.202 0.012 7 

0.205 0.003 0.203 0.002 0.204 0.004 0.207 0.009 0.207 0.010 0.201 0.012 8 

0.204 0.002 0.203 0.002 0.203 0.004 0.207 0.009 0.206 0.009 0.201 0.011 9 

0.204 0.001 0.204 0.003 0.203 0.004 0.207 0.008 0.206 0.009 0.200 0.011 10 

0.204 0.001 0.204 0.003 0.203 0.004 0.206 0.008 0.206 0.008 0.200 0.011 11 

0.204 0.002 0.204 0.003 0.203 0.004 0.206 0.008 0.206 0.008 0.200 0.011 12 

0.204 0.002 0.205 0.003 0.203 0.004 0.206 0.008 0.205 0.008 0.200 0.011 13 

0.203 0.003 0.205 0.003 0.203 0.004 0.206 0.008 0.205 0.008 0.199 0.011 14 

0.203 0.003 0.205 0.003 0.203 0.005 0.205 0.008 0.205 0.008 0.199 0.011 15 

0.203 0.004 0.204 0.003 0.202 0.005 0.205 0.008 0.205 0.008 0.199 0.011 16 

0.203 0.004 0.204 0.003 0.202 0.005 0.205 0.008 0.204 0.008 0.198 0.011 17 

0.203 0.004 0.204 0.003 0.202 0.005 0.205 0.008 0.204 0.008 0.198 0.012 18 

0.203 0.005 0.204 0.003 0.202 0.005 0.205 0.008 0.204 0.008 0.198 0.012 19 

0.202 0.005 0.204 0.003 0.202 0.006 0.204 0.008 0.204 0.008 0.197 0.012 20 

0.202 0.005 0.204 0.003 0.202 0.006 0.204 0.009 0.204 0.008 0.197 0.012 21 

0.202 0.005 0.204 0.003 0.201 0.006 0.204 0.009 0.203 0.008 0.197 0.012 22 

0.202 0.005 0.204 0.003 0.201 0.006 0.204 0.009 0.203 0.008 0.196 0.012 23 

0.202 0.005 0.204 0.003 0.201 0.006 0.203 0.009 0.203 0.008 0.196 0.012 24 
 

a [MAH] = 0.4 mM, [Tr+] = 0.05 M, average of 3 sets of 20 stopped-flow repetitions. b ± is the standard 
deviation of 3 sets of experiments. 

The instantaneous rate constants – time profile (IRC) analysis method 

was recently developed8-10 to distinguish between simple one-step and complex 

multi-step reaction mechanisms. The kIRC – time profile for product formation 

during the reaction of MAH (0.4 mM) with Tr+ (0.05 M) in acetonitrile shown in 

Figure 4-1 rapidly decreases from about 0.25 s-1 at short times to a more slowly 

decreasing profile near 0.20 s-1 at 1 HL. The expected result for the simple one-

step mechanism is a straight line with zero slopes while that for a complex 
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mechanism during product evolution is expected to increase from zero at short 

times when only product absorbs at the experimental wavelength. Even though 

the product evolution was monitored under these wavelengths for this reaction, 

we found that the kIRC – time profiles (Figure 4-1 and Figures A-9 to A-13) 

decrease from zero time. The latter implies that intermediate absorbance is 

significant under the conditions of the experiment. 

TABLE 4-3. Apparent Rate Constants for the Reaction of MAH-d2 with Tr+ in 
Acetonitrile over the First Half-Life at 298K as a Function of Wavelengthsa 

400 nm 410 nm 420 nm 430 nm 440 nm 450 nm 
No. 

kapp/s
-1         ± b kapp/s

-1         ± kapp/s
-1         ± kapp/s

-1         ± kapp/s
-1         ± kapp/s

-1         ± 

0.046 0.006 0.045 0.004 0.046 0.003 0.045 0.003 0.047 0.011 0.048 0.007 1 

0.042 0.002 0.042 0.002 0.042 0.002 0.042 0.001 0.042 0.002 0.043 0.003 2 

0.040 0.002 0.041 0.001 0.040 0.002 0.041 0.001 0.040 0.002 0.040 0.002 3 

0.039 0.001 0.040 0.001 0.040 0.001 0.041 0.001 0.040 0.002 0.039 0.002 4 

0.039 0.001 0.040 0.001 0.040 0.001 0.041 0.001 0.040 0.001 0.039 0.002 5 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 6 

0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.041 0.001 7 

0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.041 0.001 8 

0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.041 0.001 9 

0.042 0.001 0.042 0.001 0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 10 

0.042 0.001 0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 11 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.041 0.001 12 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 13 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 14 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 15 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 16 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 17 

0.042 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 18 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 19 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 20 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 21 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 22 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 23 

0.041 0.001 0.042 0.001 0.041 0.001 0.041 0.001 0.041 0.001 0.040 0.001 24 
 

a [MAH-d2] = 0.4 mM, [Tr+] = 0.05 M, average of 3 sets of 20 stopped-flow repetitions. b ± is the standard 
deviation of 3 sets of experiments. 
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FIGURE 4-1. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in acetonitrile at 298K and 450nm. 

Numerical Mechanism Probes. In addition, we examined the time and 

rate constant ratios for the reaction of MAH with Tr+ in acetonitrile. The time and 

rate constant ratios are equal to 13.5 and 1.00, respectively, for a pseudo-first-

order reaction taking place in a one-step regardless of whether reactant or 

product is monitored.11-12 The data in Table 4-4 summarize the mechanism probe 

parameters observed for the hydride transfer reaction between MAH and Tr+ in 

acetonitrile at 298 K along with the values of the steady-state rate constants ks.s. 

as a function of the wavelengths of the measurement. In all cases, t0.50/t0.05 are 

significantly greater than 13.5 and kinit/ks.s. are greater than unity, which are the 

expected features of a complex mechanism while monitoring reactant decay. The 

explanation for this data behavior for product evolution which is normal for 

reactant decay is that the intermediate absorbance is significant under these 

wavelengths, which is consistent with the 24-point sequential linear correlation 

analysis and the kIRC – time profiles (Table 4-2 and Figure 4-1). 
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TABLE 4-4. Time and Rate Constant Ratios for the Hydride Transfer 
Reaction Between MAH and Tr+ in Acetonitrile at 298K over a Range of 
Wavelengthsa 

λ/nm t0.50/t0.05 kinit/ks.s. ks.s./s
-1 

400 14.8 1.20 0.202 
410 13.8 1.10 0.204 
420 15.0 1.23 0.201 
430 14.4 1.13 0.203 
440 14.4 1.16 0.203 
450 14.3 1.12 0.196 

    
a [MAH] = 0.4 mM, [Tr+] = 0.05 M. 

All of the kinetic data shown in the previous paragraphs clearly rule out the 

simple one-step mechanism for the hydride transfer reaction between MAH and 

Tr+ in acetonitrile. We were unable to find absorbance due to a charge-transfer 

complex in this case even though we attempted to use very high concentrations 

of both of reactants. Although we cannot rule out the participation of a CT 

complex, the mechanism for the hydride transfer reaction shown in Scheme 4-1 

is consisted with the observed data. The first step is the formation of a kinetically 

significant reactant complex intermediate, which has significant absorbance at 

short times over the entire range of wavelengths experimentally available. The 

second step is the hydride transfer process to form the products. The proposed 

reversible consecutive mechanism for the hydride transfer fits all of the results of 

the pseudo-first-order rate constant analysis.  
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SCHEME 4-1. The Proposed Mechanism for the Reaction Between MAH and 
Tr+ 

 

The structures of the reactant complex and transition state were optimized 

in solution (acetonitrile) using SMD/M06-2x/6-311++G(d,p) method. The 

optimized structures shown in Figure 4-2 were confirmed by frequency 

calculations to be minima on the reaction coordinate using the same level of 

theory. The calculations were carried out using the Gaussian 09 program 

package.13 The calculated reaction coordinate diagram for the reaction of MAH 

with Tr+ in acetonitrile is shown in Figure 4-3 where CP1 represents the reactant 

complex. It is obvious that the entropy changes (ΔS’s) have a dominant effect on 

the kinetics of the reaction in solution, which is similar to the BNAH-MA+ system. 

Also we were unable to locate the transition state for the formation of the reactant 

complex. The calculated rate-determining transition state free energy is 21.1 kcal 

mol-1, which deviates from the experimental overall activation Gibbs free energy 

(16.6 kcal mol-1, rate constants at various temperatures are listed in Table A-18). 
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Reactant Complex, Side View Reactant Complex, Top View 

 
 

Transition State, Side View Transition State, Top View 

FIGURE 4-2. Optimized structures of reactant complex and transition state in 
acetonitrile with the M06-2x/6-311++(d,p)/SMD method. 

 

FIGURE 4-3. The reaction coordinate for the reaction of MAH and Tr+ in 
acetonitrile at 298.15K calculated using the M06-2x/6-311++G(d,p)/SMD 
functional. 
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Conclusions 

Our primary conclusion is that the hydride transfer reaction between MAH 

and Tr+ in acetonitrile takes place by a complex mechanism with a kinetically 

significant intermediate. This conclusion was arrived at from the experimental 

kinetic data which show that the values of kapp for the reactions of both MAH and 

MAH-d2 are time dependent, with high values at short times and decreasing with 

time to steady-state values. Gaussian calculations at the M06-2x/6-311++G(d,p) 

level resulted in the observation of a reactant complex on the reaction coordinate 

leading to the transition state for hydride transfer.  

Experimental Section 

Materials. N-Methylacridinium iodide was prepared from acridine (Aldrich) 

and a 3-fold excess of methyl iodide in a minimum amount of acetone. N-Methyl-

9,10-dihydroacridine was prepared by reduction of N-methylacridinium iodide 

using sodium borohydride in dry methanol, followed by recrystallization from 

absolute ethanol.14 N-Methyl-9,10-dihydroacridine 9,9-d2 was prepared as 

described in the literature.15 Tropylium tetrafluoroborate was obtained from 

Aldrich and recrystallized from ethanol. Acetonitrile was refluxed and distilled 

over P2O5 under a nitrogen atmosphere and past through an Al2O3 column 

before transferring into the glove box.  

Kinetic Experiments. Kinetic experiments were carried out using a Hi-

Tech SF-61 DX2 stopped-flow spectrophotometer installed in a glove box and 

kept under a nitrogen atmosphere. The temperature was controlled at 298 K 

using a constant temperature flow system connected directly to the reaction cell 
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through a bath situated outside of the glove box. All stopped-flow experiments 

included the recording of at least 20 absorbance – time profiles over the 

wavelengths range from 400 nm to 450 nm at 10 nm intervals. Each experiment 

was repeated at least three times. The 2000-point absorbance – time curve data 

were collected over either 1+ or 4+ HL. 
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CHAPTER 5 

OXYGEN INITIATED CHAIN MECHANISM FOR HYDRIDE TRANSFER 

BETWEEN NADH AND NAD+ MODELS. THE REACTION  OF 1-BENZYL-3-

CYANOQUINOLINIUM ION WITH N-METHYL-9,10-DIHYDROACRIDINE IN 

ACETONITRILE 

Abstract 

A reinvestigation of the formal hydride transfer reaction of 1-benzyl-3-

cyanoquinolinium ion (BQCN+) with N-methyl-9,10-dihydroacridine (MAH) in 

acetonitrile (AN) confirmed that the reaction takes place in more than one step 

and revealed a new mechanism that had not previously been considered. These 

facts are unequivocally established on the basis of conventional pseudo-first-

order kinetics. It was observed that even residual oxygen under glove box 

conditions initiates a chain process leading to the same products and under 

some conditions is accompanied by a large increase in the apparent rate 

constant for product formation with time. The efficiency of the latter process, 

when reactions are carried out in AN with rigorous attempts to remove air, is low 

but appears to be much more pronounced when MAH is the reactant in large 

excess. On the other hand, the intentional presence of air in AN ([Air] = half-

saturated) leads to a much greater proportion of the chain pathway which is still 

favored by high concentrations of MAH. The latter observation suggests that a 

reaction intermediate reacts with oxygen to initiate the chain process in which 

MAH participates. Kinetic studies at short times show that there is no kinetic 

isotope effect on the initial step in the reaction, which is the same for the two 
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competing processes. Our observation of the chain pathway of a NADH model 

compound under aerobic conditions is likely to be of importance in similar 

biological processes where air is always present. 

Introduction 

The MAH-BQCN+ reaction in acetonitrile (AN) is of particular importance 

since it has been studied extensively and is considered to be a genuine example 

of a direct one-step hydride transfer reaction, mainly due to the work of Kreevoy 

and coworkers.1-6 The outer sphere electron transfer (ET) mechanism can be 

considered to be unlikely due to the large standard potential difference (>1.2 V in 

AN) between that for the reduction of BQCN+ and the oxidation MAH.7 A review8 

as well as a number of recent studies9-11 of the mechanisms for the reactions of 

various cations with NADH model compounds illustrate that interest in these 

systems remains high. 

Earlier, we proposed a 3-step pre-association mechanism (Scheme 5-1) 

for the hydride transfer reaction between N-methyl-9,10-dihydroacridine (MAH) 

with 1-benzyl-3-cyanoquinolinium ion (BQCN+) in AN.12 Recently, Perrin and 

Zhao13 presented a rejection of our mechanism (Scheme 5-1) and suggested that 

conclusions arrived at in other related papers14-26 may be in error as well. Two 

main arguments were used in the rejection of our mechanism. The first argument 

was that the rate constants that we proposed for our mechanism require a slow 

dissociation of a weakly bound reaction complex (Scheme 5-1). The second 

argument was based upon intra-molecular deuterium kinetic isotope effects 

(IMKIE) for MAH-d1. The following statement was made in reference to the 
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reactions of MAH-d1: “Regardless of mechanism, this kinetic isotope effect arises 

solely from the hydride transfer step. Even if the first step is partially rate-limiting, 

the second step is product determining. Therefore, even if eqn (2) (of ref. 13) is 

the mechanism, the KIE measured is kp
H/kp

D, without the necessity of extracting 

rate constants from two-step kinetics.” 

SCHEME 5-1. Proposed 3-Step Mechanism for the Reaction of MAH with 
BQCN+ in AN. This Mechanism Was Proposed in 200312 

 

 

There is a fatal flaw in this argument. Charge transfer complexes of NADH 

model compounds with organic cations have sandwich type structures, with 

bonding between the π-orbitals of the two moieties.27 Thus for mono-deuterium 

substrate (MAH-d1) and BQCN+ there are two distinct charge transfer complexes: 
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the H-complex and the D-complex, illustrated in Scheme 5-2. These are 

expected to form initially in essentially equal concentrations. 

SCHEME 5-2. Partial Structures of the CT Complex Between MAH-d1 and 
BQCN+ in AN. The Positions of the Atoms Are in a Conformation where 
Hydride Transfer Is Possible. Since Solvent Isn’t Included in This 
Representation the Structures More Accurately Represent What We Call the 
“Reactant Complex” Which Is Derived from Solvent Extrusion from the CT 
Complex in Our Mechanisms 

 

The complexes differ according to which face of MAH-d1 the cation 

(BQCN+) is bound to. We proposed that considerable reorientation of the 

reactants in the CT complexes must take place along with loss of solvent to give 

“Reactant Complexes” with reaction centers poised for reaction (These 

complexes were called Reaction Complexes in ref. 12). The “Reactant 

Complexes,” formed in reaction (2) in Scheme 5-1, are represented with the 

BQCN+ moiety on either the same face as the 9-H of the nearly planar MAH-d1 

(H-Complex) or on the same face of the plane as the 9-D (D-complex). 
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The proposed mechanism of the reaction between MAH-d1 with BQCN+ 

taking into account the H- and D-Complexes is shown in Scheme 5-3 in which 

the intermediate CT complexes are not shown for the sake of simplicity. 

SCHEME 5-3. The Complex Mechanism for the Reaction of MAH-d1 with 
BQCN+. The Formation of H- and D- Complexes Includes Formation of the 
Corresponding CT and “Reactant Complexes” 

MAH-d1 + BQCN+

H-Complex

D-Complex

BQCNH + MAD+

BQCND + MAH+

kH
p

kD
pkb

kf

kf

kb

Mechanism 2  

A closer examination of the expected result of the IMKIE13 experiment 

reveals that once steady state is achieved the reaction gives rise to the apparent 

kinetic isotope effect (KIEapp) rather than the real kinetic isotope effect (KIEreal). 

During the pre-steady-state period KIEapp is time dependent. The latter was 

verified by simulation of Mechanism 2 but the result is also obvious since the 

more rapid irreversible hydride transfer step will draw a disproportionate amount 

of substrate through the upper branch of the mechanism shown in Scheme 5-3. 

In short, although Perrin’s analysis13 appears to cast serious doubt on the 

details of our mechanism12 his experimental data do not answer the question as 

to whether the reaction takes place by a complex or one-step mechanism. In our 

paper we clearly show that we were unable to detect any deviation from one-step 

kinetics at temperature below 308 K; the IMKIE13 were determined at only two 
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temperatures, 273 and 299 K, another serious flaw. We are confident that the 

claim13 that all our experimental data are erroneous is completely without 

foundation. 

The present work is a part of our general effort to determine the 

mechanisms of fundamental organic reactions. Since the suggestion13 that all of 

our work12,14-26 in this general area is erroneous, we have adopted methodology 

for mechanism analysis based solely upon whether or not the experimental data 

are consistent with the pseudo-first-order relationship, i.e. the linearity of ln (1 - 

E.R.) – time arrays. Application of this methodology has resulted in conclusive 

evidence that neither the formation of the 1,1-dimethoxy Meisenheimer complex 

derived from the reaction of 2,4,6-trinitroanisole with methoxide ion28 nor the 

proton transfer reactions of simple nitroalkanes with hydroxide ion in water29 

takes place by the mechanisms previously believed to be well-established. 

In this chapter, we show that the reaction of MAH with BQCN+ in AN is 

further complicated by a multi-step competing chain process under most 

circumstances. The chain process must be initiated by the reaction of oxygen 

with an intermediate, presumably the H- or D-Complex, since the reaction of O2 

with MAH is very slow, but is efficient even in the presence of residual oxygen 

under glove box conditions as long as BQCN+ is present in the AN solution. We 

also attempt to clarify the mechanism at short times where the interference from 

the chain process is minimized. 

Results 

The spectra illustrated in Figure 5-1 were obtained during the reaction of 
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BQCN+ (0.04 M) with MAH (0.01 M) in AN at 298 K. The absorbance due to the 

product MA+ was indicated by the upward arrow in Fig. 5-1a. The peak with 

maximum absorbance at 525 nm, observed immediately after mixing, was 

observed to decay with time and disappear as the reaction approached 

completion shown in Fig. 5-1b. The species giving rise to the broad absorbance 

band at 525 nm is a charge-transfer complex. Similar spectra have been reported 

for MAH and related donors with a number of quinones as acceptor molecules.30 

FIGURE 5-1. UV/Vis absorption spectra for the reaction of BQCN+ (0.04 M) with 
MAH (0.01 M) in AN at 298 K. (a) Time between spectra equals 30 s. (b) Time 
between spectra equals 25 min. Insert: Absorbance – time decay curve recorded 
at 525 nm under the same conditions. 

The answer to the question of whether or not the reaction of BQCN+ with 

MAH in AN follows a one-step mechanism can readily be obtained using a 

modified conventional ln (1 - E.R.) – time profiles, where E.R. is the extent of 

reaction. All of kinetic work here is based upon the conversion of absorbance – 

time profiles to ln (1 - E.R.) – time profiles for the evolution of MA+. 

Thus, whether or not the reactions conform to simple mechanism kinetics 
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will be assessed by the fit of the least-squares correlation lines to the 

experimental data. In addition to the visual inspection of pseudo-first-order plots, 

the latter is readily accomplished by the quantitative comparison of slopes and 

intercepts as a function of the interval in the data analyzed with the expected 

result for a one-step mechanism. 

In addition, a second procedure we adopted is to divide the data arrays 

into up to 24 data segments on which the analysis is carried out. These 

segments involve points 1-11, 1-21, 1-31, 1-41, 1-51, 1-101, 1-201, . . . , 1-1801, 

and 1-1901. The successive series of rate constants (kapp) obtained can then be 

plotted vs. the times at the midpoints of each segment. The times in this analysis 

are t6, t11, t16, t21, t26, t51, t101, . . . , t901, and t951 where the subscript is the point 

number. This procedure gives a clear indication of any changes in the values of 

the apparent pseudo-first-order rate constant (kapp) as the reaction proceeds and 

also provides standard deviations (S.D.) in data from multiple absorbance – time 

profiles. These methods are illustrated in the following sections.  

Pseudo-First-Order Analysis of the Reactions of MAH and BQCN+ in 

which Either Reactant Acts as the Limiting or the Excess Reagent. The 

pseudo-first-order analyses of the reactions in which either BQCN+ or MAH is the 

limiting reactant are shown in Figure A-14. The comparison of the effect of which 

reactant is the limiting reagent is illustrated by the pseudo-first-order plots in 

which figures on the left (Fig. A-14a, A-14b and A-14c) are for the reaction in 

which [BQCN+] is limiting and those on the right (Fig. A-14a’, A-14b’, and A-14c’) 
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are when [MAH] is limiting. The reactions were followed by monitoring evolution 

of product at 430 nm. 

The most obvious result of a visual comparison of the pseudo-first-order 

plots on the left and the right of Fig. A-14 is that deviations from the experimental 

data from the least-squares correlation lines are significantly greater when the 

reaction rate is limited by [BQCN+] than when [MAH] is the limiting reactant. A 

close examination of the plots reveals that there are deviations in all cases but 

that in the case of the plots constructed for data over less than one half-life, the 

deviations appear to be so small that it might be considered to be “justifiable” to 

attribute them to experimental error. 

The effect of the presence oxygen from air dissolved (half-saturated) in 

AN on the kinetic plots is illustrated in Figure 5-2 for the reactions of BQCN+ (0.5 

mM) with MAH (40 mM) and BQCN+ (40 mM) with MAH (0.5 mM) over either 0.5 

half-lives (HL) (Fig. 5-2a and 5-2c) or 4 HL (Fig. 5-2b and 5-2d). AN half-

saturated with air was used for a practical reason, i.e. the BQCN+ solution 

saturate with air was mixed with the MAH solution which was protected from air 

in order to insure that no reaction with oxygen takes place before mixing. The 

deviations of the correlation line from experimental data are obvious very early in 

the reaction in Fig. 5-2a and is extreme when the correlation was carried out over 

4 HL (Fig. 5-2b) when [MAH] is in large excess. When BQCN+ is the reactant in 

excess, deviation from the correlation is barely visible during the first HL (Fig. 5-

2c) and not nearly so severe at 4 HL (Fig. 5-2d) as was observed in the previous 

case. 
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FIGURE 5-2. Pseudo-first-order plots for the reactions of BQCN+ (0.50 mM) with 
MAH (40 mM) (a and b) and BQCN+ (40 mM) with MAH (0.5 mM) (c and d) in AN 
half-saturated with air at 298 K and 430 nm. 

The data in Table 5-1 allow for a closer examination of deviations from 

pseudo-first-order behavior of the reactions of BQCN+ with MAH in AN at 298 K 

and 430 nm. The data in column 2 shows the change in kapp for the reaction of 

excess MAH (40 mM) with BQCN+ (0.5 mM) in AN under an attempt to exclude 

air. The kapp measured over the first 0.5 HL was observed to be equal to 

0.000827 s-1 and to vary uniformly to 0.000981 s-1 as the data segment was 

increased to 4.0 HL. Under comparable conditions, except that the reaction 

solution was half-saturated with air, a similar pattern of kapp as a function of the 

degree of reaction encompassed in the analysis was observed but in this case 
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(column 3), the variations were greater, 0.00118 to 0.00192 s-1 over the same 

range of degree of reaction. A very similar trend was observed for the case 

(column 4) when BQCN+ was the excess reagent (40 mM) reacting with MAH 

(0.5 mM), in AN under conditions where rigorous attempts were made to exclude 

air. In this case, kapp varied between 0.000664 and 0.000716 s-1 in the same 

range of the other analyses. The values of kapp in last column changed from 

0.000622 s-1 at 0.5 HL to 0.000694 s-1 at 4.0 HL when the reaction solution was 

half-saturated with air and BQCN+ was the excess reagent (40 mM). The values 

of the intercepts of the least-squares correlations are even more sensitive to 

deviations from the pseudo-first-order relationship. These values are also listed 

in the Table 5-1 and the above concentration effects are explained in the 

discussion section. 

TABLE 5-1. Changes in the Apparent Pseudo-First-Order Rate Constants 
(kapp) as a Function of the Degree of Reaction Analyzed for the Reactions of 
MAH with BQCN+ in AN at 298 K under Various Conditions and 430 nm 
Number 

HL 
analyzed 

[BQCN+] a [BQCN+]/air b [MAH] c [MAH]/air d 

 kapp/s
-1 intercept kapp/s

-1 intercept kapp/s
-1 intercept kapp/s

-1 intercept
0.5 0.000827 -0.00230 0.00118  -0.00658 0.000664  -0.000284 0.000622  0.00182
1.0 0.000858 -0.00817 0.00132  -0.0244 0.000664  -0.000496 0.000619  0.00226
2.0 0.000904 -0.0262 0.00153  -0.0737 0.000673  -0.00564 0.000632 -0.00529
3.0 0.000945 -0.0520 0.00173  -0.144 0.000691  -0.0206 0.000659  -0.0299
4.0 0.000981 -0.0825 0.00192  -0.227 0.000716  -0.0495 0.000694  -0.0714

 
a [BQCN+] = 0.5 mM, [MAH] = 40 mM in AN containing only residual oxygen. b [BQCN+] = 
0.5 mM, [MAH] = 40 mM in AN half-saturated with air. c [BQCN+] = 40 mM, [MAH] = 0.5 
mM in AN containing only residual oxygen. d [BQCN+] = 40 mM, [MAH] = 0.5 mM in AN 
half-saturated with air. 
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The Successive Correlation Analysis of the Reactions of BQCN+ with 

MAH/MAH-d2 in AN at 298 K. The application of the successive correlation 

method (24-point procedure) to data obtained under the four different sets of 

reactant concentrations used for the data in Table 5-1 is illustrated in Tables 5-2 

to 5-5 for data gathered over 1 HL while monitoring product formation in the 

range from 430 to 450 nm. The data in Table 5-2 for the reaction of BQCN+ (0.5 

mM) with MAH (40 mM) at 298K in the presence of residual oxygen show very 

little variation in kapp during the early stages of the reaction but continuously 

increase as the first HL is approached. The other new information available from 

the data in Table 5-2 is the magnitude of S.D. of data from repetitive stopped-

flow shots. In this case the S.D. is of the order of 3 to 5 % of the kapp values. On 

the other hand, in AN half-saturated with air the successive kapp in Table 5-3 for 

the reaction of BQCN+ (0.5 mM) with MAH (40 mM) at 298 K vary considerably, 

from 0.000823 in segment 1 to 0.00134 s-1 in segment 24. The increase in kapp 

with segment number can be attributed to a chain reaction initiated by oxygen in 

which oxygen intercepts an intermediate in the reaction resulting in the increase 

in the rate of product formation. 

In the presence of residual air kapp obtained from the reactions of 

MAH/MAH-d2 (0.5 mM) with BQCN+ (40 mM) in AN were observed (Table 5-4) to 

be nearly independent of segment number. Earlier12 using lower [MAH/MAH-d2] 

we found no deviations in reactions of MAH or MAH-d2 over the first HL at 

temperatures lower than 308K. The latter observation is confirmed by the data in 

Table 5-4. The values of kapp in Table 5-5 are for the reaction of MAH (0.5 mM) 
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with BQCN+ (40 mM) in AN half-saturated with air. It should be noted that the 

S.D. at the top of the columns 2, 4 and 6 in Table 5-2 to 5-4 are significant and 

decrease progressively to very small values. The reason for this trend is that S.D. 

decrease directly in proportion to the increase in the number of points taken into 

the correlation. 

TABLE 5-2. Changes in kapp and Standard Deviations (S.D.) as a Function of  
the Degree of Reaction Analyzed for the Reactions of MAH/MAH-d2 (40 mM) 
with BQCN+ (0.5 mM) in AN at 298K in the Presence of Residual Oxygen 
and 430 nm 

 MAH-Data Set 1 MAH-Data Set 2 MAH-d2    

time 
104 

kapp/s
-1 

104 S.D. 
(10 shots) 

104 
kapp/s

-1 
104 S.D.

(10 shots)
104 

kapp/s
-1 

104 S.D.
(10 shots)

KIEapp 

(1) 
KIEapp 

(2) 
No. 

2.47 7.10 0.18 8.42 0.34 2.14 0.41 3.32 3.93 1 
4.72 6.95 0.23 8.77 0.26 1.80 0.28 3.86 4.87 2 
6.97 6.87 0.10 8.80 0.11 1.68 0.28 4.09 5.24 3 
9.22 6.83 0.07 8.87 0.10 1.59 0.23 4.30 5.58 4 

11.47 6.88 0.08 8.85 0.08 1.54 0.13 4.47 5.75 5 
22.72 6.88 0.07 8.80 0.05 1.35 0.12 5.10 6.52 6 
45.22 6.86 0.07 8.84 0.03 1.32 0.04 5.20 6.70 7 
67.72 6.87 0.07 8.93 0.03 1.30 0.01 5.28 6.87 8 
90.22 6.87 0.08 9.00 0.03 1.29 0.01 5.33 6.98 9 
112.7 6.88 0.09 9.07 0.04 1.28 0.01 5.38 7.09 10 
135.2 6.89 0.11 9.12 0.04 1.28 0.01 5.38 7.13 11 
157.7 6.89 0.13 9.18 0.04 1.28 0.01 5.38 7.17 12 
180.2 6.91 0.14 9.24 0.04 1.28 0.01 5.40 7.22 13 
202.7 6.93 0.16 9.29 0.04 1.28 0.01 5.41 7.26 14 
225.2 6.96 0.17 9.34 0.04 1.28 0.01 5.44 7.30 15 
247.7 7.02 0.18 9.39 0.04 1.28 0.01 5.48 7.34 16 
270.2 7.09 0.18 9.44 0.05 1.28 0.01 5.54 7.38 17 
292.7 7.16 0.18 9.50 0.05 1.28 0.01 5.59 7.42 18 
315.2 7.24 0.18 9.56 0.05 1.28 0.01 5.66 7.47 19 
337.7 7.33 0.18 9.63 0.05 1.28 0.01 5.73 7.52 20 
360.2 7.42 0.17 9.69 0.06 1.28 0.01 5.80 7.57 21 
382.7 7.52 0.17 9.75 0.06 1.28 0.01 5.88 7.62 22 
405.2 7.62 0.17 9.82 0.07 1.28 0.01 5.95 7.67 23 
427.7 7.72 0.16 9.89 0.08 1.28 0.01 6.03 7.73 24 
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TABLE 5-3. Changes in kapp and Standard Deviations (S.D.) as a Function of 
the Degree of Reaction Analyzed for the Reactions of MAH/MAH-d2  (40 mM) 
with BQCN+ (0.5 mM) in AN at 298K Half-Saturated with Air and 430 nm 
MAH-Data Set 1 MAH-Data Set 2 MAH-d2  
104 

kapp/s
-1 

104 S.D. 
(10 shots) 

104 
kapp/s

-1 
104 S.D.

(10 shots)
104 

kapp/s
-1

104 S.D. 
(10 shots)

KIEapp 
(1) 

KIEapp

(2) 
No. 

8.23 0.28 13.6 0.37 2.71 0.23 3.04 5.02 1 
8.59 0.08 13.9 0.12 2.59 0.09 3.32 5.37 2 
8.59 0.11 13.9 0.14 2.57 0.06 3.34 5.41 3 
8.53 0.13 14.1 0.09 2.60 0.04 3.28 5.42 4 
8.48 0.11 14.1 0.09 2.63 0.04 3.22 5.36 5 
8.35 0.08 14.3 0.08 2.70 0.04 3.09 5.30 6 
8.27 0.07 14.7 0.10 2.72 0.05 3.04 5.40 7 
8.25 0.05 15.2 0.09 2.70 0.04 3.06 5.63 8 
8.25 0.04 15.6 0.10 2.69 0.05 3.07 5.80 9 
8.31 0.01 16.0 0.09 2.68 0.05 3.10 5.97 10 
8.49 0.03 16.4 0.09 2.67 0.04 3.18 6.14 11 
8.75 0.06 16.7 0.09 2.65 0.04 3.30 6.30 12 
9.06 0.08 17.1 0.09 2.64 0.04 3.43 6.48 13 
9.39 0.09 17.5 0.09 2.62 0.04 3.58 6.68 14 
9.74 0.11 17.9 0.08 2.61 0.04 3.73 6.86 15 

10.1 0.13 18.3 0.09 2.61 0.03 3.87 7.01 16 
10.5 0.14 18.7 0.08 2.60 0.03 4.04 7.19 17 
10.9 0.16 19.2 0.09 2.59 0.03 4.21 7.41 18 
11.3 0.18 19.6 0.10 2.59 0.03 4.36 7.57 19 
11.7 0.20 20.2 0.10 2.59 0.03 4.52 7.80 20 
12.1 0.22 20.7 0.11 2.59 0.03 4.67 7.99 21 
12.5 0.24 21.3 0.11 2.60 0.03 4.81 8.19 22 
12.9 0.26 22.0 0.12 2.60 0.03 4.96 8.46 23 
13.4 0.27 22.8 0.13 2.61 0.03 5.13 8.74 24 
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TABLE 5-4. Changes in kapp and Standard Deviations (S.D.) as a Function of 
the Degree of Reaction Analyzed for the Reactions of MAH/MAH-d2 (0.5 mM) 
with BQCN+ (40 mM) in AN at 298K in the Presence of Residual Oxygen and 
450 nm 
MAH-Data Set 1 MAH-Data Set 2 MAH-d2  
104 

kapp/s
-1 

104 S.D. 
(10 shots) 

104 
kapp/s

-1 
104 S.D.

(10 shots)
104 

kapp/s
-1

104 S.D. 
(10 shots)

KIEapp 
(1) 

KIEapp

(2) 
No. 

5.95 0.54 6.25 0.36 1.15 0.34 5.17 5.43 1 
6.06 0.47 6.36 0.23 1.23 0.13 4.93 5.17 2 
6.01 0.38 6.34 0.15 1.10 0.08 5.46 5.76 3 
5.99 0.31 6.32 0.12 1.06 0.08 5.65 5.96 4 
5.98 0.24 6.31 0.08 1.07 0.09 5.59 5.90 5 
5.99 0.12 6.32 0.04 1.12 0.05 5.35 5.64 6 
6.03 0.07 6.33 0.04 1.14 0.02 5.29 5.55 7 
6.06 0.05 6.31 0.03 1.13 0.02 5.36 5.58 8 
6.07 0.04 6.29 0.03 1.14 0.02 5.32 5.52 9 
6.07 0.03 6.28 0.02 1.14 0.02 5.32 5.51 10 
6.07 0.02 6.27 0.02 1.13 0.02 5.37 5.55 11 
6.06 0.02 6.26 0.02 1.13 0.02 5.36 5.54 12 
6.05 0.02 6.25 0.02 1.13 0.02 5.35 5.53 13 
6.05 0.02 6.25 0.02 1.13 0.02 5.35 5.53 14 
6.04 0.03 6.24 0.02 1.13 0.02 5.35 5.52 15 
6.04 0.03 6.23 0.02 1.13 0.02 5.35 5.51 16 
6.03 0.04 6.21 0.02 1.13 0.02 5.34 5.50 17 
6.03 0.04 6.21 0.02 1.13 0.02 5.34 5.50 18 
6.03 0.04 6.20 0.02 1.13 0.02 5.34 5.49 19 
6.02 0.04 6.19 0.02 1.13 0.02 5.33 5.48 20 
6.02 0.04 6.18 0.02 1.13 0.02 5.33 5.47 21 
6.02 0.05 6.17 0.02 1.13 0.02 5.33 5.46 22 
6.02 0.05 6.16 0.02 1.13 0.02 5.33 5.45 23 
6.01 0.05 6.15 0.02 1.13 0.02 5.32 5.44 24 

Under these conditions the [MA+] which was monitored at 430 nm are low, 

so the concentration of the limiting reagents (MAH/MAH-d2) was increased to 10 

mM from 0.5 mM. This increase in [substrate] resulted in absorbance changes 

which could be monitored with a high degree of accuracy. Although these 

conditions are not strictly pseudo-first-order, only the first 0.3% of the reaction 

was followed. The tabulated data for these experiments are shown in Table 5-6. 

The data in Table 5-6 and Fig. 5-3 suggest the formation of an intermediate at 
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very short times.  

TABLE 5-5. Changes in kapp and Standard Deviations (S.D.) as a Function of 
the Degree of Reaction Analyzed for the Reaction of MAH (0.5 mM) with 
BQCN+ (40 mM) in AN at 298K Half-Saturated with Air and 430nm  

time 104 kapp/s
-1 104 S.D. (10 shots) Segment 

2.47 6.20 0.21 1 
4.72 6.20 0.17 2 
6.97 6.30 0.17 3 
9.22 6.33 0.13 4 
11.5 6.34 0.13 5 
22.7 6.26 0.07 6 
45.2 6.11 0.01 7 
67.7 6.03 0.02 8 
90.2 6.00 0.03 9 
112.7 5.97 0.04 10 
135.2 5.95 0.04 11 
157.7 5.93 0.03 12 
180.2 5.92 0.03 13 
202.7 5.91 0.03 14 
225.2 5.90 0.03 15 
247.7 5.88 0.03 16 
270.2 5.87 0.03 17 
292.7 5.86 0.03 18 
315.2 5.85 0.02 19 
337.7 5.84 0.02 20 
360.2 5.83 0.02 21 
382.7 5.82 0.02 22 
405.2 5.80 0.02 23 
427.7 5.79 0.01 24 
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TABLE 5-6. Apparent Rate Constants and Apparent Kinetic Isotope Effects 
at Short Times for the Reactions of MAH/MAH-d2 (10 mM) with BQCN+ (40 
mM) in AN at 298 K in the Presence of Residual Oxygen at 440nm (Over the 
First 0.3% Reaction) 

 Data Set 1  Data Set 2  Data Set 3   
time/s kapp

H1/s-1 kapp
D1/s-1 KIEapp

1 kapp
H2/s-1 kapp

D2/s-1 KIEapp
2 kapp

H3/s-1 kapp
D3/s-1 KIEapp

3 No. 
0.019 0.001312 0.001023 1.28 0.001234 0.000593 2.08 0.001122 0.001156 0.97 1 
0.031 0.001021 0.000336 3.04 0.001020 0.000517 1.97 0.000775 0.000683 1.13 2 
0.044 0.000878 0.000396 2.22 0.000904 0.000314 2.88 0.000841 0.000525 1.60 3 
0.056 0.000852 0.000423 2.01 0.000861 0.000321 2.68 0.000807 0.000501 1.61 4 
0.069 0.000822 0.000323 2.54 0.000860 0.000340 2.53 0.000758 0.000475 1.60 5 
0.131 0.000620 0.000176 3.52 0.000618 0.000181 3.41 0.000577 0.000265 2.18 6 
0.256 0.000554 0.000111 4.99 0.000521 0.000076 6.86 0.000514 0.000108 4.76 7 
0.381 0.000549 0.000087 6.31 0.000506 0.000068 7.44 0.000498 0.000083 6.00 8 
0.506 0.000552 0.000085 6.49 0.000511 0.000074 6.91 0.000503 0.000083 6.06 9 
0.631 0.000554 0.000089 6.22 0.000514 0.000081 6.35 0.000508 0.000088 5.77 10 
0.756 0.000559 0.000095 5.88 0.000517 0.000088 5.88 0.000514 0.000092 5.59 11 
0.881 0.000562 0.000099 5.68 0.000520 0.000093 5.59 0.000519 0.000097 5.35 12 
1.006 0.000564 0.000101 5.58 0.000521 0.000097 5.37 0.000521 0.000099 5.26 13 
1.131 0.000566 0.000104 5.44 0.000522 0.000099 5.27 0.000522 0.000101 5.17 14 
1.256 0.000567 0.000106 5.35 0.000524 0.000101 5.19 0.000524 0.000102 5.14 15 
1.381 0.000567 0.000107 5.30 0.000525 0.000102 5.15 0.000525 0.000103 5.10 16 
1.506 0.000568 0.000108 5.26 0.000525 0.000103 5.10 0.000525 0.000104 5.05 17 
1.631 0.000568 0.000109 5.21 0.000525 0.000103 5.10 0.000526 0.000105 5.01 18 
1.756 0.000568 0.000110 5.16 0.000526 0.000104 5.06 0.000526 0.000105 5.01 19 
1.881 0.000569 0.000110 5.17 0.000526 0.000105 5.01 0.000526 0.000106 4.96 20 
2.006 0.000569 0.000111 5.13 0.000526 0.000105 5.01 0.000527 0.000106 4.97 21 
2.131 0.000569 0.000111 5.13 0.000526 0.000106 4.96 0.000527 0.000107 4.93 22 
2.256 0.000570 0.000111 5.14 0.000526 0.000106 4.96 0.000527 0.000107 4.93 23 
2.381 0.000571 0.000111 5.14 0.000526 0.000106 4.96 0.000527 0.000107 4.93 24 

FIGURE 5-3. Apparent rate constants (kapp) – time plots for the reactions of 
BQCN+ (40 mM) with MAH (a)/(MAH-d2) (b) (10 mM) in AN containing residual air 
at 298 K and 440nm. 
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Kinetic Isotope Effects for the Reaction of BQCN+ with MAH in AN at 

298 K at Short Times. The observation of time-dependent KIE has been shown 

to be a very effective tool in mechanism analysis.29 It is particularly important to 

attempt to estimate the KIE as zero-time is approached since an extrapolated 

KIE equal to 1 is very strong evidence that there is no C-H bond breaking in the 

first step of a multi-step mechanism. The time-dependence of KIE is only 

observed at times before steady state is reached. This implies that a plot of 

KIEapp vs. time can be used to estimate the time necessary to reach steady state. 

Although the latter is correct, it should be pointed out that a much more accurate 

analysis can be carried out using plots of kapp
H and kapp

D. This allows for the fact 

the time necessary for steady state to be reached may differ for the two different 

substrates. 

The determination of the time necessary to reach steady state for the 

reactions of BQCN+ (40 mM) with MAH/MAH-d2 (10 mM) in AN at 298K in the 

presence of residual air is illustrated in Figure 5-3. The time to reach steady state 

under these conditions can be estimated to be of the order of 0.5 ms for both 

isotopic substrates (MAH (Fig. 5-3a) and MAH-d2 (Fig. 5-3b)). 

A fact that must be considered when analyzing data obtained at very low 

conversions is that absorbance due to products is very low under these 

conditions. As a consequence of this, parameters based on changes in product 

absorbance are subject to much greater uncertainty than those observed at 

higher conversions. This is demonstrated by a comparison of the data from three 

identical sets of experiments in Table 5-6. The first set of experiments resulted in 
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KIEapp ranging from 1.28 to 5.14, in the second set from 2.08 to 4.96, and for the 

third set the values ranged from 0.97 to 4.93 (KIEapp vs. time plots shown in 

Figure A-15). The differences in the three ranges are almost entirely due to the 

large differences in the initial values. Under the reaction conditions that the data 

in Table 5-6 were gathered, the corresponding half-lives for the reaction of MAH 

was about 1000 s and that for MAH-d2 was close to 5000 s. 

The data for the reaction of MAH (10 mM) with BQCN+ (0.5 mM) in AN in 

the presence of residual oxygen shown in Table 5-7 are for three identical sets of 

reactions. The data not only show relatively small S.D. values but also only small 

differences in the values of kapp over the entire range of segments. 

The data in Table 5-8 for the isotopic substrates encompass conversion in 

the range from 0 to 0.6%. In connection with the point we are making concerning 

reliability of data depending upon the concentration of product [MA+] analyzed is 

clearly illustrated by the columns labelled 104 S.D. are most pertinent. The S.D. 

values in the first row (segment 1) are of the order of 40% of the pertinent kapp 

values while those in segment 24 are only 0.3% of the corresponding kapp values. 

Kinetic Isotope Effects over Several Half-Lives. Instantaneous rate 

constant (IRC) analysis26 of the reactions between MAH/MAH-d2 and BQCN+ in 

AN under two extreme sets of conditions are illustrated by the plots in Figure 5-4. 

New aspects of the analysis are summarized in the appendices from Figures A-

18 to A-23. 

We have seen from the data in Fig. 5-2 and Tables 5-1 that the conditions 

which favour the oxygen catalyzed reaction are those in which [MAH] is the 
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reagent in excess and [BQCN+] is limiting. The plots in the left-hand column of 

Fig. 5-4 (a, b and c) from reactions of MAH/MAH-d2 (40 mM) with BQCN+ (0.50 

mM) are from conditions which favor the catalyzed reaction. The right-hand 

column of plots in Fig. 5-4 (a’, b’ and c’) are from reactions of MAH/MAH-d2 (0.5 

mM) with BQCN+ (40 mM) conditions under which the catalyzed reaction 

contributes minimally to the kinetic response. 

TABLE 5-7. Changes in kapp and Standard Deviations (S.D.) as a Function of 
the Degree of Reaction Analyzed for the Reaction of MAH (10 mM) with 
BQCN+ (0.5 mM) in AN at 298K in the Presence of Residual Oxygen at 
450nm over 1 HL  

MAH-Data Set 1 MAH-Data Set 2 MAH-Data Set 3 Average  
104 

kapp/s
-1 

104 S.D. 
(10 shots) 

104 
kapp/s

-1 
104 S.D.

(10 shots)
104 

kapp/s
-1

104 S.D.
(10 shots)

104 
kapp/s

-1 
± No. 

1.69 0.08 1.75 0.07 1.66 0.07 1.70 0.05 1 
1.72 0.06 1.72 0.05 1.66 0.03 1.70 0.03 2 
1.71 0.04 1.75 0.04 1.68 0.04 1.71 0.04 3 
1.71 0.03 1.77 0.03 1.69 0.04 1.72 0.04 4 
1.71 0.02 1.77 0.02 1.71 0.04 1.73 0.03 5 
1.71 0.01 1.77 0.02 1.74 0.04 1.74 0.03 6 
1.71 0.02 1.77 0.02 1.74 0.03 1.74 0.03 7 
1.72 0.02 1.77 0.02 1.74 0.04 1.74 0.03 8 
1.72 0.02 1.78 0.02 1.75 0.04 1.75 0.03 9 
1.73 0.02 1.79 0.02 1.75 0.04 1.76 0.03 10 
1.74 0.02 1.80 0.02 1.76 0.04 1.77 0.03 11 
1.75 0.03 1.81 0.03 1.78 0.05 1.78 0.03 12 
1.77 0.03 1.83 0.03 1.79 0.05 1.80 0.03 13 
1.78 0.03 1.85 0.04 1.81 0.06 1.81 0.04 14 
1.80 0.04 1.87 0.04 1.82 0.07 1.83 0.04 15 
1.81 0.04 1.88 0.05 1.83 0.07 1.84 0.04 16 
1.82 0.05 1.89 0.05 1.84 0.08 1.85 0.04 17 
1.83 0.05 1.90 0.05 1.85 0.08 1.86 0.04 18 
1.84 0.06 1.91 0.05 1.86 0.09 1.87 0.04 19 
1.84 0.06 1.92 0.06 1.87 0.09 1.88 0.04 20 
1.85 0.06 1.93 0.06 1.87 0.09 1.88 0.04 21 
1.85 0.07 1.93 0.06 1.88 0.09 1.89 0.04 22 
1.85 0.07 1.94 0.06 1.88 0.10 1.89 0.05 23 
1.85 0.07 1.94 0.06 1.88 0.10 1.89 0.05 24 
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TABLE 5-8. Changes in kapp and KIEapp as a Function of the Degree of 
Reaction (Over the First 0.6% Reaction) Analyzed for the Reactions of 
MAH/MAH-d2 (10 mM) with BQCN+ (40 mM) in AN in the Presence of 
Residual Oxygen and 440 nm 

 MAH MAH-d2   

time/s 104 kapp
H 104 S.D. 

(10 shots) 
104 kapp

D 
104 S.D. 

(10 shots) 
KIEapp Segment 

0.032 10.26 4.02 8.24 2.73 1.25 1 
0.057 7.99 2.93 4.59 1.97 1.74 2 
0.082 7.16 1.79 2.49 1.40 2.88 3 
0.107 6.84 1.33 1.71 1.11 4.00 4 
0.132 6.60 0.92 1.34 0.89 4.93 5 
0.257 5.80 0.29 0.69 0.47 8.41 6 
0.507 5.89 0.16 0.77 0.26 7.65 7 
0.757 6.07 0.08 0.90 0.14 6.74 8 
1.007 6.10 0.06 0.98 0.10 6.22 9 
1.257 6.13 0.04 1.02 0.09 6.01 10 
1.507 6.15 0.03 1.06 0.08 5.80 11 
1.757 6.16 0.03 1.07 0.07 5.76 12 
2.007 6.16 0.02 1.08 0.05 5.70 13 
2.257 6.17 0.02 1.08 0.04 5.71 14 
2.507 6.17 0.02 1.08 0.04 5.71 15 
2.757 6.17 0.01 1.08 0.04 5.71 16 
3.007 6.16 0.02 1.09 0.04 5.65 17 
3.257 6.17 0.02 1.10 0.04 5.61 18 
3.507 6.17 0.02 1.10 0.03 5.61 19 
3.757 6.17 0.02 1.11 0.03 5.56 20 
4.007 6.18 0.02 1.11 0.03 5.57 21 
4.257 6.18 0.02 1.12 0.03 5.52 22 
4.507 6.18 0.02 1.12 0.03 5.52 23 
4.757 6.18 0.02 1.12 0.02 5.52 24 

Considering first the plots in the left-hand column we find in the profile 

(Fig. 5-4a) for the reaction of MAH the values of kIRC increase with time until a 

maximum value is reached at 1075 s and then fall continually throughout the 

remainder of the reaction. On the other hand the kIRC – time profile (Fig. 5-4b) for 

the corresponding reaction of MAH-d2 is more normal and ascends rapidly at 

short times to a maximum followed by a slower increase in kIRC for the remainder 

of the reaction. The latter is due to the effect of oxygen which is greatly 
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diminished when MAH-d2 is the reactant as compared to the reaction of MAH. 

The KIEIRC – time profile (Fig. 5-4c) increases from about 100 s to a maximum 

value close to 12.4 before decreasing for the remainder of the reaction to 7.5 at 

about 1900 s. 

The kIRC – time profiles for the reactions when MAH/MAH-d2 is the limiting 

reagent (Figs. 5-4a’ and 5-4b’) show more conventional form and are relatively 

flat throughout the reaction period. That for MAH-d2 (Fig. 5-4b’) rises sharply at 

short times while that reaction period is not visible on the MAH profile (Fig. 5-4a’). 

These differences point out again how sensitive the reactions are to the O2 

concentration. These plots are the instantaneous rate constants – time profiles 

(IRC) and how these differ from those obtained by the earlier procedure is 

explained in the Chapter 2. 

Discussion 

The conventional kinetic data in Table 5-1 suffice to answer the question 

regarding whether or not the reactions follow a one-step or a complex 

mechanism. Under all conditions studied: 

(a) BQCN+ as limiting reagent in AN with residual oxygen 

(b) BQCN+ as limiting reagent in AN half-saturated with air 

(c) MAH as limiting reagent in AN with residual oxygen 

(d) MAH as limiting reagent in AN half-saturated with air 

the rate constants derived and the intercepts of linear correlation plots varied as 

the degree of reaction of the analyses increased. This leaves little room for doubt 

that the reaction between MAH and BQCN+ in AN follows a multi-step 
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mechanism. 

FIGURE 5-4. Apparent instantaneous rate constants (kIRC) – time and KIEIRC 

plots for the reactions of BQCN+ (0.5 mM) with MAH/MAH-d2 (40 mM) in AN half-
saturated with air (a, b and c) and BQCN+ (40 mM) with MAH/MAH-d2 (0.5 mM) 
containing residual oxygen (a’, b’ and c’) at 298 K and 450nm. 

The successive correlation data in Table 5-2 (condition a) over about 1 HL 
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show that even in the absence of intentionally added air at 298 K there are 

significant changes in kapp with time. The data also show that under these 

conditions there are differences in kapp in the two sets of experiments. These 

differences could be a consequence of differences in the trace oxygen 

concentration. We have pointed out that in another comparison of three identical 

runs (Table 5-7) the differences observed in kapp are very small. 

The data in Table 5-3 are under conditions (b) and once again we observe 

that the two different sets of kapp
H differ and give rise to 2 sets of KIEapp (using a 

single set of kapp
D) ranging from 3.04 to 5.13 for Set 1 and 5.02 to 8.74 for Set 2. 

Although the values of KIE are different in the two sets, most likely due to 

differences in [O2], the trends in the two KIEapp sets are similar beginning at short 

times at relatively low values and increasing by 69 and 74% over time for Sets 1 

and 2, respectively. 

In the absence of intentionally added air with MAH as limiting reagent 

(conditions c) the data are much more reproducible from one data set to the next. 

This is illustrated in Table 5-4. Under these conditions the variations in KIEapp are 

much smaller, settling down at about 5.33 for Set 1 and 5.44 for Set 2, 

respectively. The larger variations in values from segments 1-5 are consistent 

with the larger standard deviations observed for data in these segments. 

The conditions for the reactions described by the data in Table 5-6 are 

quite different from those previously discussed. The concentration of the limiting 

reagents (MAH/MAH-d2) was increased to 10 mM. The purpose of this was to 

allow the reactions to be analyzed with very low conversions (0.3%) and still 
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produce high enough product concentrations so that the precision in the rate 

constants would not suffer too greatly. Standard deviations for the three data sets 

are appreciably larger than for the data discussed above but the overall result, 

the time-dependent KIEapp are reasonably close for the three data sets again with 

the largest variations observed in the early reaction segments. The ranges of 

KIEapp were observed to be 1.28-5.14, 1.97-4.96 and 0.97-4.93 for Data Sets 1, 

2, and 3, respectively, and the average value was 1.44. 

The mechanistic significance of KIEapp approaching unity at near zero time 

is that it provides very strong evidence that there is no KIE in the first step of the 

reaction.29 This would suggest that the mechanism of the reaction showing these 

kinetic characteristics must involve a minimum of three microscopic steps. 

Data for another set of reactions under still different conditions, MAH (10 

mM) and BQCN+ (0.50 mM), are illustrated in Table 5-7. The data of most 

interest is in column 7 which shows that the average value of kapp changes 

smoothly from 1.70 to 1.89 over 1 HL with very small standard deviations. It is 

evident that under these conditions there is no problem with the precision of the 

measurements or the data, and that even in the presence of only residual 

concentrations of air, there is a definitive dependence of kapp on time. 

This leads us once again to the dependence of KIEapp on the extent or 

time of reaction and to the data in Table 5-8. In this case the limiting reagents are 

MAH and MAH-d2 (10 mM) in the presence of BQCN+ (40 mM). We observed 

that high precision of the data was achieved (Table 5-8) under these conditions 

during the first 0.6% of the reaction. The data in Table 5-8 strengthen our case 
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that KIEapp for this reaction is time dependent and approaches unity as the time 

approaches 0. In this case KIEapp was observed to be equal to 1.25 at short times 

and to increase relatively rapidly to a maximum value of 8.41 and then slowly 

settle down to a value equal to 5.52 in the later segments of the reaction. 

Before suggesting a mechanism that describes this massive amount of 

experimental data, it is helpful to summarize the mechanistic evidence. The most 

pertinent evidence is summarized below. The first and very important point is (1) 

which seems difficult to argue with. 

(1) The conventional pseudo-first-order kinetics are inconsistent with a 

one-step mechanism.31 

(2) The rate of the reaction is dependent upon [O2] and the increase in kapp 

with time is even observed in the presence of only residual air in a 

glove box under a nitrogen atmosphere. 

(3) KIEapp under a variety of conditions, approach 1.0 at short times before 

proceeding to a maximum value and then slowly decreasing. 

(4) The air effect is much more prominent when [MAH] is in large excess. 

(5) The kinetic data are reproducible and statistically significant. 

The observation of the air effect requires that O2 reacts with some 

species, either reactant or intermediate. The obvious possibility is that O2 

abstracts a hydrogen atom from the 10-position of MAH. This reaction apparently 

takes place but at a very low rate (Figure A-24 and A-25) in the absence of 

BQCN+ in AN. It appears that the H atoms at the 10-position of MAH require 

activation to make the H-atom abstraction reaction feasible at rates high enough 
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to be significant in the product forming reaction of MAH with BQCN+. However, it 

is likely that the reaction does provide enough radicals to serve as an initiator in a 

chain process. The fact that KIEapp under conditions most favourable to the air 

effect rise to a maximum value before falling steadily for the remainder of the 

reaction could be explained as follows: The rise to the maximum is where 

initiation and propagation of the chains dominate over chain termination and also 

the non-chain process. After the maximum chain termination reduces the 

contribution of the radical process.  

Finally, the approach of KIEapp toward unity as the time approaches zero 

suggest not only that there is no KIE in the first step of the reaction but also that 

the mechanism involves a minimum of three microscopic reactions. We believe 

that the chain mechanism illustrated in Scheme 5-4 takes into account all of the 

experimental data and the points listed above. The reaction between MAH and 

oxygen is not included in the scheme but must be considered to be an initiation 

step. 
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SCHEME 5-4. Proposed Multi-Step Mechanism for the Reaction of MAH with 
BQCN+ in AN in the Presence of Residual or Intentionally Added Air at 298 
K. The Dashed Lines Connecting Structures in Steps (d and e) Are Between 
the Propagating Species in the Two Equations 

 

We will begin the mechanism discussion by justifying each step in 

Scheme 5-4. In our previous investigation we found that the CT complex formed 

(step a) at a rate too rapid to follow by stopped-flow with an equilibrium constant 
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close to 1.0 at 298K.12 The CT complex could be the intermediate reacting with 

oxygen. However, we don’t believe that the loosely bound CT complex would 

change the reactivity of MAH sufficiently to enhance the rate of H-atom transfer 

to O2 to the degree necessary for this reaction to take part in this mechanism. We 

view the formation of the “Reactant Complex” (step b) to involve the extrusion of 

solvent between the two entities in the CT complex and movement of atoms in 

the latter to an arrangement more conducive to the bond changes that must take 

place in going to the transition state for hydrogen atom (or hydride in Mechanism 

1) transfer (step b). Once MAH radical is formed (step c), the chain mechanism 

(steps d and e) takes place. The dashed lines in Scheme 5-4 connect chain 

carriers in the two steps (d and e). The product formation step (step 3 in Scheme 

5-1) of the polar mechanism takes place concurrently with the chain mechanism 

and under some conditions is expected to dominate, i.e. when the substrate is 

MAH-d2 and when the limiting reagent is MAH. The radical reactions (steps d and 

e) are expected to take place very rapidly. During the pre-steady-state period of 

the overall reaction, steps a and b dominate and at times approaching zero, the 

mechanism predicts that KIEapp will approach unity as was observed 

experimentally. 

Before concluding we would like to return to Perrin’s13 apparently logical 

argument that the rate constant (kb) that we reported12 in Mechanism 1 is too 

small for the dissociation of a weakly bound complex. We do not know the 

structure of the “Reactant Complex” and therefore cannot use quantitative terms 

in describing its properties, in particular the Gibb’s free energy of conversion to 
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the CT complex, not dissociation. But what we have argued before12 and still 

believe is that the “Reactant Complex” is tight by the virtue of the structural and 

solvation changes that must take place to revert to the CT complex. The latter 

process may have a significant entropic contribution, especially if solvation 

changes lag behind bond changes as is often proposed. Perrin13 ignored the fact 

that we did not suggest that the “Reactant Complex” dissociates but rather, is 

converted back to the CT complex. In any event, the rate constants that we 

derived12 on the basis of a two-step mechanism are no longer relevant and this 

renders Perrin’s13 comments irrelevant. 

Conclusions 

The most important conclusion for the “big picture” is that the reaction of 

MAH with BQCN+ in AN takes place by a multi-step mechanism. Another 

conclusion of some general importance is that oxygen takes part in a chain 

process during this reaction and is important even under conditions where it is 

rigorously attempted to eliminate oxygen by thorough degassing of the solutions 

before placing them in a glove box containing the stopped-flow instrument under 

an atmosphere of purified nitrogen. This leads to the conclusion that the chain 

pathway of formal hydride transfer in biological systems in nature may also 

involve the participation of oxygen. 

Another important conclusion of this work as well as our other recent 

publications28,29 verify the value of the kinetic methods developed in our 

laboratory over the past fifteen years and continue to be developed. 

 



90 

Experimental Section 

Materials. N-Methylacridinium iodide was prepared from acridine (Aldrich) 

and a 3-fold excess of methyl iodide in a minimum amount of acetone. 10-

Methyl-9,10-dihydroacridine was prepared by reduction of N-methylacridinium 

iodide using sodium borohydride in dry methanol, followed by recrystallization 

from absolute ethanol.32 10-Methyl-9,10-dihydroacridine 9,9-d2 was prepared as 

described in the literature.33 1-Benzyl-3-cyanoquinolinium perchlorate was 

prepared by ion exchange of 1-benzyl-3-cyanoquinolinium bromide obtained from 

the reaction of 3-cyanoquinoline with benzyl bromide.34 The bromide salt was 

dissolved in dry acetonitrile in the presence of a 50-fold excess of sodium 

perchlorate. After evaporation of the solvent the residue was washed with water 

and collected by filtration. The process was repeated twice to ensure complete 

exchange. The resulting solid was recrystallized from absolute ethanol to give the 

perchlorate salt. 1H NMR (300 MHz, CD3CN):  6.18 (2H, s), 7.43 (5H, m), 8.10 

(1H, m), 8.32 (1H, m), 8.44(2H, d), 9.50(1H, s), 9.55 (1H, s). Acetonitrile was 

refluxed and distilled over P2O5 under a nitrogen atmosphere and past through 

an Al2O3 column before taking into the glove box. 

Kinetic Experiments. Kinetic experiments were carried out using a Hi-

Tech SF-61 DX2 stopped-flow spectrophotometer installed in a glove box and 

kept under a nitrogen atmosphere. The temperature was controlled at 298 K 

using a constant temperature flow system connected directly to the reaction cell 

through a bath situated outside of the glove box. All stopped-flow experiments 

included recording 10 absorbance – time profiles at 430 nm or 450 nm. Each 
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experiment was repeated at least three times. The 2000-point absorbance – time 

curve data were collected over either 1+ or 4+ HL. 

Absorbance – time (Abs – t) profiles for product evolution were analyzed 

individually by two different procedures. The first step in both procedures was to 

convert the Abs – t profiles to (1 - E.R.) – time profiles, where E.R. denotes the 

extent of reaction. This was carried out by dividing each absorbance value by the 

infinity value obtained from the product extinction coefficient and the reactant 

concentration and subtracting the value from 1.0. This procedure gave (1 - E.R.) 

– time profiles that decayed from (1 - E.R.) = 1 for either one or four HL 

depending on which analysis procedure was used. For pseudo-first-order kinetic 

analysis, the (1 - E.R.) – time profiles were converted to -ln (1 - E.R.) – time 

profiles. For further processing, the individual four HL (1 - E.R.) – time profiles 

were first averaged to give the average profiles. The first kinetic procedure used 

was simply a least-squares linear correlation of the -ln (1 - E.R.) – time profiles to 

give the apparent pseudo-first-order rate constants over either one, two, three, or 

four HL. The second procedure involved recording the Abs – t profiles over 

slightly more than the first HL followed by the sequential 24 linear correlations 

described in the Results section. 
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CHAPTER 6  

RAPID FORMATION AND SLOW COLLAPSE OF A CARBOCATION-ANION 

PAIR TO A NEUTRAL MOLECULE* 

Abstract 

The 4,4’,4”-trimethoxytrityl cation (TMT+) was observed to react with 

acetate ion in acetic acid reversibly to give the corresponding ester (TMT-OAc). 

The rate of the reaction was found to be independent of [NaOAc] over a 25000-

fold range. Similar results were observed in the presence of Bu4N
+ in acetic acid 

as well as in HOAc/AN (1/1, v/v). It was concluded that {TMT+ HOAc/AcO-} is an 

ion pair that forms essentially completely from free TMT+ and HOAc/AcO- during 

the time of mixing under stopped-flow conditions. The process which was studied 

kinetically is the intramolecular collapse of the ion pair to TMT-OAc which takes 

place in two steps involving a kinetically significant intermediate. The remarkably 

close resemblance of this reaction to the Winstein scheme for solvolysis 

reactions is noted. In analogy to the Winstein scheme, it was proposed that the 

intermediate could be an intimate ion pair formed upon extrusion of solvent from 

the solvent separated ion pair. The product-forming step could then correspond 

to the intimate ion pair reacting further to form a covalent bond between the two 

moieties within the complex. The values of the thermodynamic and the activation 

parameters as well as the apparent rate constants for the reaction in the 

presence of either sodium or tetrabutylammonium ions suggest that these 

                                                            
*Coauthored by Weifang Hao and Vernon D. Parker. Reproduced with permission 
from J. Org. Chem. 2008, 73(1), 48-55. Copyright  2008, American Chemical 
Society. 
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counterions play insignificant roles in the reactions. However, the equilibrium 

constant for the intramolecular step (K4) was observed to be two times greater in 

the presence of Bu4N
+ than in the presence of Na+. The rate of the reaction in 

HOAc was observed to be about four times as great as that in HOAc/AN (1/1, 

v/v). 

Introduction 

The study of the reactions of carbocations with nucleophiles has been a 

topic of intense interest for more than half a century.1-18 There appears to be 

general agreement that the reactions take place in a single rate-determining step 

accompanied by the formation of a covalent bond between the two moieties. The 

main recent interest in these reactions has been on developing reactivity scales 

for both the cations and the nucleophiles.19-20  

We regard the cation – anion combination reaction as one of the simplest 

covalent bond forming reactions possible. The reactions result in the formation of 

a single bond without disrupting any other covalent bonds. This suggests these 

reactions as an obvious target for our ongoing research,21-32 the results of which 

show that many fundamental organic reactions previously believed to take place 

in a one-step actually take place by a mechanism with more than one transition 

state. 

The ability to distinguish between one-step and more complex reaction 

mechanisms has been enhanced by the development of instantaneous rate 

constants (IRC) analysis33 which allows the course of the reaction to be analyzed 

in terms of the apparent instantaneous rate constants (kinst) as a function of time. 
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For the one-step mechanism in the absence of any complications, kinst is a true 

constant independent of time. On the other hand, kinst varies with time in the pre-

steady-state time period for a more complex mechanism and approaches the 

steady-state value (ks.s.) with increasing time. These relationships are illustrated 

in Figure 6-1 for a reaction following the pre-association mechanism (Scheme 6-

1) in which the intermediate reactant complex is kinetically significant. This 

mechanism was chosen for the illustration since it has been widely discussed34 

and is the simplest complex mechanism involving consecutive reactions. 

 

FIGURE 6-1. Apparent instantaneous rate constants (kinst) – time plots for pre-
association (a) and one-step (b) mechanisms. 

SCHEME 6-1. The Pre-Association Mechanism 

 

The kinst – time profile for the pre-association mechanism (a) in Figure 6-1 

intercepts the zero time axis at 2.00, which corresponds to kf and approaches the 
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steady-state value (0.94 s-1). That for the one-step mechanism (b) (k1 = 1.00 s-1) 

is a straight line with zero slopes. The ease of distinguishing between the two 

mechanisms under the conditions of the calculated data is apparent from Figure 

6-1. 

The objective of this study was to determine the mechanism of a cation – 

anion combination reaction. We selected the 4,4’,4’’-trimethoxytrityl cation 

(TMT+), a carbocation of moderate reactivity toward nucleophiles,12 as the 

cationic reactant and acetate ion as the anionic reactant. In order to moderate 

the rate of the cation – anion combination reaction, we chose acetic acid as the 

solvent for this study. It is well-known that acetate ion exists in acetic acid as the 

hydrogen-bonded complex, hydrogen biacetate ion (HOAc/AcO-),35 and this is 

expected to markedly affect the nucleophilicity of the ion. Choosing conditions 

under which the rates of the anion – cation combinations are moderate is of 

special importance in attempting to determine whether the reactions follow a one-

step or more complex reaction mechanisms. This is because of the fact that the 

initial portion of the reaction, i.e., the pre-steady-state time period, must be 

accessed in order to differentiate between the mechanisms. Since cation – anion 

combination reactions are inherently rapid reactions, most of the previous kinetic 

studies have out of necessity been carried out under conditions where the initial 

time periods could not be accessed. 

Results 

The reaction between TMT+ and NaOAc in acetic acid to form the 

corresponding ester is reversible. The approach to equilibrium is illustrated by the 



99 

spectra in Figure 6-2 for the decrease in [TMT+]. The reversible reaction is 

illustrated in Scheme 6-2. No reaction between TMT+ and acetic acid could be 

detected in the absence of acetate ion. 

400 450 500 550
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0.8

1.2

/nm
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FIGURE 6-2. Diode-array visible absorption spectra of TMT+ (0.02 mM) in acetic 
acid containing sodium acetate (0.01 M): start time, 0 s; cycle time, 2.5 s; total 
run time, 100 s. 

SCHEME 6-2. Reversible Reaction Between TMT+ and Sodium HOAc/AcO- 
in Acetic Acid 

 

Definitions of Rate Constants. A number of different methods were used 

to obtain rate constants in this work. In order to avoid confusion as to the 
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meaning of the abbreviations used to define the rate constants, the definitions 

are given below: 

kinst = An apparent pseudo-first-order rate constant obtained by an IRC 

procedure over short time intervals. These can be time dependent in the manner 

illustrated in Figure 6-1. 

ks.s. = An apparent pseudo-first-order rate constant evaluated in the 

plateau region of the kinst – time profile. 

kN = An apparent pseudo-first-order rate constant evaluated in the 

conventional way over a segment of the (1 - E.R.) – time profile where E.R. is the 

extent of reaction. The subscript N signifies the segment number, and kN can be 

time dependent. 

The Effect of Acetate Ion Concentration on the Reaction Rate. Kinetic 

experiments were carried out by stopped-flow spectrophotometry under a 

nitrogen atmosphere in a glove box. Our initial experiments in glacial acetic acid 

gave rise to remarkable results. The rate of the reaction was observed to be 

independent of sodium acetate concentration over a wide range for the reaction 

of TMT+ with acetate ion in acetic acid at 298 K (Table 6-1). [NaOAc] was varied 

over the entire applicable range, from 0.50 to 0.00002 M with only random 

variations in ks.s. The data in the last entry in Table 6-1 where [NaOAc] and 

[TMT+] were equal to 0.02 and 0.01 mM, respectively, were subject to significant 

error due to the small absorbance change for the reaction. The latter data are 

included to show that the zero-order in [NaOAc] appears to continue as long as 

there is enough acetate ion present for TMT+ to completely react. 
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TABLE 6-1. Effect of Sodium Acetate Concentration on the Apparent 
Steady-State Rate Constant for the Reaction of TMT+ with Sodium Acetate 
in Acetic Acid at 298 K 

λ/nm [TMT+]/mM [NaOAc]/mM t0.50/t0.05 ks.s./s
-1 a 

520 0.20 500 20.2 0.0645 
520 0.20 250 17.8 0.0586 
520 0.20 125 19.5 0.0597 
520 0.20 10.0 18.8 0.0529 
520 0.20    2.50 23.2 0.0537 
480 0.010    0.10 16.4 0.0593 
480 0.010      0.020 19.7 0.0767 

 
a ks.s. was evaluated from 200 data points near the half-life of the reaction. 

TABLE 6-2. Apparent Steady-State Rate Constants for the Reaction 
Between TMT+ and Acetate Ion as a Function of [Bu4N

+ HOAc/AcO-] in 
Acetic Acid at 298 Ka 

[Bu4N
+ HOAc/OAc-]/mM t0.50/t0.05 ks.s./s

-1 b 
[TMT-OAc]equil/[TMT+]equil 

(= K4) 
20.0 15.0 0.0667 1.81 
10.0 14.1 0.0701 1.89 
  5.0 14.3 0.0710 2.12 
  2.5 13.8 0.0679 1.97 

    
a From absorbance – time data at 480 nm, [TMT+] = 0.02 mM. b ks.s. was 
evaluated from 200 data points near the half-life of the reaction. 

 The data in Table 6-2 show that the rate of the reaction of TMT+ with 

Bu4N
+ HOAc/AcO- in acetic acid is also independent of the salt concentration. 

The value of ks.s. obtained at 480 nm was observed to be constant within 

experimental error as [Bu4N
+ HOAc/AcO-] was varied from 2.5 to 20 mM.  

The data in Tables 6-1 and 6-2 suggest that TMT+ and HOAc/AcO- in 

acetic acid react during the time of mixing. This reaction is reversible (see 

Scheme 6-3), but because of saturation of equilibrium (3) with respect to 

[HOAc/AcO-] there is not a direct relationship between the latter and the 

concentration of the product (TMT-OAc) at equilibrium. The most likely 
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explanation of zero-order kinetics in acetate ion for this reaction is that 

HOAc/AcO- very rapidly interacts with TMT+ to form an ion-pair, i.e., equilibrium 

(3) is saturated at all [HOAc/AcO-] in Table 6-1 and 6-2. The ion-pair then 

reversibly undergoes an intramolecular combination reaction (eq 4) resulting in 

the formation of the corresponding acetate ester. Since equilibrium (3) is 

established during the time of mixing in the stopped-flow spectrophotometer, the 

process that takes place during our kinetic experiments is illustrated by 

equilibrium (4) (Scheme 6-3). 

SCHEME 6-3. Equilibria Involved in the Reaction of TMT+ and HOAc/AcO- 

 

The Results of Conventional Kinetic Studies of the Combination 

Reaction in Acetic Acid. The method of data treatment involved evaluating 

pseudo-first-order rate constants over consecutive intervals consisting of three 

different series of segments. The 21-point procedure included the following 

segments: data points 1-21(1), 21-41(2), 41-61(3), 61-81(4), 81-101(5), 101-

121(6), and 121-141(7) for absorbance – time data obtained by stopped-flow 

spectrophotometry. The 31- and 51-point segments were constructed in the 

same manner as those in the 21-point procedure. The pseudo-first-order rate 

constants (kN) evaluated for each time segment are finally divided by the 
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apparent steady-state rate constant (ks.s.) calculated from data at times 

approaching the half-life of the reaction resulting in dimensionless ratios. 

TABLE 6-3. Ratios of Conventional Pseudo-First-Order Rate Constants 
Evaluated over Initial Data Segments Divided by the Apparent Steady-State 
Rate Constant (ks.s. = 0.0650 s-1) for the Reaction of TMT+ (0.02 mM) with Na+ 
HOAc/AcO- (0.5 M) in Acetic Acid at 298 K and 510 nm 

Segment/N kN/ks.s. (21 point) kN/ks.s. (31 point) kN/ks.s. (51 point) 
1 2.64 2.01 1.51 
2 1.12 1.15 1.10 
3 1.13 1.09 1.10 
4 1.05 1.07 1.07 
5 1.09 1.09 1.06 
6 1.07 1.07 1.05 
7 1.09 1.08 1.05 

The initial rate data in Table 6-3 were obtained by the consecutive 

segment treatment of kinetic data for the pseudo-first-order reaction of TMT+ 

(0.02 mM) with acetate ion (0.50 M) in acetic acid at 298 K. The expected result 

for a one-step mechanism is that all of the rate constant ratios (the value of the 

observed pseudo-first-order rate constant divided by ks.s.) in Table 6-3 are 

expected to be the same and equal to 1.00 within experimental error, i.e., 

pseudo-first-order rate constants for the one-step mechanism are expected to be 

time independent. This is equivalent to the straight line with zero slopes in Figure 

6-1b. The observed result is that the rate constants in all three sets of data 

exceed ks.s. by 2.64, 2.01, and 1.51 for the initial 21-, 31-, and 51-point segments, 

respectively, and the ratios in all three columns approach unity in subsequent 

segments. The data rule out the simple one-step mechanism for the 

intramolecular combination reaction between TMT+ and HOAc/AcO- in acetic 

acid. 
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TABLE 6-4. Time and Rate Constant Ratios Observed for the Reaction of 
TMT+ with NaOAc (0.50 M) in Acetic Acid at 298 K  

λ/nm [TMT+]/mM t0.50/t0.05 
a (k1(21)/ks.s.) 

b ks.s./s
-1 c K4 

420 0.10 14.8 1.27 0.0646 0.77 
430 0.04 14.9 1.35 0.0679 0.94 
440 0.04 16.2 1.42 0.0681 0.83 
450 0.02 15.2 1.43 0.0729 0.89 
460 0.02 15.0 1.35 0.0725 0.90 
470 0.02 15.2 1.39 0.0735 0.88 
480 0.02 15.5 1.52 0.0711 0.92 
490 0.02 15.8 1.73 0.0687 0.94 
500 0.02 16.8 1.89 0.0730 0.91 
510 0.02 19.2 2.64 0.0650 0.98 
520 0.10 20.0 2.87 0.0698 0.78 

      
One-step 

Mechanism 
 13.5 1.00   

      
a The time ratio (t0.50/t0.05) is a very effect probe to test for (a) complex 
mechanism behavior and (b) whether or not the data are wavelength 
dependent. In the latter case, if the ratio is wavelength dependent, this is strong 
evidence that an intermediate absorbs over the same wavelength that the 
absorbance is monitored. Otherwise, in the absence of interference from an 
intermediate the ratio is expected to be independent of wavelength. b Pseudo-
first-order rate constant over the first 21 data points in the 2000 point array 
divided by ks.s.. 

c Evaluated from 200 points near the apparent half-life of the 
reaction. 

When an intermediate absorbs in the same spectral region as that where 

the kinetics of a reaction is monitored, the kinetic results will usually be 

wavelength dependent. This is because the kinetic analysis assumes that only 

reactant or product absorb at the wavelength where measurements are made. 

Conducting kinetic measurements over a range of wavelength then becomes a 

very effective tool in demonstrating whether a reaction takes place in a one-step 

or by a more complex mechanism. The data in Table 6-4 summarize the results 

over the wavelength region from 420 to 520 nm for the reaction of TMT+ with 

NaOAc (0.50 M) in acetic acid at 298 K. The variation in the k1(21)/ks.s. ratio with 
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wavelength suggests that there may be interference from absorbance due to an 

intermediate since the ratio is otherwise expected to be wavelength independent. 

Estimation of the Equilibrium Constant for eq 4. The last columns in 

Tables 6-2 and 6-4 give estimates of K4 (eq 4), the equilibrium constant for the 

reaction of the ion pair. These were obtained from the stopped-flow experiments 

and were evaluated as the difference in initial (Ainit) and infinity absorbances (Ainf) 

divided by (Ainf): (Ainit - Ainf)/Ainf). It is of interest to note that K4 in HOAc at 298 K 

is about two times as great in the presence of Bu4N
+ HOAc/AcO- (1.95  0.14) as 

compared to that in the presence of Na+ HOAc/AcO- (0.89  0.09). 

Effect of Cosolvent on the Kinetics of the Reactions of TMT+ with 

HOAc/AcO-. Consecutive segment kinetic data for the reaction of TMT+ (0.02 

mM) with HOAc/AcO- (5.0 mM) in HOAc/AN (1/1, v/v) where AN is acetonitrile 

are summarized in Table 6-5. The results in the mixed solvent are similar to 

those in acetic acid in terms of the decrease in the rate constant ratios with the 

extent of reaction. The greatest difference in the results in the two solvents is that 

ks.s. in HOAc is about four times greater than in the mixed solvent. 

The Effect of Temperature on the Rate and Equilibrium for the 

Collapse of {TMT+ HOAc/AcO-}. The kinetics of the collapse of {TMT+ 

HOAc/AcO-} were studied in HOAc and in mixed solvent HOAc/AN (1/1, v/v) in 

the temperature range from 293 to 323 K. The ks.s. and K4 data for 3 sets of 

experiments in HOAc and HOAc/AN (1/1, v/v)  at various temperatures are listed 

in Tables A-19 to A-22. The activation and thermodynamic parameters derived 

from these studies based upon ks.s. and K4 data are summarized in Table 6-6. 
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The corresponding Eyring and Van’t Hoff plots for the reactions carried out in 

HOAc are shown in Figure 6-3 and those obtained from data in mixed solvent are 

illustrated in Figures A-26. 

TABLE 6-5. Ratios of Conventional Pseudo-First-Order Rate Constants 
Evaluated over Initial Data Segments Divided by ks.s. (0.0155 s-1) for the 
Reaction of TMT+ (0.02 mM) with Acetate Ion (0.005 M) in HOAc/AN (1/1, v/v) 
at 298 K and 480 nm 

Segment/N kN/ks.s. (21 point) kN/ks.s. (31 point) kN/ks.s. (51 point) 
1 1.31 1.26 1.21 
2 1.24 1.18 1.12 
3 1.21 1.11 1.01 
4 1.17 1.04 0.98 
5 1.04 1.01 0.99 
6 1.03 0.98 1.00 
7 1.01 0.99 0.99 

TABLE 6-6. Kinetic and Thermodynamic Parameters for the Collapse of 
{TMT+ HOAc/AcO-}  

Solvent H≠

kcal mol-1 
S≠

cal mol-1 K-1 
Ho 

kcal mol-1 
So

cal mol-1 K-1 
HOAc 12.2 -22.4 -4.22 -14.0 

HOAc/AN (1/1) 13.7 -20.6 -1.40 -5.22 

  

FIGURE 6-3. Eyring plot for the collapse of the ion pair in acetic acid (a) and 
Van’t Hoff type plot for equilibrium (4) in HOAc (b).  
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Application of IRC Analysis to the Collapse of {TMT+ HOAc/AcO-}. 

The IRC plots shown in Figure 6-4 are for reaction of TMT+ (0.02 mM) with 

sodium acetate (0.5 M) in acetic acid at 298 K for decay of absorbance due to 

reactant measured at 500 nm. The kinst – time profile (IRC) for the first 3% of 

reaction, which was obtained from the fifth order polynomial smoothed data is 

illustrated in Figure 6-4a and Figure A-28. The curve appears to intersect the 

zero time axis at about 0.24 s-1 which provides an estimate of kf in Scheme 6-4. 

The kinst – time profile begins to approach a plateau value at about 170 ms. The 

latter is more clearly illustrated by the kinst – time profile shown in Figure 6-4b and 

Figure A-27. The latter was obtained using the 51-point sliding procedure 

described in the experimental section. The sine-wave-like behavior in the plateau 

portion of the kinst – time profile in Figure 6-4a is often observed in these plots 

and is due to spectrometer output noise which is not completely smoothed out by 

the fifth order polynomial function. The effect of spectrometer output noise is 

illustrated even more clearly in the plateau regions of Figures 6-4b. 

FIGURE 6-4. Apparent instantaneous rate constants (kinst) – time plots for the 
reaction of TMT+ (0.02 mM) with sodium acetate (0.50 M) in acetic acid and 500 
nm. Data for the first 3% of the reaction (a) and that over the first half-life (b). 

0.00 0.08 0.16 0.24 0.32 0.40

0.08

0.12

0.16

0.20
a

kinst/s
-1

time/s 0 2 4 6 8 10 12

0.06

0.08

0.10

0.12

b

kins t/s
-1

time/s



108 

SCHEME 6-4. Mechanism of the Combination Reaction 

 

Discussion 

The reaction coordinate (RC) diagram for the pre-association mechanism 

is illustrated in Scheme 6-5. Beginning with separated reactants on the far left, 

reactant and substrate diffuse and begin to collide resulting in what is called the 

encounter complex, which amounts to the two reactants in a solvent cage where 

it is thought that up to about 10 collisions occur before the reactants separate.34 

The diffusion process is illustrated by a double arrow within a circle on the RC. 

The encounter complex, which has a lifetime of a nanosecond or less depending 

upon the solvent, is transformed through the first transition state (T.S. A) to the 

reactant complex. We believe that this transformation consists of solvation and 

geometry changes leading to a configuration ready for covalent bond formation. 

The latter then is transformed through the second transition state (T.S. B) to 

products. This presentation of the RC diagram for preassociation uses the bar 

graph approach employed by Guthrie36 in his discussion of reactions passing 

through tetrahedral intermediates. We use the diffusion element to emphasize 

how the encounter complex34 is defined. 
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SCHEME 6-5. Reaction Coordinate Diagram for the Pre-Association 
Mechanism 

 

All of the kinetic data reported in Tables 6-1 to 6-5 and Figures 6-4 are 

inconsistent with a one-step mechanism for the reaction between TMT+ with 

hydrogen biacetate ion either in the presence of Na+ or Bu4N
+ in acetic acid or in 

mixed solvents. Furthermore, the data are consistent with the pre-association 

mechanism under all circumstances. The data in Tables 6-1 and 6-2 show that 

the initial reaction takes place during the time of mixing in the stopped-flow 

spectrophotometer and that the process that can be studied kinetically is the 

intramolecular collapse of {TMT+ HOAc/AcO-} to the product, TMT-OAc (eq 4). 

The degree of reversibility of this process depends strongly on the solvent 

composition. The data in Tables 6-3 to 6-5 and in Figure 6-4 show that the 

intramolecular collapse of {TMT+ HOAc/AcO-} takes place in at least two steps 
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and that the data are consistent with the reversible consecutive two-step 

mechanism illustrated in Scheme 6-4. 

Since the mechanism depicted in Scheme 6-4 is the simplest mechanism 

consistent with the data, we adopt it for the sake of simplicity since there is no 

evidence currently available for a more complex mechanism. With the latter in 

mind, the reaction coordinate diagram illustrated in Scheme 6-6 was constructed 

to describe the intramolecular reaction. The reactant in the lower left-hand corner 

of the diagram is {TMT+ HOAc/AcO-}. The first transition state (T.S. #1) lies 

between the reactant and an intermediate which we refer to as the “Reactant 

Complex” for which we have no structural data but it is required by the kinetics 

observed. In the following paragraphs we relate our work to Winstein’s scheme 

for the dissociation of R-X, where R is an alkyl or an arylalkyl group and X is a 

leaving group, and provide a plausible suggestion for the structure of the 

“Reactant Complex.” The second transition state (T.S. #2) lies between the 

“Reactant Complex” and the product TMT-OAc. 

The concept of ion pairs in organic reactions owes much to the pioneering 

work of Winstein’s group more than 50 years ago.37 Using kinetic salt effects, 

they were able to provide convincing evidence for Scheme 6-7 for the solvolysis 

reactions of RX (X = halide or other leaving groups). Ionization to the intimate ion 

pair which does not undergo solvolysis is the first step in this process. The 

binding between the ions is weakened and solvent separates the two in the 

solvent separated ion pair. At this stage R+ can react irreversibly with solvent to 

give the substitution product. Alternatively, the solvent separated ion pair can 
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dissociate to the free ions and R+ can react to form the substitution product. The 

solvent separated ion pair was observed to undergo exchange with other anions 

intentionally incorporated in the solution for purposes of studying the process and 

the substitution reaction could be nearly completely suppressed in the presence 

of the common ion, X-. 

SCHEME 6-6. Reaction Coordinate Diagram for the Intramolecular Collapse 
of {TMT+ HOAc/AcO-} to TMT-OAc and Acetic Acid 

 

SCHEME 6-7. Winstein Solvolysis Scheme 
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The reaction coordinate diagram (Scheme 6-8) illustrates the reactions 

shown in the horizontal line in Scheme 6-7 compared to the dissociation of TMT-

OAc. The free energies (G) of wide bars are drawn to approximately correspond 

to the relative energies of the various species which we are able to estimate from 

our kinetic data for the reaction of TMT+ with acetate ion in acetic acid. The 

designation of the three transition states, T.S. (mix), T.S. #1, and T.S. #2, refer to 

the TMT+ system and T.S. (mix) is labeled to show that this step takes place 

during the time of mixing in the stopped-flow experiments. The labeling of the 

other transitions states (T.S. #1 and T.S. #2) is consistent with that in Scheme 6-

6. 

SCHEME 6-8. Comparison of Winstein Scheme to the TMT+ System 

RX

[TMT+ -OAc]

[TMT+ HOAc/AcO-]

TMT+ + AcO-

R+ + X-

R+ -X

R+ -X

T.S. #2

T.S. #1

T.S.(mix)
G

Reaction Coordinate

TMT-OAc

 

The correspondence of the reaction coordinate deduced from kinetic data 

for the dissociation of TMT-OAc in acetic acid to that for the Winstein scheme is 
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truly remarkable. This suggests that {TMT+ HOAc/AcO-} is really a solvent 

(HOAc) separated ion pair and that the “Reactant Complex” is an intimate ion 

pair. All of our data can be reconciled with this formulation. When considered in 

this context this work can be considered to be a direct kinetic verification of the 

Winstein37 scheme which was based on the more indirect evidence provided by 

the addition of three different types of salts: (a) a common ion salt (LiX for 

solvolysis of RX), (b) salts with nonreactive anions (LiY for solvolysis of RX) the 

effect of which can be attributed to increasing the ionic strength and (c) salts of 

reactive anions (for example, LiN3 for the solvolysis of RX) which result in the 

formation of a stable compound. 

Analysis of ks.s. data in the temperature range from 293 to 323 K resulted 

in ∆H≠ and ∆S≠ equal to 12.2 kcal/mol and -22.4 cal/mol K, respectively. Over the 

same temperature range, ∆Ho and ∆So for equilibrium (4) were observed to be 

equal to -4.22 kcal/mol and -14.0 cal/mol K, respectively. It is of interest to note 

that the cation – anion combination reaction between TMT+ and NaOAc in acetic 

acid is exothermic (∆Ho = -4.22 kcal/mol) with a significantly large barrier (∆H≠ = 

12.2 kcal/mol, calculated from ks.s. data). Since our evidence strongly suggest 

that this cation – anion combination is a unimolecular reaction of the solvent 

separated ion-pair and takes place in two steps, the activation parameters refer 

to two consecutive transition states. The data are illustrated in Figure 6-3. The 

corresponding plots for the reactions in HOAc/AN (1/1, v/v) are shown in Figure 

A-26, from which ∆H≠ and ∆S≠ were found to be equal to 13.7 kcal/mol and -20.6 

cal/mol K, respectively. Values of ∆Ho and ∆So for equilibrium (4) were observed 
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to be equal to -1.40 kcal/mol and -5.22 cal/mol K, respectively. The activation 

parameters in the mixed solvent in the presence of Bu4N
+ ion are very nearly the 

same as those observed in HOAc in the presence of Na+ ion. On the other hand, 

both thermodynamic parameters for equilibrium (4) are considerably more 

negative in the HOAc as solvent than were observed in mixed solvent. 

It was mentioned earlier that the changes in the kN/ks.s. ratios with 

wavelength in Tables 6-4 can be explained by interference from the absorbance 

by the intermediate. This appears to be consistent with the intermediate being 

the intimate ion pair {TMT+ -OAc}. We do not find any significant differences in 

the visible absorption spectrum of {TMT+ HOAc/AcO-} in HOAc/AN (1/1, v/v) and 

of {TMT+ ClO4
-} in CHCl3 or of the former in HOAc. However, it is conceivable 

that the spectrum of {TMT+ -OAc} is shifted slightly to lower wavelengths and that 

the observed absorbance at the higher wavelengths, during the reaction, is more 

reflective of that of the reactant, {TMT+ HOAc/AcO-}. 

Conclusions 

Our overall conclusion is that the cation – anion combination reactions of 

TMT+ with acetate salts in acetic acid involve the formation of {TMT+ HOAc/AcO-

}, which we regard as a solvent separated ion-pair, during the time of mixing. The 

intramolecular collapse of the solvent separated ion-pair then takes place by a 

two-step mechanism (Scheme 6-4) involving the formation of a kinetically 

significant “Reactant Complex” as an intermediate which we propose to be the 

intimate ion pair, {TMT+ -OAc}. This mechanism conforms remarkably well to the 
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Winstein37 scheme for the ionization of RX (TMT-OAc in this case) as shown in 

the comparison illustrated in Scheme 6-8. 

In other work, we have proposed that the “Reactant Complex” is a tight 

complex formed by extrusion of solvent and appropriate geometry changes from 

the encounter complex or in other cases from the corresponding charge-transfer 

complex.26,30,32 It would appear that the latter description can apply equally well 

to conversion of a solvent separated ion pair to an intimate ion pair. Obviously, 

our findings are unexpected from studies of carbocation – anion combinations 

that have appeared in the interim between the 1950s and the present time. Our 

observation that the HOAc/AcO- solutions are ideal systems to obtain detailed 

kinetic and mechanism information on these important reactions will eventually 

provide the means to greatly increase our knowledge of how these reactions take 

place.  

 Experimental Section 

Kinetic Analysis. The appropriate integrated rate law for the pseudo-first-

order reversible reaction (6) is given by eq 7 where Ao
R, Aeq

R, and At
R are the 

reactant absorbances at zero time, at equilibrium and at time (t), respectively. 

Equation 7 is directly applicable at wavelengths where the reactant is the only 

absorbing species. Under these circumstances Aeq
R is directly measured as the 

plateau absorbance at long times. 
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The first step in our analysis is to convert the (Ao
R - Aeq

R) – time profile to 

an extent of reaction – time profile by dividing (At
R - Aeq

R) by (Ao
R - Aeq

R) at each 

time point in the absorbance – time array. Any kinetic operations on the extent of 

reaction time profile defined in this way give results equivalent to those when 

using the pseudo-first-order relationship but in this case the apparent rate 

constant is equal to the sum of forward and reverse rate constants, kapp = k + k’. 

Experimental Procedure for Kinetic Studies. Solvents and Reactants. 

Acetic acid and acetonitrile were of the highest purity level commercially 

available and distilled before use. Sodium acetate was ACS reagent grade and 

used without further purification.  

Preparation of Bu4N
+(HOAc/AcO-). A 40% aqueous solution of Bu4NOH 

(0.008 mol) was allowed to react with 2 equiv of HOAc (0.016mol) in CH2Cl2 at 

room temperature. After stirring for about 30 min, anhydrous sodium sulfate 

(about 10 g) was added to remove most of the water. The CH2Cl2 solution was 

filtered through anhydrous sodium sulfate before removing the solvent under 

vacuum. The resulting white solid (Bu4N
+ HOAc/OAc-, 0.0048 mol) was washed 

thoroughly with anhydrous ether and the residual ether was removed under 

vacuum. 

Preparation of 4,4’,4’’-Trimethoxytrityl Perchlorate. 4,4’,4’’-Trimethoxy-

trityl chloride (1 mmol) was allowed to react with silver perchlorate (1 mmol) in 

acetonitrile (50 mL) at room temperature. After the precipitation of silver chloride, 

the solution was filtered to remove AgCl, and the solvent was removed under 

vacuum and dried to gave a red solid (0.89 mmol TMT+ClO4
-) identified by its 
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1HNMR spectrum (solvent: CD3CO2D/CDCl3 = 1/2). The signals at 1.881 to 

1.856, 11.533 and 7.254 are due acetic acid and CHCl3, respectively. The 

1HNMR assignments are summarized below; and the spectrum is illustrated in 

Figure A-29. The 1HNMR spectra for the equilibrium reaction mixture is illustrated 

in Figure A-30. 

 

Kinetic Measurements. A Hi-Tech Scientific SF-61 Stopped-Flow 

Spectrophotometer with a Techne Flow Cooler FC-200 thermostat to control the 

temperature of the cell block within  0.2 K in a glove box under a nitrogen 

atmosphere was used for kinetic measurements. Data, 2000 points over a time 

range about 10% greater than the first half-life, were collected under pseudo-first-

order conditions at 298 K. 

Kinetic Procedure. The stopped-flow instrument used a single-beam light 

path. This necessitated subtraction of background absorbance which was 

obtained by having pure solvent in the reactant syringe and the excess reagent in 

the other syringe in the same concentration used in the kinetic experiments. 

Three background shots were recorded before each set of kinetic shots and all 

data points were averaged. A minimum of twenty shots under kinetic conditions 

were recorded in each set of measurements. The kinetic absorbance – time 

curves were first averaged, background absorbance was subtracted and the zero 
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time absorbance (Abso) was calculated by a linear least-squares procedure using 

the first seven data points. The absorbance – time arrays were converted to (1 - 

E.R.) – time profiles in the manner described in the previous section. The 

reactant extinction coefficient was calculated from Abso and the known reactant 

concentration. 

Data Handling Procedures. The procedures used have been described 

in detail.24,33 Additional information specific to the IRC procedure are presented 

here. The application of the IRC method on calculated data (Figure 5-1) was 

used to illustrate the response of the one-step and the pre-association 

mechanisms. The application of the method is somewhat more complex on 

experimental data since calculating IRC between successive points amplifies the 

effect of instrumental noise.33 We have found that smoothing (1 - E.R.) – time 

profiles by fitting to fifth order polynomial equations does not give noticeable 

distortion in the data as long as the fit is limited to the first 3% of the profile (or if 

the initial 3% of the data are excluded and the remainder of the profile is fit 

precisely by that treatment).33 An alternative method to approximate IRC is to 

carry out a sliding 51 point analysis in which the IRC for the midpoint of the initial 

interval (point 26) is estimated from the pseudo-first-order rate constant derived 

from the 51 data points. The IRC for subsequent points (27 to 1975 for a 2000 

point array) are obtained by sequentially sliding the data segment analyzed by 

one point. The IRC for point 27 is obtained from the points ranging from 2 to 52 

that for point 28 from points ranging from 3 to 53, and so forth until IRC for point 

1976 are obtained from the data segment from point 1950 to 2000. The 
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disadvantage of the latter method is that IRC for short times are not available 

from the analysis. 
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CHAPTER 7 

THE MECHANISM OF COVALENT BOND FORMATION DURING THE 

COMBINATION OF NITROSTYRENE WITH NUCLEOPHILES 

Abstract 

Trans-β-nitrostyrene undergoes a combination reaction with nitroethide ion 

in acetonitrile-water or DMSO-water resulting in the formation of the carbanionic 

adduct. The rate of the reaction in DMSO-water was observed to be about 160 

folds of that of in acetonitrile-water. Conventional pseudo-first-order analysis as 

well as instantaneous rate constant analysis showed that the reaction takes 

place in two steps presumably by the pre-association mechanism. Computations 

at the M06-2x/6-31+G(d) level are consistent with the experimental study and 

provide the structure of the reactant complex intermediate. 

Introduction 

Trans-β-nitrostyrene (BNS) has long been known to undergo combination 

reactions with nucleophiles including thiolate ion,1 alkoxide ions,2-3 hydroxide 

anions,4-7 carbon anions8-10 and secondary amines.11-12 In the case of ionic 

nucleophiles the products of the reactions were observed to be the carbanion 

resulting from the attack of the nucleophile upon the double bond accompanied 

by the formation of a single covalent bond. Bernasconi’s group has devoted 

considerably effort in the study of nucleophilic addition to olefins reactions.5-9 The 

general mechanism for the Michael addition reactions shown in their work is 

illustrated in Scheme 7-1, where X and Y are electron-withdrawing groups. The 
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second step, acid – base equilibrium is usually rapid on the time scale of the first 

step, although in some cases it has been found to be (partially) rate limiting.13 

SCHEME 7-1. The Michael Addition Reaction 
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They reported that the same rate was observed when monitoring 

reactants or products which shows that no intermediate accumulates during the 

Michael addition reactions studied and that excellent first-order behavior was 

observed in all cases. Table 7-1 summarizes the rate and equilibrium constants 

for the reaction of benzylidenemalononitrile (BMN) with CH(CN)2
-, piperidine, and 

morpholine disclosed in their kinetic study.8 

TABLE 7-1. Rate and Equilibrium Constants for the Reactions of BMN with 
CH(CN)2

-, Piperidine, and Morpholine 
 CH(CN)2

- piperidine13 morpholine14

constants Water,  
298 K 

DMSO/Water 
(1/1), 293 K 

DMSO/Water 
(1/1), 293 K 

DMSO/Water 
(1/1), 293 K 

k1/M
-1s-1 3.44×105 9.50×105 2.10×105 5.9×104 

k-1/s
-1 7.69 6.52 1.36×104 2.6×105 

pKa
CH a 6.19 5.07 8.43 8.43 

pKa
Nu b      11.19         10.21       11.00 8.72 
     

a Refers to T0; b Refers to CH2(CN)2, piperidine H+ and morpholine H+, 
respectively.  
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It is obvious they treated the first step of the Michael addition reactions as 

a simple one-step process. Over the past several years we have reported that a 

number of fundamental organic reactions, long believed to take place by one-

step mechanisms, actually take place by more complex mechanisms involving 

the formation of kinetically significant intermediates. The reactions include an E2 

elimination raction,15 a Diels-Alder reaction,16 the reaction of 2, 4, 6-trinitroanisole 

(TNA) with methoxide ion17 and proton transfer from simple nitroalkanes to 

hydroxide ion.18 In this chapter, we report the kinetics and mechanism of the 

reaction of  BNS with nitroethide ion in acetonitrile-water (AN/W = 3/1, v/v) or 

DMSO-water (3/1, v/v) to give solutions of the corresponding stable carbanion. 

Our experimental data are inconsistent with the simple one-step mechanism and 

once more suggests the kinetically significant complex mechanism. 

The simplest bimolecular organic reaction possible is the combination of 

two reactants resulting in the formation of only one covalent bond without an 

accompanying cleavage of any single bonds. The combination of anions with 

BNS to give the stable carbanions is an example of such reactions. These 

systems offer the possibility of studying the mechanism of a single covalent bond 

formation. 

Results and Discussion 

The spectra illustrated in Figure 7-1 were obtained during the reaction of 

BNS (0.0001 M) with nitroethide ion (0.01 M) in AN/W (3/1, v/v). The absorbance 

due to reactant indicated by the downward arrow decreases in the expected 

manner while that due to the carbanionic product was masked by the BNS 
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absorbance. The spectra suggest conversion of substrate to product without the 

intervention of significant side-reactions. 

 

FIGURE 7-1. UV/Vis spectra during the reaction of BNS (0.0001 M) with 
nitroethide ion (0.01 M) in AN/W (3/1, v/v) at 298 K. Time between spectra 
equals 20 s. The last spectrum shown is the 30th recorded at 600s. 

Half-Life Dependence of Conventional Pseudo-First-Order Rate 

Constants. Whether or not the reactions conform to simple mechanism kinetics 

can be assessed by the conventional first-order analysis of ln (1 - E.R.) – time 

profiles where E.R. is the extent of reaction. The data obtained from the 

conventional pseudo-first-order study for the reaction of BNS with nitroethide ion 

in two different solvents at 298K are summarized in Table 7-2 and Tables A-23 – 

A-27. When the solvent is AN/Water (3/1, v/v), the values of the apparent 

pseudo-first-order rate constant (kapp) steadily decreased from 0.0473 over the 

first 0.5 half-lives (HL) to 0.0368 at 4.0 HL, approximately with a change of 22%. 

A similar pattern of kapp as a function of the degree of reaction encompassed in 

the analysis was observed when the solvent is DMSO/Water (3/1, v/v) (column 
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3), but in this case the variations were much greater, 0.823 to 0.490 over the 

same range of degree of reaction, about a change of 40%. In contrast to the 

modest changes in kapp observed, the corresponding changes in the zero-time 

intercepts are much more remarkable, which indicates that this parameter is 

much more sensitive to the deviations from the first-order kinetics than kapp is. 

These values are also listed in the Table 7-2. Obviously, the response expected 

for the simple one-step mechanism is a constant value of kapp and an intercept 

independent of the number of HL taken into the linear least squares correlation. 

TABLE 7-2. Changes in the Slopes and the Intercepts with the Extent of 
Reaction During Conventional Pseudo-First-Order Analysis for the 
Reaction of BNS with Nitroethide Ion in Two Different Solvents at 298K and 
310 nm 

No. HL 
in AN/Water (3/1, v/v) a in DMSO/Water (3/1, v/v) b

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 
0.5 0.0473     -0.000384 0.823    -0.00733 
1.0 0.0457 0.00480 0.807    -0.00412 
2.0 0.0438 0.0196 0.770 0.0131 
3.0 0.0413 0.0536 0.703 0.0685 
4.0 0.0368 0.149 0.490 0.380 

     
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. 

The plots shown in Figure 7-2 allow visual inspection of pseudo-first-order 

analyses of the reaction of BNS with nitroethide ion. The large deviations 

between the experimental data using conventional first-order analysis and the 

least-squares linear fit for the simple one-step mechanism clearly reveal that the 

reaction does not conform to simple one-step mechanism kinetics. The left profile 

is for the reaction in AN/W (3/1, v/v) and the right one is in DMSO/W (3/1, v/v). 

The most obvious results of a visual comparison of the pseudo-first-order plots 
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on the left and the right of Figure 7-2 are that (1) the deviation of the 

experimental data from the least-squares correlation line is significantly greater 

when the solvent is DMSO/W (3/1, v/v) than AN/W (3/1, v/v) and (2) the slope of 

the correlation line is more than an order of magnitude greater for the former 

even though the [nitroethide] is a factor of 2 lower. 

FIGURE 7-2. Pseudo-first-order plots for the reaction of BNS with nitroethide ion 
in AN/W (3/1, v/v) (a) and DMSO/Water (3/1, v/v) (b) at 298 K and 310 nm. Red 
line is our experimental data using conventional first-order analysis and dark line 
is the least square linear fit for simple one-step mechanism. 

Numerical Mechanism Probes. The time ratio (t0.50/t0.05) is a very useful 

mechanism probe in the analysis of reaction mechanism.19-20 The time ratio is 

equal to 13.5 for a pseudo-first-order reaction taking place in a simple one-step 

(1) regardless of whether reactant or product is monitored. The time ratio data for 

the reaction between BNS and nitroethide ion, along with second-order rate 

constants as a function of the wavelength of the measurement are summarized 

in Table 7-3. The value of the time ratio for a more complex mechanism, in 

particular for the “pre-association” mechanism (2) depends upon whether 

reactant decay (≥13.5) or product evolution (≤13.5) is monitored. The data in 
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Table 7-3 were obtained at wavelengths where reactant, but not product, has 

significant absorbance. At all wavelengths monitored, the time ratio is greater 

than 13.5 which is consistent with the decrease in reactant absorbance with time 

for complex mechanism. The variation in the time ratio may be a reflection of 

absorbance due to the intermediate which is present in low concentrations. There 

is a significant solvent effect: the reaction rate constants are much larger in 

aqueous DMSO than in aqueous acetonitrile. Considering the data observed at 

340 nm, the second-order rate constant is about 1 M-1s-1 in aqueous acetonitrile 

while in aqueous DMSO the second-order rate constant is observed to be 169 M-

1s-1. The solvent effect is most likely, in part, due to the fact that the more polar 

aqueous DMSO solvent more strongly destabilizes the anions. The effective 

[HOH] concentration may also be lower in DMSO due to its greater H-bonding 

ability. 

 

TABLE 7-3. Time Ratios and Second-Order Rate Constants for the 
Combination Reaction of BNS with Nitroethide Ion in AN/Water (3/1, v/v) 
and DMSO/Water (3/1, v/v) at 298K over a Range of Wavelengths 

λ/nm 
AN/W (3/1, v/v) a DMSO/W (3/1, v/v) b 

t0.50/t0.05 k2/M
-1s-1 t0.50/t0.05 k2/M

-1s-1 
310 14.5 1.13 14.0 170 
320 14.4 1.16 13.9 172 
330 14.4 1.17 14.5 167 
340 14.6 1.17 14.5 169 
350 15.1 1.17 15.2 173 
360 15.6 1.16 15.4 171 

     
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. 
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Sequential Pseudo-First-Order Linear Correlation. The 24-point 

sequential non-conventional kinetics analysis has been described in previous 

chapters. The apparent rate constants for the reaction of BNS with nitroethide ion 

in two different solvents obtained using the successive correlation method are 

summarized in Table 7-4 and Tables A-28 – A-31. It is obvious that the kapp – 

time profiles begin at relatively high values of kapp and decay with time toward 

steady-state values at all of the wavelengths. At 320 nm, the value of kapp in 

segment 1 was observed to be equal to 0.0762 s-1 and then was observed to 

decrease steadily to 0.0450 s-1 at segment 24 when the solvent is AN/Water (3/1, 

v/v). A similar pattern of kapp as a function of time in the analysis was observed 

when the solvent is DMSO/Water (3/1, v/v), but in this case the kapp decreases 

from 1.026 s-1 to 0.802 s-1 over the same range of degree of reaction (over the 

first half-life). The expected result of the sequential 24-point procedure for the 

simple one-step mechanism is an apparent rate constant, independent of time 

and of the particular time segment analyzed. 

The apparent instantaneous rate constants (kIRC) – time profiles for the 

reaction between BNS and nitroethide ion in two different solvents are illustrated 

by the plots in Figure 7-3 and Figures A-31 – A-34. The kIRC – time profiles have 

the form expected for reactant decay in a complex mechanism decreasing rapidly 

from an initial value of close to 0.09 s-1 when the solvent is AN/Water (3/1, v/v) 

(a) and 0.93 s-1 when the solvent is DMSO/Water (3/1, v/v) (b), respectively, 

toward steady-state values, while that expected for the simple one-step 

mechanism is a straight line with zero slopes. 
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TABLE 7-4. Apparent Rate Constants and Standard Deviations Obtained by 
the Sequential Pseudo-First-Order Analysis for the Reaction of BNS with 
Nitroethide Ion in AN/Water (3/1, v/v) and DMSO/Water (3/1, v/v) over the 
First Half-Life at 298K and 320 nm 

time/s 
AN/W (3/1, v/v) a  

DMSO/W (3/1, v/v) 
b Segment 

kapp/s
-1 ± time/s kapp/s

-1 ± 
0.047 0.0762 0.0114 0.002 1.026 0.280 1 
0.089 0.0687 0.0037 0.005 0.937 0.189 2 
0.132 0.0606 0.0032 0.007 0.913 0.180 3 
0.174 0.0569 0.0035 0.009 0.899 0.097 4 
0.217 0.0542 0.0036 0.011 0.887 0.062 5 
0.429 0.0495 0.0024 0.023 0.843 0.042 6 
0.854 0.0475 0.0007 0.045 0.826 0.021 7 
1.279 0.0467 0.0013 0.067 0.824 0.020 8 
1.704 0.0462 0.0014 0.090 0.820 0.018 9 
2.129 0.0459 0.0014 0.112 0.817 0.015 10 
2.554 0.0457 0.0014 0.135 0.817 0.012 11 
2.979 0.0456 0.0013 0.157 0.816 0.010 12 
3.404 0.0455 0.0013 0.179 0.815 0.009 13 
3.829 0.0454 0.0012 0.202 0.814 0.008 14 
4.254 0.0454 0.0012 0.224 0.813 0.007 15 
4.679 0.0453 0.0011 0.247 0.812 0.007 16 
5.104 0.0453 0.0011 0.269 0.811 0.006 17 
5.529 0.0453 0.0010 0.291 0.810 0.006 18 
5.954 0.0452 0.0010 0.314 0.808 0.006 19 
6.379 0.0452 0.0010 0.336 0.807 0.006 20 
6.804 0.0451 0.0010 0.359 0.806 0.006 21 
7.229 0.0451 0.0010 0.381 0.805 0.006 22 
7.654 0.0451 0.0009 0.403 0.803 0.006 23 
8.079 0.0450 0.0009 0.426 0.802 0.006 24 

       
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 5.0 
mM. Average of 3 sets of 20 stopped-flow repetitions. 
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FIGURE 7-3. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction between BNS and nitroethide in ion AN/Water (3/1, v/v) (a) and 
DMSO/Water (3/1, v/v) (b) at 298K and 320 nm. 

All of the kinetic data for the reaction between BNS and nitroethide ion are 

consistent with the “pre-association” mechanism in which the intermediate 

(“Reactant Complex”) is kinetically significant (Scheme 7-2). The fact that the 

overall reaction is so simple, i.e., the combination reaction only involves the 

formation of a covalent bond between nitroethide ion and the α-carbon of BNS, 

strongly suggests that the “Reactant Complex” is not covalently bonded but 

rather held together by non-bonded interactions between the two reactants. 

SCHEME 7-2. The Proposed Mechanism for the Reaction Between BNS and 
Nitroethide Ion 
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Computations at the M06-2x/6-31+G(d) level were carried out for the 

reaction of BNS with nitroethide ion in acetonitrile and provided the structures of 

the reactant complex and the transition state. The optimized structures shown in 

Figure 7-4 were confirmed by frequency calculations to be minima on the 

reaction coordinate using the same level of theory. In addition, the calculated 

reaction coordinate diagram for the reaction of BNS with nitroethide ion in 

acetonitrile is shown in Figure 7-5 where CP represents the reactant complex. 

The calculated transition state free energy is 12.0 kcal mol-1. The experimental 

overall activation Gibbs free energy in AN/Water (3/1, v/v) is 17.3 kcal mol-1 

(second-order rate constants at various temperatures for this reaction are listed 

in Table A-32). 

Conclusions 

The Michael addition reaction between BNS and nitroethide ion in two 

different solvents including aqueous acetonitrile and aqueous DMSO takes place 

by a pre-association mechanism in which the intermediate is kinetically 

significant (Scheme 7-2). This conclusion was derived from the experimental 

kinetic data which upon analysis revealed time dependent apparent rate 

constants for the reaction. Gaussian calculations at the M06-2x/6-31+G(d) level 

resulted in the observation of a reactant complex on the reaction coordinate 

leading to the transition state for the addition. 
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Reactant Complex Transition State 

 

 

Product  

FIGURE 7-4. Optimized structures of reactant complex and transition state as 
well as product in acetonitrile with the M06-2x/6-31+(d)/SMD method. 

 

FIGURE 7-5. The reaction coordinate for the reaction of BNS and NE- in 
acetonitrile at 298.15K calculated using the M06-2x/6-31+G(d)/SMD method. 
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Experimental Section 

Materials. Trans-β-nitrostyrene was obtained commercially from Aldrich 

and recrystallized from isopropanol. Nitroethane was also obtained commercially 

from Aldrich and was redistilled at reduced pressure before use. Nitroethide ion 

was freshly prepared through the reaction of nitroethane with 

tetramethylammonium hydroxide for each experiment. Acetonitrile was refluxed 

and distilled over P2O5 under a nitrogen atmosphere and past through an Al2O3 

column before transferring into the glove box. Distilled water was further purified 

by passing through a Barnsted Nanopure Water System. Commercial DMSO 

was redistilled at reduced pressure before use. 

Kinetic Experiments. Kinetic experiments were carried out using a Hi-

Tech SF-61 DX2 stopped-flow spectrophotometer installed in a glove box and 

kept under a nitrogen atmosphere. The temperature was controlled at 298 K 

using a constant temperature flow system connected directly to the reaction cell 

through a bath situated outside of the glove box. All stopped-flow experiments 

included the recording of at least 20 absorbance – time profiles over the 

wavelengths range from 310 nm to 360 nm at 10 nm intervals. Each experiment 

was repeated at least three times. The 2000-point absorbance – time curve data 

were collected over either 1+ or 4+ HL.    
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CHAPTER 8 

THE SN2 DISPLACEMENT OF HALIDE IONS BY 4-NITROPHENOXIDE ION 

Abstract 

The SN2 reactions of p-nitrophenoxide ion (PNPO-) with m- or p-

nitrobenzyl bromide (MNBBr or PNBBr) in acetonitrile were studied by 

instantaneous rate constant analysis and other non-steady-state kinetic methods 

under pseudo-first-order conditions. All of the kinetic data clearly show the 

behavior expected for the pre-association mechanism involving the reversible 

formation of a kinetically significant “reactant complex”. The latter is kinetically 

significant and gives rise to large deviations from first-order kinetics. 

Introduction 

An accepted definition of the SN2 mechanism for a reaction in solution is: 

“The nucleophile approaches the substrate from the backside, 180o away from 

the leaving group. The reaction is a concerted process with no intermediate.” 

Since the mechanism was named in 1937 by Hughes and Ingold1 this statement 

has been accepted as fact with very little discussion to the contrary.  

Gas-phase experiments have contributed significantly to the current 

revival of interest in solvent effects on bimolecular substitution reactions. These 

investigations have provided striking evidence of the profound influence of 

solvation on rates and orders of nucleophilicity for SN2 reactions of anions with 

alkyl halides. The kinetic data and quantum mechanical calculations have also 

revealed that the gas-phase reactions have double-well energy surfaces 

featuring ion-dipole complexes as minima.2-6 In contrast, the detailed shapes of 
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the energy surfaces for these important reactions in solution are largely a matter 

of conjecture. Unimodal, concerted profiles without intermediates are widely 

assumed in the literature.7-10 

Calculations by Jorgensen11-13 on the reaction between chloride ion and 

methyl chloride (Cl- + CH3Cl) in dimethylformamide (DMF) suggested that the 

corresponding ion-dipole complex appears as an energy minimum (Figure 8-1). 

His results lead one to question the likelihood of concerted SN2 reactions in non-

aqueous media, i.e., proceeding without the presence of intermediates.14 

Analyses of Brønsted plots for SN2 reactions in DMSO have also been recently 

interpreted in terms of a two-stage mechanism.15 

 

FIGURE 8-1. Calculated internal energies in the gas phase (short dashes) and 
the potential of mean force in DMF (long dashes) and in aqueous solution (solid 
curve) for the reaction of Cl- with CH3Cl as a function of the reaction coordinate, 
Rc, in angstroms. 
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A recent study shows16 that the details of the SN2 mechanism are still of 

major interest. But in that study, Jorgensen no longer mentioned the intermediate 

ion-dipole complexes. That study dealt with the steric and solvation effects in the 

reactions of chloride ion with a series of alkyl chloronitriles with widely differing 

steric environment of the chloro bearing C atom. The solution kinetics were 

carried out in dimethyl formamide with tetraethylammonium ion as supporting 

counter ion. An interesting conclusion from this study is that the magnitude of the 

steric effect is not significantly different in the gas phase and in solution. The SN2 

potential energy surfaces proposed in that study are shown in Figure 8-2. It was 

suggested that the smaller ionic nucleophile (X-) is solvated much better than the 

transition state, which is a large and dispersed ion. 

 

 

FIGURE 8-2. Comparison of gas-phase and solution-phase SN2 potential energy 
surfaces. 
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Although the ion-dipole mechanism was suggested for some reactions of 

carbanion nucleophiles,17 there has not been much activity among organic 

chemists to test the generality of the latter. We have observed that the kinetics of 

the reaction between p-nitropheoxide ion and methyl iodide in acetonitrile or 

aqueous acetonitrile are inconsistent with the simple one-step SN2 mechanism 

and suggested the possibility of the formation of a kinetically significant 

intermediate (Scheme 7-1).18-19 Although significant, the results were presented 

in terms that are somewhat unfamiliar to most organic chemists in ionic SN2 

reactions.  

SCHEME 8-1. The Mechanism for the Reaction Between PNPO- and Methyl 
Iodide in Acetonitrile 

 

We have now obtained definitive kinetic evidence that the displacement of 

halide ion from m-nitrobenzyl bromide (MNBBr) or p-nitrobenzyl bromide (PNBBr) 

by PNPO- in acetonitrile takes place by a two-step pre-association mechanism. 

This evidence includes instantaneous rate constant (IRC) studies as well as 

conventional pseudo-first-order kinetic studies. 

Results and Discussion 

The spectra illustrated in Figure 8-3 were obtained during the reaction of 

PNPO- (0.06 mM) with MNBBr (0.04 M) in acetonitrile at 298 K. The absorbance 
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due to reactant indicated by the downward arrow decreases in the expected 

manner. The reactions were monitored by stopped-flow spectrophotometry at 10 

nm intervals over the entire wavelength region of the broad absorbance band 

due to p-nitrophenoxide ion from 410 nm to 460 nm. 

 

FIGURE 8-3. UV/Vis spectra during the reaction of PNPO- (0.06 mM) with 
MNBBr (0.04 M) in acetonitrile at 298 K. Time between spectra equals 120 s. 
The last spectrum shown is the 20th recorded at 2400s. 

In this chapter, we will elucidate the actual mechanism of the topical 

displacement reaction in terms of the experimental kinetic data which were 

analyzed using the same methods as the previous chapters. The first analysis 

method we used in this chapter is the numerical mechanism probes. The 

mechanism probes, time ratio t0.50/t0.05 and rate constant ratio kinit/ks.s. provide a 

quantitative measure of the deviation from one-step behavior.20 Table 8-1 

summarizes the mechanism probe parameters observed for the displacement 

reaction between MNBBr and PNPO- in acetonitrile at 298 K along with values of 

the steady-state rate constants (ks.s.) as a function of the wavelength of the 
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measurement. Under two different concentrations of MNBBr (0.04 M and 0.08 

M), all of the time ratios t0.50/t0.05 are significantly greater than 13.5, and the rate 

constant ratios kinit/ks.s. are significantly greater than unity observed while 

monitoring reactant decay over the entire applicable wavelengths. The results 

are consistent with the pre-association mechanism involving the reversible 

formation of a kinetically significant “reactant complex.” The wavelength 

dependent time and rate constant ratios also indicate that the reaction involves 

an intermediate. The values of ks.s with 0.08 M MNBBr are almost two times of 

those at 0.04 M MNBBr. 

TABLE 8-1. Time and Rate Constant Ratios for the Displacement Reaction 
Between MNBBr and PNPO- in Acetonitrile at 298K over a Range of 
Wavelengths 

λ/nm t0.50/t0.05
a kinit/ks.s. 

a ks.s./s
-1 a 

410 21.8 2.06 0.00171 
420 21.6 1.90 0.00175 
430 18.1 1.52 0.00175 
440 17.4 1.52 0.00177 
450 17.6 1.55 0.00178 
460 19.3 1.62 0.00169 

    
λ/nm t0.50/t0.05

b kinit/ks.s. 
b ks.s./s

-1 b 
410 17.7 1.63 0.00339 
420 17.9 1.81 0.00345 
430 18.3 1.59 0.00349 
440 20.3 2.01 0.00359 
450 18.1 1.69 0.00350 
460 16.3 1.48 0.00341 

    
a [MNBBr] = 0.04 M, [PNPO-] = 0.06 mM. b [MNBBr] = 0.08 M, [PNPO-] = 0.06 
mM. 

Similar results were obtained for the displacement reaction between 

PNBBr and PNPO- in acetonitrile at 298 K and are sumarized in Table 8-2. The 

variance in both the time and the rate constant ratios as a function of wavelength 
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is most likely due to changes in the reactant/intermediate extinction coefficients 

with wavelength. The values of ks.s. for PNBBr are 10% greater than those for 

MNBBr with the concentration of 0.04 M. With the higher concentration 0.08 M, 

the difference is even larger (31%).  

TABLE 8-2. Time and Rate Constant Ratios for the Displacement Reaction 
Between PNBBr and PNPO- in Acetonitrile at 298K over a Range of 
Wavelengths 

λ/nm t0.50/t0.05
a kinit/ks.s. 

a ks.s./s
-1 a 

420 17.1 1.57 0.00189 
430 17.0 1.41 0.00190 
440 18.4 1.57 0.00189 
450 15.7 1.52 0.00195 
460 15.4 1.31 0.00194 

    
λ/nm t0.50/t0.05

b kinit/ks.s. 
b ks.s./s

-1 b 
420 16.2 2.16 0.00451 
430 19.2 1.94 0.00468 
440 23.7 2.83 0.00464 
450 23.2 2.74 0.00455 
460 20.2 2.77 0.00437 

    
λ/nm t0.50/t0.05

c kinit/ks.s. 
c ks.s./s

-1 c 
420 28.6 3.18 0.00716 
430 27.8 2.77 0.00726 
440 29.7 3.02 0.00709 
450 21.9 2.02 0.00692 
460 23.0 2.00 0.00681 

    
a [PNBBr] = 0.04 M, [PNPO-] = 0.06 mM. b [PNBBr] = 0.08 M, [PNPO-] = 0.06 
mM. c [PNBBr] = 0.16 M, [PNPO-] = 0.06 mM. 

The second analysis method is the 24-point sequential pseudo-first-order 

kinetics analysis. The apparent rate constants for the displacement reactions 

between MNBBr/PNBBr and PNPO- in acetonitrile at 298 K obtained using the 

successive correlation method are summarized in Tables 8-3 and 8-4 as well as 

in Tables A-33 – A-40. It is obvious that the kapp – time profiles begin at relatively 
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high values of kapp and decay with time toward steady-state values at all of the 

wavelengths. At 420 nm, the value of kapp in segment 1 was observed to be equal 

to 0.00640 s-1 and then was observed to decrease steadily to 0.00175 s-1 at 

segment 24 when the reactant is MNBBr. A similar pattern of kapp as a function of 

time in the analysis was observed when the reactant is PNBBr, but in this case 

the kapp decreases from 0.00798 s-1 to 0.0.00189 s-1 over the same range of 

degree of reaction (over the first half-life). The expected result of the sequential 

24-point procedure for the simple one-step mechanism is a rate constant, 

independent of time and of the particular time segment analyzed. 

The apparent instantaneous rate constants (kIRC) – time profiles for the 

displacement reactions between MNBBr/PNBBr and PNPO- in acetonitrile are 

illustrated by the plots in Figure 8-4. The kIRC – time profiles have the form 

expected for reactant decay in a complex mechanism decreasing rapidly from an 

initial value of close to 0.009 s-1 when the reactant is MNBBr at 0.04 M (a), and 

0.05 s-1 when the reactant is PNBBr at 0.08 M (b), respectively, which decay 

toward steady-state values, while that expected for the simple one-step 

mechanism is a straight line with zero slopes. 

The data presented in Tables 8-1 – 8-4 and Figure 8-4 provide 

indisputable evidence that none of the reactions studied take place by a simple 

one-step mechanism. All of the data observed are consistent with the pre-

association mechanism. The only evidence that is available with regard to the 

structure of the intermediate is that it is reactant-like, absorbing over the entire 

wavelength region where the reactant absorbs. This suggests that the 
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intermediate is a non-covalent bonded complex and the ion-dipole complex 

(Scheme 8-2) is one possibility. The ion-dipole structure has previously been 

suggested for the intermediate in the pre-association SN2 reaction of PNPO- with 

methyl iodide.5 

TABLE 8-3. Apparent Rate Constants for the Displacement Reaction 
Between MNBBr (0.04 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengthsa 

time/s 
410 nm 420 nm 430 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
1.1 0.00747 0.00209 0.00640 0.00240 0.00673 0.00258 1 
2.1 0.00466 0.00084 0.00372 0.00120 0.00364 0.00117 2 
3.1 0.00367 0.00057 0.00301 0.00073 0.00281 0.00083 3 
4.1 0.00329 0.00048 0.00285 0.00059 0.00246 0.00076 4 
5.1 0.00304 0.00038 0.00280 0.00053 0.00234 0.00064 5 

10.1 0.00271 0.00033 0.00286 0.00048 0.00231 0.00040 6 
20.1 0.00256 0.00031 0.00285 0.00029 0.00231 0.00016 7 
30.1 0.00238 0.00023 0.00258 0.00021 0.00220 0.00010 8 
40.1 0.00223 0.00017 0.00235 0.00014 0.00208 0.00007 9 
50.1 0.00211 0.00011 0.00221 0.00011 0.00199 0.00006 10 
60.1 0.00203 0.00009 0.00210 0.00009 0.00194 0.00005 11 
70.1 0.00198 0.00009 0.00203 0.00008 0.00190 0.00004 12 
80.1 0.00194 0.00008 0.00197 0.00007 0.00187 0.00004 13 
90.1 0.00189 0.00007 0.00192 0.00006 0.00184 0.00004 14 
100.1 0.00186 0.00006 0.00189 0.00006 0.00182 0.00003 15 
110.1 0.00183 0.00005 0.00186 0.00005 0.00181 0.00003 16 
120.1 0.00181 0.00005 0.00184 0.00005 0.00180 0.00003 17 
130.1 0.00179 0.00004 0.00182 0.00004 0.00178 0.00003 18 
140.1 0.00177 0.00004 0.00181 0.00004 0.00177 0.00003 19 
150.1 0.00176 0.00004 0.00179 0.00004 0.00177 0.00003 20 
160.1 0.00174 0.00003 0.00178 0.00004 0.00176 0.00003 21 
170.1 0.00173 0.00003 0.00177 0.00004 0.00176 0.00003 22 
180.1 0.00172 0.00003 0.00176 0.00003 0.00175 0.00003 23 
190.1 0.00171 0.00003 0.00175 0.00003 0.00175 0.00003 24 

        
a Average of 10 stopped-flow repetitions. 
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TABLE 8-4. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.04 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengthsa 

time/s 
420 nm 430 nm 440 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
1.1 0.00798 0.00309 0.00495 0.00219 0.00438 0.00199 1 
2.1 0.00338 0.00183 0.00300 0.00104 0.00331 0.00096 2 
3.1 0.00241 0.00103 0.00277 0.00065 0.00294 0.00073 3 
4.1 0.00225 0.00055 0.00266 0.00046 0.00269 0.00065 4 
5.1 0.00220 0.00034 0.00257 0.00035 0.00257 0.00055 5 

10.1 0.00234 0.00025 0.00250 0.00013 0.00260 0.00025 6 
20.1 0.00253 0.00018 0.00249 0.00021 0.00265 0.00028 7 
30.1 0.00242 0.00013 0.00237 0.00015 0.00247 0.00022 8 
40.1 0.00231 0.00009 0.00227 0.00010 0.00232 0.00017 9 
50.1 0.00220 0.00007 0.00218 0.00007 0.00222 0.00013 10 
60.1 0.00213 0.00006 0.00211 0.00006 0.00216 0.00010 11 
70.1 0.00208 0.00005 0.00207 0.00004 0.00211 0.00008 12 
80.1 0.00204 0.00005 0.00203 0.00003 0.00206 0.00007 13 
90.1 0.00200 0.00004 0.00200 0.00003 0.00203 0.00006 14 
100.1 0.00198 0.00004 0.00198 0.00002 0.00200 0.00005 15 
110.1 0.00196 0.00004 0.00196 0.00002 0.00198 0.00004 16 
120.1 0.00194 0.00003 0.00195 0.00001 0.00196 0.00003 17 
130.1 0.00193 0.00003 0.00194 0.00001 0.00194 0.00003 18 
140.1 0.00192 0.00003 0.00193 0.00001 0.00193 0.00003 19 
150.1 0.00192 0.00003 0.00193 0.00001 0.00192 0.00002 20 
160.1 0.00191 0.00003 0.00192 0.00001 0.00191 0.00002 21 
170.1 0.00190 0.00002 0.00191 0.00001 0.00190 0.00002 22 
180.1 0.00190 0.00002 0.00191 0.00001 0.00189 0.00002 23 
190.1 0.00189 0.00002 0.00190 0.00001 0.00189 0.00002 24 

        
a Average of 10 stopped-flow repetitions. 

In addition, the fact that the form of the kinetic data for the reactions of 

PNPO- with bromoacetonitrile and phenoxide ion (PO-) with bromoacetonitrile 

(BrAN) or methyl iodide (MeI) very closely resembles that for the corresponding 

reactions of PNPO- with MNBBr, suggests that the same mechanism is followed 

in all of the displacement reactions studied. 
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FIGURE 8-4. Apparent instantaneous rate constants (kIRC) – time plots for the 
displacement reactions between MNBBr (40 mM, a)/PNBBr (80 mM, b) and 
PNPO- in acetonitrile at 298K. 

SCHEME 8-2. The Proposed Mechanism for the Reaction Between PNPO- 
and MNBBr in Acetonitrile 

 

Conclusions 

The SN2 displacement reactions of p-nitrophenoxide ion (PNPO-) with m- 

or p-nitrobenzyl bromide (MNBBr or PNBBr) in acetonitrile take place by the pre-

association mechanism in which the intermediates are kinetically significant 

(Scheme 8-2). One possibility for the intermediate which is called the reactant 
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complex in this dissertation is an ion-dipole complex. The kinetic data we have 

obtained deviate from the first-order kinetics for all of the displacement reactions 

studied which include the reactions of PNPO- with MNBBr, PNPO- with PNBBr, 

PNPO- with MeI, PNPO- with BrAN, PO- with BrAN, and PO- with MeI. As a result 

of the extensive studies on this broad pairs of reactants we predict that the single 

transition-state model is not appropriate for the SN2 displacement reactions. The 

pre-association mechanism fits the data used in our pseudo-first-order rate 

constant analysis and is therefore the most suitable mechanism for the 

displacement reactions. 

Experimental Section 

Materials. m-Nitrobenzyl bromide (MNBBr) and p-nitrobenzyl bromide 

(PNBBr) were obtained commercially from Aldrich and recrystallized from 

isopropanol for at lease four times before use. Bromoacetonitrile (BrAN) and 

methyl iodide (MeI) were also obtained commercially from Aldrich and redistilled 

before use. Acetonitrile was refluxed and distilled over P2O5 under a nitrogen 

atmosphere and past through an Al2O3 column before transferring into the glove 

box. p-Nitrophenoxide tetrabutylammonium (PNPO-) was synthesized from p-

nitrophenyl acetate and tetrabutylammonium hydroxide (40 wt. % solution in 

water) in dichloromethane. After removing the solvent, yellow solid was obtained. 

The product was identified by 1HNMR. 

The Procedure for the Displacement Reactions. m-Nitrobenzyl bromide 

(MNBBr, 0.001mol) was allowed to react with p-nitrophenoxide ion (PNPO-N+Bu4, 

0.0015mol) in 25 ml acetonitrile at room temperature. After stirring for about one 
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week, the solvent was removed. The yellow residual was dissolved in ether. The 

solution was then filtered to remove excess PNPO- (because PNPO- is insoluble 

in ether). After removing the solvent, it gave yellow solid including a little bit white 

solid on the flask wall (the white solid is Bu4N
+Br-). The resulting yellow solid was 

washed thoroughly with water and dried to give light yellow solid, the product of 

the displacement reaction. The 1HNMR spectra for the product of the 

displacement reaction between MNBBr and PNPO- in CDCl3 is illustrated in 

Figure A-35. 

Kinetic Experiments. Kinetic experiments were carried out using a Hi-

Tech SF-61 DX2 stopped-flow spectrophotometer installed in a glove box and 

kept under a nitrogen atmosphere. The temperature was controlled at 298 K 

using a constant temperature flow system connected directly to the reaction cell 

through a bath situated outside of the glove box. All stopped-flow experiments 

included the recording of at least 10 absorbance – time profiles over the 

wavelengths range from 410 nm to 460 nm at 10 nm intervals. Each experiment 

was repeated at least three times. The 2000-point absorbance – time curve data 

were collected over one half-life.  
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CHAPTER 9 

CONCLUSIONS 

My overall conclusion for this dissertation is that the experimental data 

obtained and the subsequent analyses have shown that several typical 

fundamental organic chemical reactions previously believed to involve single 

transition-state processes actually take place by more complex mechanisms. It 

appears that this conclusion may be general and apply to all of the fundamental 

reactions in the organic chemistry field. I summarize my conclusions for the 

reactions that I have investigated in the following way: 

(1) The hydride transfer reaction between BNAH and MA+ in acetonitrile 

takes place in a three-step mechanism which involves two intermediates: a CT 

complex and a reactant complex. The two intermediates have no new covalent 

bonds and are held together by the non-bonding overlap of -orbitals in the two 

moieties. 

(2) The hydride transfer reaction between MAH and Tr+ in acetonitrile 

takes place by a complex mechanism with a kinetically significant intermediate. 

Gaussian calculations at the M06-2x/6-311++G(d,p) level resulted in the 

observation of a reactant complex on the reaction coordinate leading to the 

transition state for hydride transfer.  

(3) The most important conclusion for the reaction of MAH with BQCN+ in 

AN is that it takes place by a multi-step mechanism. Another conclusion of some 

general importance is that oxygen takes part in a chain process during this 

reaction. This leads to the conclusion that the chain pathway of formal hydride 
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transfer in biological systems in nature may also involve the participation of 

oxygen. 

(4) The cation – anion combination reactions of TMT+ with acetate salts in 

acetic acid involve the formation of {TMT+ HOAc/AcO-}, which we regard as a 

solvent separated ion-pair, during the time of mixing. The intramolecular collapse 

of the solvent separated ion-pair then takes place by a two-step mechanism 

involving the formation of a kinetically significant “Reactant Complex” as an 

intermediate which we propose to be the intimate ion pair, {TMT+ -OAc}. Our 

observation that the HOAc/AcO- solutions are ideal systems to obtain detailed 

kinetic and mechanism information on these important reactions will eventually 

provide the means to greatly increase our knowledge of how these reactions take 

place. 

(5) The Michael addition reaction between BNS and nitroethide ion takes 

place by a pre-association mechanism in which the intermediate is kinetically 

significant. This conclusion was derived from the experimental kinetic data which 

upon analysis revealed time dependent apparent rate constants for the reaction. 

Gaussian calculations at the M06-2x/6-31+G(d) level resulted in the observation 

of a reactant complex on the reaction coordinate leading to the transition state for 

the addition. 

(6) The SN2 displacement reactions of p-nitrophenoxide ion (PNPO-) with 

m- or p-nitrobenzyl bromide (MNBBr or PNBBr) in acetonitrile take place by the 

pre-association mechanism in which the intermediates are kinetically significant. 

One possibility for the intermediate which is called the reactant complex in this 
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dissertation is an ion-dipole complex. The kinetic data we have obtained deviate 

from the first-order kinetics for all of the displacement reactions studied which 

include the reactions of PNPO- with MNBBr, PNPO- with PNBBr, PNPO- with 

MeI, PNPO- with BrAN, PO- with BrAN, and PO- with MeI. As a result of the 

extensive studies on this broad pairs of reactants we predict that the single 

transition-state model is not appropriate for the SN2 displacement reactions. The 

pre-association mechanism fits the data used in our pseudo-first-order rate 

constant analysis and is therefore the most suitable mechanism for the 

displacement reactions. 

The reactions discussed in this dissertation belong to three classes of 

fundamental organic reactions: the hydride transfer reactions between NADH 

model compounds, combination reactions, and SN2 displacement reactions. 

Therefore, the answer to the central question: “Is the single transition-state model 

appropriate for the fundamental reactions in organic chemistry?” is definitely No! 

 My research provides a significant re-evaluation of how to view the simple 

reactions in solution. This will affect theoretical approaches and will contribute to 

provide a framework to understand how e.g. solvation can affect reactivity. Our 

findings result in the necessity of revising many of the mechanisms believed to 

be established over the past seventy years and have a broad effect on the 

chemistry and biochemistry field.  
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Appendix A. Supplementary Information for All of the Reactions 

Discussed in this Dissertation 
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TABLE A-1. Apparent Rate Constants and Standard Deviations for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
BNAH (7.2 mM) and MA+ (0.3 mM) in Acetonitrile at 298 K and 410 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.008 0.910 0.309 1.473 0.375 1.050 0.567 1 
0.012 0.865 0.099 1.075 0.169 0.983 0.239 2 
0.016 0.768 0.053 0.969 0.075 0.944 0.095 3 
0.019 0.726 0.048 0.868 0.055 0.862 0.069 4 
0.023 0.685 0.037 0.803 0.042 0.794 0.051 5 
0.041 0.603 0.019 0.657 0.019 0.653 0.022 6 
0.077 0.569 0.012 0.588 0.020 0.585 0.015 7 
0.113 0.547 0.009 0.552 0.015 0.555 0.011 8 
0.150 0.540 0.006 0.539 0.010 0.536 0.008 9 
0.186 0.534 0.005 0.531 0.007 0.527 0.006 10 
0.222 0.530 0.004 0.525 0.005 0.523 0.006 11 
0.258 0.528 0.003 0.521 0.004 0.520 0.005 12 
0.294 0.527 0.003 0.519 0.003 0.517 0.004 13 
0.331 0.526 0.002 0.516 0.003 0.516 0.004 14 
0.367 0.525 0.002 0.515 0.002 0.514 0.004 15 
0.403 0.524 0.002 0.513 0.002 0.513 0.004 16 
0.439 0.524 0.002 0.512 0.002 0.514 0.004 17 
0.475 0.525 0.002 0.512 0.002 0.514 0.004 18 
0.512 0.526 0.002 0.512 0.002 0.514 0.004 19 
0.548 0.526 0.002 0.512 0.002 0.514 0.004 20 
0.584 0.526 0.002 0.511 0.002 0.513 0.004 21 
0.620 0.526 0.002 0.510 0.002 0.513 0.004 22 
0.656 0.526 0.002 0.510 0.002 0.512 0.004 23 
0.693 0.526 0.002 0.509 0.002 0.511 0.004 24 
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TABLE A-2. Apparent Rate Constants and Standard Deviations for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
BNAH (7.2 mM) and MA+ (0.3 mM) in Acetonitrile at 298 K and 420 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.008 1.160 0.259 1.120 0.242 1.290 0.399 1 
0.012 0.974 0.099 0.928 0.130 1.128 0.156 2 
0.016 0.870 0.034 0.827 0.068 0.990 0.084 3 
0.019 0.796 0.023 0.765 0.061 0.875 0.061 4 
0.023 0.747 0.028 0.721 0.054 0.799 0.037 5 
0.041 0.654 0.020 0.623 0.028 0.643 0.019 6 
0.077 0.621 0.018 0.598 0.019 0.557 0.013 7 
0.113 0.593 0.014 0.564 0.017 0.517 0.009 8 
0.150 0.578 0.010 0.548 0.013 0.503 0.006 9 
0.186 0.572 0.008 0.539 0.010 0.496 0.005 10 
0.222 0.567 0.006 0.536 0.009 0.490 0.004 11 
0.258 0.569 0.005 0.535 0.008 0.486 0.003 12 
0.294 0.569 0.004 0.532 0.007 0.484 0.003 13 
0.331 0.569 0.004 0.530 0.006 0.482 0.003 14 
0.367 0.568 0.003 0.527 0.006 0.480 0.003 15 
0.403 0.567 0.003 0.525 0.005 0.478 0.002 16 
0.439 0.567 0.003 0.524 0.005 0.477 0.002 17 
0.475 0.566 0.003 0.522 0.005 0.476 0.002 18 
0.512 0.566 0.003 0.521 0.005 0.475 0.002 19 
0.548 0.566 0.003 0.519 0.005 0.475 0.002 20 
0.584 0.566 0.002 0.518 0.005 0.474 0.002 21 
0.620 0.566 0.002 0.517 0.005 0.474 0.002 22 
0.656 0.566 0.002 0.516 0.005 0.473 0.002 23 
0.693 0.566 0.002 0.516 0.005 0.472 0.002 24 
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TABLE A-3. Apparent Rate Constants and Standard Deviations for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
BNAH (7.2 mM) and MA+ (0.3 mM) in Acetonitrile at 298 K and 430 nm 

time/s 
Set 1 Set 2 Set 3 

Segment
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.008 2.055 0.199 1.865 0.513 1.851 0.493 1 
0.012 1.789 0.071 1.752 0.296 1.647 0.324 2 
0.015 1.645 0.034 1.558 0.108 1.577 0.152 3 
0.019 1.500 0.035 1.354 0.053 1.413 0.065 4 
0.023 1.385 0.030 1.187 0.044 1.274 0.041 5 
0.042 1.062 0.022 0.792 0.020 0.883 0.022 6 
0.079 0.793 0.016 0.628 0.012 0.685 0.023 7 
0.117 0.666 0.011 0.552 0.009 0.591 0.013 8 
0.155 0.605 0.008 0.518 0.007 0.548 0.010 9 
0.192 0.570 0.006 0.501 0.005 0.527 0.008 10 
0.230 0.548 0.004 0.495 0.004 0.519 0.007 11 
0.267 0.533 0.003 0.489 0.004 0.512 0.006 12 
0.305 0.521 0.003 0.484 0.003 0.505 0.005 13 
0.343 0.513 0.002 0.481 0.003 0.501 0.005 14 
0.380 0.506 0.002 0.478 0.003 0.498 0.005 15 
0.418 0.501 0.002 0.476 0.003 0.495 0.004 16 
0.455 0.496 0.002 0.474 0.003 0.492 0.004 17 
0.493 0.493 0.002 0.472 0.003 0.491 0.004 18 
0.531 0.490 0.002 0.471 0.003 0.489 0.004 19 
0.568 0.486 0.002 0.470 0.003 0.487 0.004 20 
0.606 0.484 0.002 0.468 0.003 0.486 0.004 21 
0.643 0.481 0.002 0.467 0.003 0.485 0.004 22 
0.681 0.478 0.002 0.467 0.003 0.484 0.004 23 
0.719 0.476 0.002 0.466 0.003 0.484 0.004 24 
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TABLE A-4. Apparent Rate Constants and Standard Deviations for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
BNAH (7.2 mM) and MA+ (0.6 mM) in Acetonitrile at 298 K and 440 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.008 1.492 0.234 1.341 0.322 1.209 0.455 1 
0.012 1.261 0.088 1.159 0.085 0.915 0.193 2 
0.015 1.145 0.041 1.026 0.064 0.788 0.089 3 
0.019 1.059 0.036 0.943 0.041 0.722 0.061 4 
0.023 0.984 0.032 0.871 0.030 0.679 0.043 5 
0.042 0.778 0.022 0.695 0.030 0.600 0.021 6 
0.079 0.641 0.014 0.605 0.017 0.583 0.014 7 
0.117 0.585 0.012 0.555 0.015 0.572 0.013 8 
0.155 0.560 0.008 0.535 0.011 0.560 0.010 9 
0.192 0.544 0.006 0.523 0.008 0.554 0.007 10 
0.230 0.534 0.005 0.516 0.006 0.551 0.006 11 
0.267 0.527 0.005 0.510 0.005 0.550 0.005 12 
0.305 0.523 0.004 0.508 0.004 0.547 0.004 13 
0.343 0.519 0.004 0.506 0.004 0.545 0.004 14 
0.380 0.516 0.004 0.503 0.003 0.542 0.003 15 
0.418 0.512 0.003 0.501 0.003 0.540 0.003 16 
0.455 0.509 0.003 0.499 0.003 0.537 0.003 17 
0.493 0.506 0.003 0.497 0.003 0.536 0.002 18 
0.531 0.504 0.003 0.495 0.003 0.534 0.002 19 
0.568 0.501 0.003 0.494 0.003 0.532 0.002 20 
0.606 0.499 0.003 0.492 0.003 0.531 0.002 21 
0.643 0.497 0.003 0.491 0.003 0.529 0.002 22 
0.681 0.495 0.003 0.490 0.003 0.529 0.002 23 
0.719 0.494 0.003 0.489 0.003 0.528 0.002 24 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



161 

TABLE A-5. Apparent Rate Constants and Standard Deviations for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
BNAH (7.2 mM) and MA+ (0.6 mM) in Acetonitrile at 298 K and 450 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.008 1.503 0.168 1.303 0.470 1.466 0.147 1 
0.012 1.316 0.080 1.227 0.163 1.320 0.083 2 
0.015 1.140 0.046 1.134 0.070 1.158 0.052 3 
0.019 1.033 0.032 1.045 0.047 1.064 0.041 4 
0.023 0.940 0.027 0.968 0.035 0.988 0.030 5 
0.042 0.769 0.033 0.781 0.028 0.800 0.039 6 
0.079 0.685 0.016 0.677 0.016 0.701 0.020 7 
0.117 0.624 0.008 0.616 0.014 0.632 0.011 8 
0.155 0.590 0.006 0.585 0.010 0.596 0.009 9 
0.192 0.570 0.005 0.566 0.008 0.574 0.007 10 
0.230 0.556 0.004 0.553 0.006 0.559 0.006 11 
0.267 0.546 0.004 0.545 0.005 0.550 0.005 12 
0.305 0.538 0.003 0.538 0.004 0.542 0.004 13 
0.343 0.532 0.003 0.533 0.003 0.535 0.004 14 
0.380 0.527 0.003 0.528 0.003 0.530 0.003 15 
0.418 0.522 0.003 0.524 0.003 0.526 0.003 16 
0.455 0.518 0.003 0.520 0.003 0.522 0.003 17 
0.493 0.515 0.003 0.517 0.003 0.518 0.003 18 
0.531 0.512 0.003 0.514 0.002 0.515 0.003 19 
0.568 0.510 0.003 0.512 0.002 0.513 0.003 20 
0.606 0.508 0.003 0.510 0.002 0.511 0.003 21 
0.643 0.506 0.003 0.508 0.002 0.509 0.003 22 
0.681 0.504 0.003 0.506 0.002 0.507 0.003 23 
0.719 0.503 0.003 0.505 0.002 0.506 0.003 24 
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FIGURE A-1. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between BNAH and MA+ in AN at 298K and 410 nm. 

 

FIGURE A-2. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between BNAH and MA+ in AN at 298K and 420 nm. 
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FIGURE A-3. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between BNAH and MA+ in AN at 298K and 440 nm. 

 

FIGURE A-4. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between BNAH and MA+ in AN at 298K and 450nm. 
 
 
 
 
 
 
 

0.0 0.2 0.4 0.6 0.8

0.50

0.75

1.00

1.25

kIRC /s-1

[BNAH] = 7.2 mM

[MA+] = 0.6 mM
in AN at 298K, 440nm

time/s

0.0 0.2 0.4 0.6 0.8
0.4

0.8

1.2

1.6

kIRC /s-1

[BNAH] = 7.2 mM

[MA+] = 0.6 mM
in AN at 298K, 450nm

time/s



164 

 

FIGURE A-5. Apparent KIE for the reactions between BNAH/BNAH-d2 and MA+ 
in AN at 298K and 410 nm as a function of reaction time. 

 

FIGURE A-6. Apparent KIE for the reactions between BNAH/BNAH-d2 and MA+ 
in AN at 298K and 420 nm as a function of reaction time. 
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FIGURE A-7. Apparent KIE for the reactions between BNAH/BNAH-d2 and MA+ 
in AN at 298K and 440 nm as a function of reaction time. 

 

FIGURE A-8. Apparent KIE for the reactions between BNAH/BNAH-d2 and MA+ 
in AN at 298K and 450 nm as a function of reaction time. 
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TABLE A-6. Rate Constants for the Reaction Between BNAH (7.2 mM) and 
MA+ (0.6 mM) in Acetonitrile at Various Temperatures 

T/K ks.s./s
-1 k2/M

-1 s-1 

∆H≠ = 6.47 kcal mol-1  
∆S≠ = -28.3 cal mol-1 K-1 
∆G≠ = 14.9 kcal mol-1 

293 0.426 59.2 
298 0.527 73.2 
303 0.642 89.2 
313 0.949          131.8 
323 1.314          182.4 

 
 
 
 
 
TABLE A-7. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of MAH (0.2 mM) with Tr+ (0.05 M) in Acetonitrile at 298K and 400 nm  

Number of HL kapp/s
-1 intercept/s-1 

0.5 0.193             -0.00190 

1.0 0.189 0.00203 

2.0 0.183 0.0122 

3.0 0.176 0.0350 

4.0 0.166 0.0847 

 
 
 
 
 
TABLE A-8. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of MAH (0.2 mM) with Tr+ (0.05 M) in Acetonitrile at 298K and 410 nm  

Number of HL kapp/s
-1 intercept/s-1 

0.5 0.185             -0.00657 

1.0 0.184             -0.00556 

2.0 0.180 0.00348 

3.0 0.173 0.0248 

4.0 0.162 0.0828 
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TABLE A-9. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of MAH (0.2 mM) with Tr+ (0.05 M) in Acetonitrile at 298K and 420 nm  

Number of HL kapp/s
-1 intercept/s-1 

0.5 0.195             -0.00167 

1.0 0.190 0.00254 

2.0 0.183 0.0146 

3.0 0.176 0.0366 

4.0 0.165 0.0898 

 
 
 
 
 
TABLE A-10. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of MAH (0.4 mM) with Tr+ (0.05 M) in Acetonitrile at 298K and 430 nm  

Number of HL kapp/s
-1 intercept/s-1 

0.5 0.242 0.00642 

1.0 0.224 0.0185 

2.0 0.207 0.0454 

3.0 0.192 0.0883 

4.0 0.173 0.173 

 
 
 
 
 
TABLE A-11. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of MAH (0.4 mM) with Tr+ (0.05 M) in Acetonitrile at 298K and 440 nm  

Number of HL kapp/s
-1 intercept/s-1 

0.5 0.242 0.00717 

1.0 0.221 0.0214 

2.0 0.199 0.0565 

3.0 0.180 0.115 

4.0 0.147 0.281 
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TABLE A-12. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.2 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 400 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.270 0.024 0.217 0.033 0.220 0.015 1 
0.027 0.250 0.021 0.229 0.012 0.223 0.012 2 
0.037 0.242 0.013 0.227 0.008 0.222 0.007 3 
0.047 0.240 0.010 0.220 0.005 0.218 0.006 4 
0.057 0.234 0.007 0.217 0.005 0.215 0.005 5 
0.107 0.219 0.005 0.208 0.004 0.207 0.002 6 
0.207 0.211 0.003 0.203 0.002 0.204 0.001 7 
0.307 0.208 0.002 0.203 0.001 0.203 0.001 8 
0.407 0.206 0.002 0.204 0.001 0.203 0.001 9 
0.507 0.204 0.001 0.205 0.001 0.203 0.001 10 
0.607 0.203 0.001 0.206 0.001 0.204 0.001 11 
0.707 0.202 0.001 0.206 0.001 0.204 0.001 12 
0.807 0.201 0.001 0.206 0.001 0.204 0.001 13 
0.907 0.200 0.001 0.206 0.001 0.204 0.001 14 
1.007 0.200 0.001 0.206 0.001 0.204 0.001 15 
1.107 0.199 0.001 0.206 0.001 0.204 0.001 16 
1.207 0.199 0.001 0.206 0.001 0.204 0.001 17 
1.307 0.198 0.001 0.206 0.001 0.204 0.001 18 
1.407 0.198 0.001 0.206 0.001 0.204 0.001 19 
1.507 0.197 0.001 0.206 0.001 0.204 0.001 20 
1.607 0.197 0.001 0.206 0.001 0.204 0.001 21 
1.707 0.196 0.001 0.206 0.001 0.204 0.001 22 
1.807 0.196 0.001 0.206 0.001 0.204 0.001 23 
1.907 0.196 0.001 0.206 0.001 0.203 0.001 24 
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TABLE A-13. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.2 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 410 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.241 0.089 0.230 0.030 0.226 0.021 1 
0.027 0.239 0.054 0.225 0.012 0.227 0.009 2 
0.037 0.236 0.043 0.220 0.009 0.222 0.005 3 
0.047 0.237 0.029 0.217 0.005 0.213 0.004 4 
0.057 0.228 0.022 0.216 0.004 0.210 0.004 5 
0.107 0.211 0.010 0.208 0.002 0.203 0.003 6 
0.207 0.203 0.006 0.204 0.001 0.200 0.001 7 
0.307 0.202 0.004 0.205 0.001 0.200 0.001 8 
0.407 0.203 0.002 0.205 0.001 0.200 0.001 9 
0.507 0.204 0.002 0.206 0.001 0.200 0.001 10 
0.607 0.205 0.002 0.206 0.001 0.200 0.001 11 
0.707 0.205 0.001 0.206 0.001 0.201 0.001 12 
0.807 0.205 0.001 0.206 0.001 0.201 0.001 13 
0.907 0.205 0.001 0.206 0.001 0.201 0.001 14 
1.007 0.205 0.001 0.206 0.001 0.201 0.001 15 
1.107 0.205 0.001 0.206 0.001 0.200 0.001 16 
1.207 0.205 0.001 0.206 0.001 0.200 0.001 17 
1.307 0.205 0.001 0.206 0.001 0.200 0.001 18 
1.407 0.205 0.001 0.206 0.001 0.200 0.001 19 
1.507 0.204 0.001 0.206 0.001 0.200 0.001 20 
1.607 0.205 0.001 0.206 0.001 0.200 0.001 21 
1.707 0.205 0.001 0.206 0.001 0.200 0.001 22 
1.807 0.204 0.001 0.206 0.001 0.200 0.001 23 
1.907 0.204 0.001 0.206 0.001 0.200 0.001 24 
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TABLE A-14. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.2 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 420 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.257 0.041 0.226 0.027 0.228 0.017 1 
0.027 0.253 0.024 0.224 0.011 0.223 0.008 2 
0.037 0.249 0.013 0.224 0.008 0.223 0.006 3 
0.047 0.239 0.011 0.219 0.006 0.221 0.004 4 
0.057 0.234 0.010 0.216 0.006 0.217 0.004 5 
0.107 0.220 0.005 0.206 0.003 0.209 0.002 6 
0.207 0.212 0.003 0.202 0.002 0.205 0.001 7 
0.307 0.208 0.002 0.202 0.002 0.204 0.001 8 
0.407 0.205 0.002 0.202 0.002 0.204 0.000 9 
0.507 0.204 0.001 0.202 0.001 0.205 0.000 10 
0.607 0.203 0.001 0.202 0.001 0.205 0.000 11 
0.707 0.202 0.001 0.203 0.001 0.205 0.000 12 
0.807 0.201 0.001 0.202 0.001 0.205 0.000 13 
0.907 0.200 0.001 0.202 0.001 0.205 0.000 14 
1.007 0.199 0.001 0.202 0.001 0.205 0.000 15 
1.107 0.198 0.001 0.202 0.001 0.205 0.000 16 
1.207 0.198 0.001 0.202 0.001 0.205 0.000 17 
1.307 0.197 0.001 0.202 0.001 0.205 0.000 18 
1.407 0.196 0.001 0.202 0.001 0.205 0.000 19 
1.507 0.196 0.001 0.202 0.001 0.205 0.000 20 
1.607 0.195 0.001 0.202 0.001 0.205 0.000 21 
1.707 0.195 0.001 0.202 0.001 0.205 0.000 22 
1.807 0.195 0.001 0.201 0.001 0.205 0.000 23 
1.907 0.194 0.001 0.201 0.001 0.205 0.000 24 
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TABLE A-15. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.4 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 430 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.219 0.013 0.208 0.018 0.242 0.015 1 
0.027 0.224 0.009 0.212 0.005 0.246 0.008 2 
0.037 0.222 0.005 0.215 0.005 0.243 0.006 3 
0.047 0.220 0.003 0.213 0.003 0.238 0.005 4 
0.057 0.217 0.003 0.209 0.002 0.234 0.004 5 
0.107 0.209 0.001 0.200 0.002 0.224 0.001 6 
0.207 0.206 0.001 0.197 0.001 0.218 0.001 7 
0.307 0.205 0.001 0.196 0.001 0.216 0.001 8 
0.407 0.205 0.001 0.195 0.001 0.215 0.000 9 
0.507 0.206 0.001 0.195 0.001 0.214 0.000 10 
0.607 0.206 0.001 0.195 0.001 0.213 0.000 11 
0.707 0.206 0.001 0.195 0.001 0.213 0.000 12 
0.807 0.206 0.001 0.195 0.001 0.212 0.000 13 
0.907 0.206 0.001 0.194 0.001 0.212 0.000 14 
1.007 0.206 0.001 0.194 0.002 0.212 0.000 15 
1.107 0.206 0.001 0.194 0.002 0.212 0.000 16 
1.207 0.206 0.001 0.193 0.002 0.211 0.000 17 
1.307 0.206 0.001 0.193 0.002 0.211 0.000 18 
1.407 0.206 0.001 0.192 0.002 0.211 0.000 19 
1.507 0.206 0.001 0.192 0.002 0.211 0.001 20 
1.607 0.206 0.001 0.192 0.002 0.210 0.001 21 
1.707 0.206 0.001 0.191 0.002 0.210 0.001 22 
1.807 0.206 0.001 0.191 0.002 0.210 0.001 23 
1.907 0.205 0.001 0.190 0.002 0.210 0.001 24 
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TABLE A-16. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.4 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 440 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.221 0.019 0.228 0.035 0.248 0.013 1 
0.027 0.218 0.010 0.224 0.010 0.246 0.008 2 
0.037 0.218 0.006 0.220 0.007 0.242 0.004 3 
0.047 0.215 0.005 0.215 0.005 0.238 0.004 4 
0.057 0.213 0.004 0.210 0.004 0.235 0.003 5 
0.107 0.208 0.003 0.200 0.002 0.225 0.002 6 
0.207 0.205 0.001 0.195 0.002 0.218 0.001 7 
0.307 0.204 0.001 0.195 0.002 0.215 0.001 8 
0.407 0.204 0.001 0.194 0.002 0.214 0.000 9 
0.507 0.204 0.001 0.195 0.001 0.213 0.000 10 
0.607 0.204 0.001 0.194 0.001 0.212 0.000 11 
0.707 0.204 0.001 0.194 0.001 0.211 0.000 12 
0.807 0.204 0.001 0.194 0.001 0.211 0.000 13 
0.907 0.204 0.001 0.194 0.001 0.210 0.000 14 
1.007 0.204 0.001 0.194 0.001 0.210 0.001 15 
1.107 0.204 0.001 0.193 0.001 0.210 0.001 16 
1.207 0.204 0.001 0.193 0.001 0.209 0.001 17 
1.307 0.204 0.001 0.193 0.001 0.209 0.001 18 
1.407 0.204 0.001 0.192 0.001 0.209 0.001 19 
1.507 0.204 0.001 0.192 0.001 0.209 0.001 20 
1.607 0.204 0.001 0.192 0.001 0.209 0.001 21 
1.707 0.204 0.001 0.192 0.001 0.208 0.001 22 
1.807 0.204 0.001 0.191 0.001 0.208 0.001 23 
1.907 0.204 0.001 0.191 0.001 0.208 0.001 24 
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TABLE A-17. Apparent Rate Constants and Standard Deviations for 3 Sets 
of Experiments (20 Stopped-Flow Shots Each) on the Reaction Between 
MAH (0.4 mM) and Tr+ (0.05 M) in Acetonitrile at 298 K and 450 nm 

time/s 
Set 1 Set 2 Set 3 

Segment 
kapp/s

-1 S.D. kapp/s
-1 S.D. kapp/s

-1 S.D. 
0.017 0.227 0.030 0.262 0.036 0.255 0.027 1 
0.027 0.228 0.010 0.245 0.014 0.249 0.016 2 
0.037 0.229 0.012 0.240 0.011 0.243 0.011 3 
0.047 0.226 0.011 0.233 0.013 0.238 0.010 4 
0.057 0.220 0.009 0.233 0.035 0.231 0.010 5 
0.107 0.208 0.004 0.213 0.006 0.218 0.007 6 
0.207 0.203 0.003 0.209 0.005 0.213 0.003 7 
0.307 0.202 0.002 0.207 0.004 0.210 0.003 8 
0.407 0.203 0.001 0.206 0.004 0.209 0.002 9 
0.507 0.203 0.001 0.206 0.004 0.208 0.002 10 
0.607 0.204 0.001 0.206 0.004 0.208 0.002 11 
0.707 0.204 0.001 0.205 0.004 0.207 0.002 12 
0.807 0.204 0.001 0.205 0.004 0.207 0.002 13 
0.907 0.204 0.001 0.204 0.004 0.206 0.002 14 
1.007 0.204 0.001 0.204 0.004 0.206 0.002 15 
1.107 0.204 0.001 0.204 0.003 0.205 0.002 16 
1.207 0.204 0.001 0.203 0.003 0.205 0.002 17 
1.307 0.204 0.001 0.203 0.003 0.205 0.002 18 
1.407 0.204 0.001 0.202 0.003 0.204 0.002 19 
1.507 0.204 0.001 0.202 0.003 0.204 0.002 20 
1.607 0.204 0.001 0.202 0.003 0.203 0.002 21 
1.707 0.203 0.001 0.201 0.003 0.203 0.002 22 
1.807 0.203 0.001 0.201 0.003 0.203 0.002 23 
1.907 0.203 0.001 0.201 0.003 0.202 0.002 24 
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FIGURE A-9. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in AN at 298K and 400 nm. 

 

FIGURE A-10. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in AN at 298K and 410 nm. 
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FIGURE A-11. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in AN at 298K and 420 nm. 

 

FIGURE A-12. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in AN at 298K and 430 nm. 
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FIGURE A-13. Apparent instantaneous rate constants (kIRC) – time plot for the 
reaction between MAH and Tr+ in AN at 298K and 440 nm. 
 
 
 
 
 
TABLE A-18. Rate Constants for the Reaction Between MAH (0.4 mM) and 
Tr+ (0.05 M) in Acetonitrile at Various Temperatures 

T/K ks.s./s
-1 k2/M

-1 s-1 
∆H≠ = 11.0 kcal mol-1 
∆S≠ = -18.7 cal mol-1 K-1 
∆G≠ = 16.6 kcal mol-1 

288 0.103 2.06 
298 0.207 4.14 
308 0.387 7.74 
318 0.703          14.1 
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FIGURE A-14. A comparison pseudo-first-order plots for the reactions of MAH 
(40 mM) with BQCN+ (0.50 mM) (a, b and c) to those of MAH (0.5 mM) with 
BQCN+ (40 mM) (a’, b’ and c’) in AN in the presence of residual oxygen at 298 K 
and 430 nm. 
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FIGURE A-15. Apparent KIE for the reactions of MAH/MAH-d2 (10 mM) with 
BQCN+ (40 mM) in AN in the presence of residual oxygen at 298 K and 440 nm 
as a function of reaction time. 
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FIGURE A-16. Apparent KIE for the reactions of MAH/MAH-d2 (40 mM) with 
BQCN+ (0.50 mM) (a and b) and MAH/MAH-d2 (0.5 mM) with BQCN+ (40 mM) (a’ 
and b’) in AN in the presence of residual oxygen at 298 K and 430 nm or 450 nm 
as a function of reaction time. 
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FIGURE A-17. Apparent KIE for the reactions of MAH/MAH-d2 (40 mM) with 
BQCN+ (0.50 mM) in AN half-saturated with air at 298 K and 430 nm or 450 nm 
as a function of reaction time. 
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FIGURE A-18. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction of MAH (40 mM) with BQCN+ (0.50 mM) in AN in the presence of 
residual oxygen at 298 K and 430 nm or 450nm (four sets). 
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FIGURE A-19. Apparent instantaneous rate constants (kIRC) – time plots for the 
reactions of MAH (40 mM) with BQCN+ (0.50 mM) (a, b and c) and  MAH (0.5 
mM) with BQCN+ (40 mM) (d) in AN half-saturated with air at 298 K and 430 nm 
or 450 nm. 
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FIGURE A-20. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction of MAH (0.5 mM) with BQCN+ (40 mM) in AN in the presence of residual 
oxygen at 298 K and 430 nm or 450nm (three sets). 
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FIGURE A-21. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction of MAH-d2 (40 mM) with BQCN+ (0.50 mM) in AN in the presence of 
residual oxygen at 298 K and 430 nm or 450nm (three sets). 
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FIGURE A-22. Apparent instantaneous rate constants (kIRC) – time plots for the 
reactions of MAH-d2 (40 mM) with BQCN+ (0.50 mM) in AN half-saturated with air 
at 430nm or 450 nm (a and b) and MAH-d2 (0.5 mM) with BQCN+ (40 mM) in the 
presence of residual oxygen at 298 K and 450 nm (c and d). 
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FIGURE A-23. KIEIRC plots for the reactions of MAH/MAH-d2 (40 mM) with 
BQCN+ (0.50 mM) in AN in the presence of residual oxygen (a) and half-
saturated with air (b) and MAH/MAH-d2 (0.5 mM) with BQCN+ (40 mM) in the 
presence of residual oxygen (c) at 298 K and 450 nm. 
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FIGURE A-24. UV/Vis absorption spectra for the reactions of MAH with air (a) 
and MAH-d2 with air (b) at 298K. 
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FIGURE A-25. Absorbance – time curves (a) and KIEtime – time plot (b) for the 
reactions of MAH/MAH-d2 with oxygen in AN half-saturated with air at 298K. 
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TABLE A-19. Apparent Steady-State Rate Constants for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between TMT+ 
(0.02 mM) and NaOAc (0.5 M) in Acetic Acid at Various Temperatures and 
480 nm 

T/K 
ks.s./s

-1 
Set 1 Set 2 Set 3 Average 

293 0.0552 0.0561 0.0697 0.0603 
303 0.112 0.121 0.132 0.122 
313 0.279 0.209 0.235 0.241 
323 0.496 0.433 0.470 0.466 

 
 
 
 
 
TABLE A-20. Equilibrium Constants (K4) for 3 Sets of Experiments (20 
Stopped-Flow Shots Each) on the Reaction Between TMT+ (0.02 mM) and 
NaOAc (0.5 M) in Acetic Acid at Various Temperatures and 480 nm 

T/K 
K4 

Set 1 Set 2 Set 3 Average 
293 1.144 1.262 1.203 1.203 
303 0.814 1.212 0.805 0.944 
313 0.820 0.728 0.774 0.774 
323 0.489 0.659 0.677 0.608 

 
 
 
 
 
TABLE A-21. Apparent Steady-State Rate Constants for 3 Sets of 
Experiments (20 Stopped-Flow Shots Each) on the Reaction Between TMT+ 
(0.02 mM) and Bu4N

+ HOAc/AcO- (0.005 M) in HOAc/AN (1/1, v/v) at Various 
Temperatures and 480 nm 

T/K 
ks.s./s

-1 
Set 1 Set 2 Set 3 Average 

298 0.0204 0.0158 0.0155 0.0172 
303 0.0245 0.0220 0.0262 0.0242 
313 0.0655 0.0584 0.0510 0.0583 
323 0.0908 0.112 0.118 0.107 
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TABLE A-22. Equilibrium Constants (K4) for 3 Sets of Experiments (20 
Stopped-Flow Shots Each) on the Reaction Between TMT+ (0.02 mM) and 
Bu4N

+ HOAc/AcO- (0.005 M) in HOAc/AN (1/1, v/v) at Various Temperatures 
and 480 nm 

T/K 
K4 

Set 1 Set 2 Set 3 Average 
298 0.672 0.776 0.838 0.762 
303 0.568 0.861 0.818 0.749 
313 0.570 0.693 0.849 0.704 
323 0.548 0.597 0.757 0.634 

 
 
 

FIGURE A-26. Eyring plot for the collapse of the ion pair in HOAc/AN (1/1, v/v) 
(a) and Van’t Hoff type plot for equilibrium (4) in HOAc/AN (1/1, v/v) (b).  

 
FIGURE A-27. Sliding 51 point IRC analysis over the first half-life of the reaction 
of TMT+ (0.1 mM) with NaOAc (0.5 M) at 298 K and 520 nm. 
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FIGURE A-28. IRC analysis of the first 3% of  the extent of reaction – time profile 
for the concentration jump experiment on the reaction of TMT+ (0.22 mM) with 
NaOAc (0.5 M) carried out at 298 K and 520 nm. 
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FIGURE A-29. 1HNMR spectra of TMT+ClO4

- in CD3CO2D/CDCl3 (1/2). 
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FIGURE A-30. 1HNMR spectra of equilibrium reaction mixture in 
CD3CO2D/CDCl3 (1/2). 
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TABLE A-23. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of BNS with Nitroethide Ion in Two Different Solvents at 298K and 320 nm 

Number of 
HL 

in AN/Water (3/1, v/v) a in DMSO/Water (3/1, v/v) b 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.0449 0.00524 0.835      -0.000234 

1.0 0.0442 0.00756 0.819    -0.00076 

2.0 0.0432 0.0154 0.790 0.0134 

3.0 0.0418 0.0347 0.749 0.0365 

4.0 0.0394 0.0841 0.651 0.255 

     
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. 

 
 
 
 
 
TABLE A-24. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of BNS with Nitroethide Ion in Two Different Solvents at 298K and 330 nm 

Number of 
HL 

in AN/Water (3/1, v/v) in DMSO/Water (3/1, v/v) 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.0445 0.000640 0.820   -0.00446 

1.0 0.0436 0.00383 0.806   -0.00162 

2.0 0.0428 0.0102 0.780 0.0104 

3.0 0.0417 0.0249 0.734 0.0465 

4.0 0.0396 0.0682 0.631 0.175 
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TABLE A-25. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of BNS with Nitroethide Ion in Two Different Solvents at 298K and 340 nm 

Number of 
HL 

in AN/Water (3/1, v/v) in DMSO/Water (3/1, v/v) 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.0447 0.0000898 0.818     -0.00454 

1.0 0.0443 0.00142 0.804     -0.00176 

2.0 0.0435 0.00783 0.775 0.0114 

3.0 0.0423 0.0245 0.721 0.0548 

4.0 0.0403 0.0645 0.585 0.235 

 
 
 
TABLE A-26. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of BNS with Nitroethide Ion in Two Different Solvents at 298K and 350 nm 

Number of 
HL 

in AN/Water (3/1, v/v) in DMSO/Water (3/1, v/v) 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.0453 0.000912 0.831     -0.00590 

1.0 0.0446 0.00329 0.802     -0.000401 

2.0 0.0436 0.0110 0.767 0.0157 

3.0 0.0424 0.0286 0.706 0.0654 

4.0 0.0398 0.0806 0.553 0.275 

 
 
 
TABLE A-27. Changes in the Slopes and the Intercepts with the Extent of 
Reaction during Conventional Pseudo-First-Order Analysis for the Reaction 
of BNS with Nitroethide Ion in Two Different Solvents at 298K and 360 nm 

Number of 
HL 

in AN/Water (3/1, v/v) in DMSO/Water (3/1, v/v) 

kapp/s
-1 intercept/s-1 kapp/s

-1 intercept/s-1 

0.5 0.0453 0.00701 0.899 -0.00863 

1.0 0.0442 0.00991 0.877 -0.00510 

2.0 0.0434 0.0172 0.867 -0.00117 

3.0 0.0419 0.0377 0.856       0.00593 

4.0 0.0389 0.0997 0.840       0.0218 
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TABLE A-28. Apparent Rate Constants and Standard Deviations Obtained 
by the Sequential Pseudo-First-Order Analysis for the Reaction of BNS with 
Nitroethide Ion in AN/Water (3/1, v/v) and DMSO/Water (3/1, v/v) over the 
First Half-Life at 298K and 330 nm 

time/s 
AN/W (3/1, v/v) a  DMSO/W (3/1, v/v) b 

Segment 
kapp/s

-1 ± time/s kapp/s
-1 ± 

0.047 0.0795 0.0093 0.002 1.164 0.225 1 
0.089 0.0717 0.0057 0.005 0.903 0.185 2 
0.132 0.0618 0.0020 0.007 0.906 0.175 3 
0.174 0.0571 0.0009 0.009 0.915 0.132 4 
0.217 0.0543 0.0011 0.011 0.880 0.098 5 
0.429 0.0490 0.0007 0.023 0.829 0.044 6 
0.854 0.0468 0.0008 0.045 0.838 0.013 7 
1.279 0.0461 0.0008 0.067 0.843 0.011 8 
1.704 0.0460 0.0007 0.090 0.836 0.010 9 
2.129 0.0459 0.0007 0.112 0.829 0.008 10 
2.554 0.0457 0.0007 0.135 0.825 0.006 11 
2.979 0.0456 0.0007 0.157 0.822 0.005 12 
3.404 0.0455 0.0007 0.179 0.819 0.005 13 
3.829 0.0454 0.0007 0.202 0.817 0.004 14 
4.254 0.0454 0.0007 0.224 0.815 0.004 15 
4.679 0.0454 0.0008 0.247 0.813 0.004 16 
5.104 0.0453 0.0008 0.269 0.811 0.004 17 
5.529 0.0453 0.0008 0.291 0.809 0.004 18 
5.954 0.0453 0.0008 0.314 0.808 0.004 19 
6.379 0.0453 0.0008 0.336 0.806 0.004 20 
6.804 0.0452 0.0008 0.359 0.805 0.004 21 
7.229 0.0452 0.0009 0.381 0.804 0.004 22 
7.654 0.0452 0.0009 0.403 0.802 0.004 23 
8.079 0.0452 0.0009 0.426 0.801 0.004 24 

       
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. Average of 3 sets of 20 stopped-flow repetitions. 
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TABLE A-29. Apparent Rate Constants and Standard Deviations Obtained 
by the Sequential Pseudo-First-Order Analysis for the Reaction of BNS with 
Nitroethide Ion in AN/Water (3/1, v/v) and DMSO/Water (3/1, v/v) over the 
First Half-Life at 298K and 340 nm 

time/s 
AN/W (3/1, v/v) a  DMSO/W (3/1, v/v) b 

Segment 
kapp/s

-1 ± time/s kapp/s
-1 ± 

0.047 0.0853 0.0048 0.002 1.069 0.268 1 
0.089 0.0798 0.0046 0.005 0.969 0.226 2 
0.132 0.0672 0.0027 0.007 0.937 0.184 3 
0.174 0.0607 0.0015 0.009 0.887 0.108 4 
0.217 0.0566 0.0013 0.011 0.879 0.089 5 
0.429 0.0499 0.0005 0.023 0.810 0.046 6 
0.854 0.0475 0.0007 0.045 0.843 0.016 7 
1.279 0.0467 0.0007 0.067 0.846 0.013 8 
1.704 0.0462 0.0005 0.090 0.837 0.011 9 
2.129 0.0460 0.0005 0.112 0.830 0.009 10 
2.554 0.0458 0.0004 0.135 0.823 0.007 11 
2.979 0.0457 0.0004 0.157 0.819 0.006 12 
3.404 0.0456 0.0004 0.179 0.815 0.005 13 
3.829 0.0456 0.0004 0.202 0.813 0.004 14 
4.254 0.0456 0.0004 0.224 0.811 0.003 15 
4.679 0.0455 0.0004 0.247 0.809 0.003 16 
5.104 0.0455 0.0004 0.269 0.807 0.003 17 
5.529 0.0455 0.0004 0.291 0.806 0.002 18 
5.954 0.0455 0.0005 0.314 0.804 0.002 19 
6.379 0.0455 0.0005 0.336 0.803 0.002 20 
6.804 0.0454 0.0005 0.359 0.801 0.002 21 
7.229 0.0454 0.0005 0.381 0.800 0.002 22 
7.654 0.0454 0.0005 0.403 0.799 0.002 23 
8.079 0.0454 0.0005 0.426 0.797 0.002 24 

       
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. Average of 3 sets of 20 stopped-flow repetitions. 
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TABLE A-30. Apparent Rate Constants and Standard Deviations Obtained 
by the Sequential Pseudo-First-Order Analysis for the Reaction of BNS with 
Nitroethide Ion in AN/Water (3/1, v/v) and DMSO/Water (3/1, v/v) over the 
First Half-Life at 298K and 350 nm 

time/s 
AN/W (3/1, v/v) a  DMSO/W (3/1, v/v) b 

Segment 
kapp/s

-1 ± time/s kapp/s
-1 ± 

0.047 0.0957 0.0033 0.002 1.513 0.234 1 
0.089 0.0912 0.0051 0.005 1.049 0.145 2 
0.132 0.0783 0.0016 0.007 0.974 0.107 3 
0.174 0.0695 0.0016 0.009 0.882 0.114 4 
0.217 0.0643 0.0023 0.011 0.854 0.109 5 
0.429 0.0544 0.0036 0.023 0.816 0.053 6 
0.854 0.0497 0.0029 0.045 0.856 0.026 7 
1.279 0.0480 0.0019 0.067 0.882 0.023 8 
1.704 0.0471 0.0012 0.090 0.872 0.018 9 
2.129 0.0465 0.0009 0.112 0.859 0.014 10 
2.554 0.0461 0.0008 0.135 0.852 0.012 11 
2.979 0.0459 0.0007 0.157 0.846 0.010 12 
3.404 0.0458 0.0007 0.179 0.841 0.009 13 
3.829 0.0457 0.0007 0.202 0.836 0.008 14 
4.254 0.0456 0.0007 0.224 0.833 0.007 15 
4.679 0.0456 0.0007 0.247 0.831 0.006 16 
5.104 0.0455 0.0007 0.269 0.829 0.006 17 
5.529 0.0455 0.0007 0.291 0.827 0.006 18 
5.954 0.0454 0.0008 0.314 0.825 0.005 19 
6.379 0.0454 0.0008 0.336 0.823 0.005 20 
6.804 0.0454 0.0008 0.359 0.822 0.005 21 
7.229 0.0454 0.0008 0.381 0.820 0.005 22 
7.654 0.0454 0.0008 0.403 0.819 0.005 23 
8.079 0.0453 0.0008 0.426 0.817 0.005 24 

       
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. Average of 3 sets of 20 stopped-flow repetitions. 
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TABLE A-31. Apparent Rate Constants and Standard Deviations Obtained 
by the Sequential Pseudo-First-Order Analysis for the Reaction of BNS with 
Nitroethide Ion in AN/Water (3/1, v/v) and DMSO/Water (3/1, v/v) over the 
First Half-Life at 298K and 360 nm 

time/s 
AN/W (3/1, v/v) a  DMSO/W (3/1, v/v) b 

Segment 
kapp/s

-1 ± time/s kapp/s
-1 ± 

0.047 0.1131 0.0148 0.002 2.359 0.255 1 
0.089 0.1064 0.0125 0.005 1.266 0.196 2 
0.132 0.0872 0.0064 0.007 0.990 0.110 3 
0.174 0.0760 0.0044 0.009 0.902 0.053 4 
0.217 0.0695 0.0044 0.011 0.926 0.033 5 
0.429 0.0557 0.0035 0.023 0.822 0.022 6 
0.854 0.0489 0.0010 0.045 0.891 0.023 7 
1.279 0.0469 0.0004 0.067 0.921 0.039 8 
1.704 0.0461 0.0004 0.090 0.914 0.042 9 
2.129 0.0456 0.0004 0.112 0.905 0.034 10 
2.554 0.0453 0.0004 0.135 0.897 0.030 11 
2.979 0.0452 0.0004 0.157 0.892 0.025 12 
3.404 0.0451 0.0004 0.179 0.888 0.022 13 
3.829 0.0450 0.0004 0.202 0.884 0.019 14 
4.254 0.0449 0.0004 0.224 0.880 0.017 15 
4.679 0.0449 0.0004 0.247 0.878 0.016 16 
5.104 0.0448 0.0004 0.269 0.876 0.015 17 
5.529 0.0448 0.0004 0.291 0.875 0.014 18 
5.954 0.0448 0.0004 0.314 0.874 0.013 19 
6.379 0.0447 0.0004 0.336 0.872 0.013 20 
6.804 0.0447 0.0005 0.359 0.871 0.013 21 
7.229 0.0446 0.0005 0.381 0.870 0.013 22 
7.654 0.0446 0.0005 0.403 0.869 0.012 23 
8.079 0.0446 0.0005 0.426 0.868 0.012 24 

       
a [BNS] = 0.1 mM, [Nitroethide] = 0.04 M; b [BNS] = 0.05 mM, [Nitroethide] = 
5.0 mM. Average of 3 sets of 20 stopped-flow repetitions. 
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FIGURE A-31. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction between BNS and nitroethide ion in AN/Water (3/1, v/v) (a) and 
DMSO/Water (3/1, v/v) (b) at 298K and 330 nm. 
 
 
 
 
 

FIGURE A-32. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction between BNS and nitroethide ion in AN/Water (3/1, v/v) (a) and 
DMSO/Water (3/1, v/v) (b) at 298K and 340 nm. 
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FIGURE A-33. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction between BNS and nitroethide ion in AN/Water (3/1, v/v) (a) and 
DMSO/Water (3/1, v/v) (b) at 298K and 350 nm. 
 
 
 
 
 

 

FIGURE A-34. Apparent instantaneous rate constants (kIRC) – time plots for the 
reaction between BNS and nitroethide ion in AN/Water (3/1, v/v) (a) and 
DMSO/Water (3/1, v/v) (b) at 298K and 360 nm. 
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TABLE A-32. Second-Order Rate Constants for 3 Sets of Experiments (20 
Stopped-Flow Shots Each) on the Reaction Between BNS (0.1 mM) and 
Nitroethide Ion (0.04 M) in AN/Water (3/1, v/v) at Various Temperatures and 
320 nm   

T/K 
k2/M

-1 s-1 

∆H≠ = 14.8 kcal mol-1 
∆S≠ = -8.37 cal mol-1 K-1

∆G≠ = 17.3 kcal mol-1 

Set 1 Set 2 Set 3 Average 
293 0.76 0.78 0.74 0.76 
303 1.84 1.81 1.80 1.82 
313 4.20 4.18 4.18 4.19 
323 9.10 8.83 8.78 8.90 

 
 
 
 
 
TABLE A-33. Apparent Rate Constants for the Displacement Reaction 
Between MNBBr (0.04 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengthsa 

time/s 
440 nm 450 nm 460 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
1.1 0.00485 0.00216 0.00804 0.00213 0.00676 0.00173 1 
2.1 0.00283 0.00114 0.00332 0.00077 0.00393 0.00095 2 
3.1 0.00242 0.00085 0.00252 0.00076 0.00321 0.00062 3 
4.1 0.00227 0.00069 0.00233 0.00074 0.00291 0.00043 4 
5.1 0.00225 0.00054 0.00231 0.00065 0.00276 0.00033 5 

10.1 0.00232 0.00036 0.00249 0.00038 0.00248 0.00023 6 
20.1 0.00239 0.00026 0.00248 0.00016 0.00239 0.00019 7 
30.1 0.00228 0.00016 0.00233 0.00009 0.00221 0.00012 8 
40.1 0.00215 0.00008 0.00220 0.00006 0.00208 0.00008 9 
50.1 0.00206 0.00004 0.00210 0.00005 0.00199 0.00006 10 
60.1 0.00200 0.00003 0.00203 0.00004 0.00193 0.00004 11 
70.1 0.00195 0.00004 0.00198 0.00003 0.00188 0.00004 12 
80.1 0.00191 0.00004 0.00194 0.00003 0.00184 0.00003 13 
90.1 0.00189 0.00004 0.00191 0.00002 0.00182 0.00003 14 
100.1 0.00187 0.00004 0.00189 0.00002 0.00179 0.00003 15 
110.1 0.00186 0.00004 0.00186 0.00002 0.00177 0.00002 16 
120.1 0.00184 0.00004 0.00185 0.00002 0.00176 0.00002 17 
130.1 0.00183 0.00004 0.00183 0.00002 0.00174 0.00002 18 
140.1 0.00182 0.00003 0.00182 0.00002 0.00173 0.00002 19 
150.1 0.00181 0.00003 0.00181 0.00002 0.00172 0.00002 20 
160.1 0.00180 0.00003 0.00180 0.00002 0.00172 0.00002 21 
170.1 0.00179 0.00002 0.00179 0.00002 0.00171 0.00002 22 
180.1 0.00178 0.00002 0.00179 0.00002 0.00170 0.00002 23 
190.1 0.00177 0.00002 0.00178 0.00002 0.00169 0.00002 24 

        
a Average of 10 stopped-flow repetitions. 
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TABLE A-34. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.04 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengthsa 

time/s 
450 nm 460 nm 

Segment 
kapp/s

-1 ± kapp/s
-1 ± 

1.1 0.00694 0.00144 0.00561 0.00181 1 
2.1 0.00369 0.00074 0.00278 0.00082 2 
3.1 0.00274 0.00062 0.00229 0.00051 3 
4.1 0.00232 0.00076 0.00219 0.00038 4 
5.1 0.00213 0.00075 0.00215 0.00041 5 

10.1 0.00212 0.00039 0.00228 0.00040 6 
20.1 0.00249 0.00021 0.00235 0.00023 7 
30.1 0.00243 0.00015 0.00226 0.00015 8 
40.1 0.00232 0.00012 0.00219 0.00010 9 
50.1 0.00224 0.00009 0.00213 0.00007 10 
60.1 0.00217 0.00008 0.00209 0.00005 11 
70.1 0.00213 0.00006 0.00206 0.00004 12 
80.1 0.00209 0.00006 0.00204 0.00004 13 
90.1 0.00206 0.00005 0.00202 0.00003 14 
100.1 0.00204 0.00004 0.00200 0.00003 15 
110.1 0.00202 0.00004 0.00199 0.00002 16 
120.1 0.00201 0.00003 0.00198 0.00002 17 
130.1 0.00199 0.00003 0.00197 0.00002 18 
140.1 0.00198 0.00003 0.00196 0.00002 19 
150.1 0.00197 0.00003 0.00196 0.00002 20 
160.1 0.00196 0.00003 0.00195 0.00002 21 
170.1 0.00196 0.00002 0.00195 0.00002 22 
180.1 0.00195 0.00002 0.00194 0.00002 23 
190.1 0.00195 0.00002 0.00194 0.00001 24 

      
a Average of 10 stopped-flow repetitions. 
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TABLE A-35. Apparent Rate Constants for the Displacement Reaction 
Between MNBBr (0.08 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (1)a 

time/s 
410 nm 420 nm 430 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
0.6 0.00899 0.00893 0.00817 0.00523 0.01281 0.00789 1 
1.1 0.00416 0.00375 0.00464 0.00323 0.00732 0.00272 2 
1.6 0.00336 0.00250 0.00398 0.00215 0.00537 0.00170 3 
2.2 0.00348 0.00213 0.00384 0.00145 0.00466 0.00136 4 
2.7 0.00373 0.00170 0.00392 0.00108 0.00436 0.00111 5 
5.3 0.00459 0.00057 0.00460 0.00075 0.00469 0.00089 6 

10.6 0.00452 0.00040 0.00470 0.00045 0.00485 0.00056 7 
15.8 0.00422 0.00035 0.00432 0.00027 0.00451 0.00036 8 
21.1 0.00402 0.00030 0.00405 0.00020 0.00425 0.00028 9 
26.3 0.00388 0.00024 0.00390 0.00016 0.00406 0.00023 10 
31.6 0.00376 0.00019 0.00379 0.00014 0.00396 0.00019 11 
36.8 0.00368 0.00015 0.00371 0.00012 0.00387 0.00016 12 
42.1 0.00362 0.00013 0.00365 0.00010 0.00380 0.00014 13 
47.3 0.00357 0.00010 0.00361 0.00009 0.00374 0.00012 14 
52.6 0.00353 0.00009 0.00357 0.00008 0.00369 0.00011 15 
57.8 0.00350 0.00008 0.00355 0.00007 0.00365 0.00009 16 
63.1 0.00347 0.00007 0.00353 0.00006 0.00362 0.00008 17 
68.3 0.00345 0.00006 0.00352 0.00006 0.00359 0.00008 18 
73.6 0.00344 0.00006 0.00350 0.00005 0.00357 0.00007 19 
78.8 0.00343 0.00005 0.00349 0.00005 0.00355 0.00006 20 
84.1 0.00342 0.00004 0.00348 0.00004 0.00353 0.00006 21 
89.3 0.00341 0.00004 0.00347 0.00004 0.00351 0.00005 22 
94.6 0.00340 0.00004 0.00346 0.00004 0.00350 0.00005 23 
99.8 0.00339 0.00003 0.00345 0.00003 0.00349 0.00005 24 

        
a Average of 10 stopped-flow repetitions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



205 

TABLE A-36. Apparent Rate Constants for the Displacement Reaction 
Between MNBBr (0.08 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (2)a 

time/s 
440 nm 450 nm 460 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
0.6 0.01574 0.01126 0.01275 0.00537 0.01786 0.01195 1 
1.1 0.00727 0.00517 0.00670 0.00273 0.00803 0.00550 2 
1.6 0.00534 0.00314 0.00553 0.00239 0.00512 0.00342 3 
2.2 0.00452 0.00224 0.00495 0.00172 0.00406 0.00203 4 
2.7 0.00433 0.00187 0.00476 0.00126 0.00366 0.00118 5 
5.3 0.00539 0.00118 0.00499 0.00074 0.00403 0.00070 6 

10.6 0.00522 0.00042 0.00500 0.00044 0.00438 0.00052 7 
15.8 0.00480 0.00025 0.00465 0.00034 0.00423 0.00036 8 
21.1 0.00451 0.00020 0.00437 0.00027 0.00405 0.00029 9 
26.3 0.00431 0.00017 0.00417 0.00022 0.00391 0.00023 10 
31.6 0.00416 0.00014 0.00403 0.00018 0.00380 0.00019 11 
36.8 0.00405 0.00012 0.00393 0.00015 0.00372 0.00016 12 
42.1 0.00396 0.00011 0.00385 0.00013 0.00366 0.00014 13 
47.3 0.00389 0.00010 0.00378 0.00011 0.00362 0.00012 14 
52.6 0.00383 0.00009 0.00373 0.00010 0.00358 0.00011 15 
57.8 0.00379 0.00008 0.00368 0.00009 0.00355 0.00010 16 
63.1 0.00375 0.00007 0.00365 0.00008 0.00353 0.00009 17 
68.3 0.00372 0.00006 0.00362 0.00007 0.00350 0.00008 18 
73.6 0.00369 0.00006 0.00359 0.00007 0.00348 0.00007 19 
78.8 0.00366 0.00006 0.00357 0.00006 0.00347 0.00007 20 
84.1 0.00364 0.00005 0.00355 0.00005 0.00345 0.00006 21 
89.3 0.00362 0.00005 0.00353 0.00005 0.00344 0.00006 22 
94.6 0.00360 0.00005 0.00352 0.00005 0.00342 0.00006 23 
99.8 0.00359 0.00004 0.00350 0.00005 0.00341 0.00005 24 

        
a Average of 10 stopped-flow repetitions. 
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TABLE A-37. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.08 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (1)a 

time/s 
420 nm 430 nm 

Segment 
kapp/s

-1 ± kapp/s
-1 ± 

0.4 0.01810 0.01051 0.02758 0.01267 1 
0.8 0.01276 0.00438 0.01468 0.00618 2 
1.2 0.00988 0.00360 0.01070 0.00484 3 
1.5 0.00845 0.00314 0.00928 0.00328 4 
1.9 0.00745 0.00274 0.00861 0.00223 5 
3.8 0.00593 0.00116 0.00827 0.00122 6 
7.5 0.00621 0.00064 0.00778 0.00103 7 

11.3 0.00602 0.00051 0.00705 0.00080 8 
15.0 0.00572 0.00043 0.00648 0.00063 9 
18.8 0.00547 0.00038 0.00607 0.00052 10 
22.5 0.00528 0.00034 0.00578 0.00043 11 
26.3 0.00513 0.00029 0.00555 0.00037 12 
30.0 0.00501 0.00025 0.00537 0.00032 13 
33.8 0.00491 0.00022 0.00524 0.00028 14 
37.5 0.00484 0.00020 0.00514 0.00025 15 
41.3 0.00477 0.00018 0.00506 0.00022 16 
45.0 0.00471 0.00016 0.00498 0.00020 17 
48.8 0.00467 0.00015 0.00492 0.00018 18 
52.5 0.00463 0.00014 0.00487 0.00017 19 
56.3 0.00460 0.00013 0.00482 0.00015 20 
60.0 0.00458 0.00012 0.00477 0.00014 21 
63.8 0.00455 0.00011 0.00474 0.00014 22 
67.5 0.00453 0.00010 0.00470 0.00013 23 
71.3 0.00451 0.00009 0.00468 0.00012 24 

      
a Average of 10 stopped-flow repetitions. 
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TABLE A-38. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.08 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (2)a 

time/s 
440 nm 450 nm 460 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
0.4 0.03779 0.01385 0.02809 0.01265 0.04331 0.01540 1 
0.8 0.02143 0.00636 0.01824 0.00650 0.02366 0.00805 2 
1.2 0.01500 0.00411 0.01361 0.00459 0.01609 0.00540 3 
1.5 0.01184 0.00308 0.01135 0.00326 0.01224 0.00398 4 
1.9 0.01012 0.00237 0.00996 0.00248 0.01014 0.00317 5 
3.8 0.00781 0.00078 0.00763 0.00115 0.00771 0.00131 6 
7.5 0.00741 0.00081 0.00728 0.00075 0.00727 0.00055 7 

11.3 0.00686 0.00072 0.00681 0.00073 0.00656 0.00036 8 
15.0 0.00643 0.00058 0.00635 0.00065 0.00602 0.00030 9 
18.8 0.00605 0.00048 0.00598 0.00055 0.00564 0.00027 10 
22.5 0.00576 0.00041 0.00568 0.00047 0.00538 0.00024 11 
26.3 0.00554 0.00036 0.00546 0.00040 0.00517 0.00021 12 
30.0 0.00536 0.00031 0.00528 0.00034 0.00501 0.00019 13 
33.8 0.00522 0.00028 0.00515 0.00029 0.00489 0.00017 14 
37.5 0.00511 0.00025 0.00504 0.00025 0.00479 0.00015 15 
41.3 0.00502 0.00022 0.00494 0.00022 0.00471 0.00014 16 
45.0 0.00494 0.00020 0.00487 0.00020 0.00464 0.00013 17 
48.8 0.00488 0.00018 0.00480 0.00018 0.00458 0.00012 18 
52.5 0.00482 0.00017 0.00474 0.00016 0.00454 0.00011 19 
56.3 0.00478 0.00015 0.00469 0.00014 0.00449 0.00010 20 
60.0 0.00474 0.00014 0.00465 0.00013 0.00446 0.00009 21 
63.8 0.00470 0.00013 0.00461 0.00012 0.00443 0.00009 22 
67.5 0.00467 0.00012 0.00458 0.00011 0.00440 0.00008 23 
71.3 0.00464 0.00011 0.00455 0.00010 0.00437 0.00008 24 

        
a Average of 10 stopped-flow repetitions. 
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TABLE A-39. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.16 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (1)a 

time/s 
420 nm 430 nm 440 nm 

Segment
kapp/s

-1 ± kapp/s
-1 ± kapp/s

-1 ± 
0.3 0.09673 0.02018 0.06606 0.02541 0.08439 0.02087 1 
0.5 0.04746 0.01131 0.03618 0.01553 0.04379 0.00973 2 
0.7 0.03017 0.00833 0.02369 0.01104 0.02958 0.00600 3 
1.0 0.02211 0.00684 0.01823 0.00877 0.02294 0.00462 4 
1.2 0.01830 0.00569 0.01585 0.00702 0.01953 0.00412 5 
2.4 0.01533 0.00229 0.01485 0.00367 0.01539 0.00400 6 
4.8 0.01316 0.00148 0.01280 0.00189 0.01255 0.00177 7 
7.1 0.01147 0.00116 0.01123 0.00125 0.01094 0.00089 8 
9.5 0.01033 0.00093 0.01014 0.00093 0.00992 0.00061 9 

11.9 0.00955 0.00075 0.00942 0.00075 0.00923 0.00049 10 
14.3 0.00903 0.00060 0.00891 0.00061 0.00875 0.00041 11 
16.6 0.00864 0.00049 0.00854 0.00051 0.00839 0.00034 12 
19.0 0.00834 0.00040 0.00827 0.00044 0.00812 0.00029 13 
21.4 0.00811 0.00034 0.00806 0.00038 0.00792 0.00025 14 
23.8 0.00793 0.00028 0.00791 0.00034 0.00775 0.00022 15 
26.1 0.00777 0.00024 0.00779 0.00030 0.00762 0.00020 16 
28.5 0.00765 0.00021 0.00769 0.00026 0.00751 0.00018 17 
30.9 0.00754 0.00019 0.00760 0.00023 0.00742 0.00016 18 
33.3 0.00745 0.00017 0.00753 0.00021 0.00735 0.00014 19 
35.6 0.00738 0.00015 0.00746 0.00019 0.00729 0.00013 20 
38.0 0.00732 0.00013 0.00740 0.00017 0.00723 0.00012 21 
40.4 0.00726 0.00012 0.00735 0.00016 0.00718 0.00011 22 
42.8 0.00721 0.00011 0.00730 0.00015 0.00713 0.00010 23 
45.1 0.00716 0.00010 0.00726 0.00014 0.00709 0.00010 24 

        
a Average of 10 stopped-flow repetitions. 
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TABLE A-40. Apparent Rate Constants for the Displacement Reaction 
Between PNBBr (0.16 M) and PNPO- (0.06 mM) in Acetonitrile over the First 
Half-Life at 298K as a Function of Wavelengths (2)a 

time/s 
450 nm 460 nm 

Segment 
kapp/s

-1 ± kapp/s
-1 ± 

0.3 0.03549 0.01566 0.04803 0.02900 1 
0.5 0.01897 0.01414 0.02705 0.01512 2 
0.7 0.01381 0.00921 0.01844 0.00877 3 
1.0 0.01198 0.00631 0.01506 0.00484 4 
1.2 0.01150 0.00473 0.01382 0.00331 5 
2.4 0.01176 0.00223 0.01264 0.00299 6 
4.8 0.01027 0.00106 0.01054 0.00173 7 
7.1 0.00936 0.00081 0.00947 0.00123 8 
9.5 0.00870 0.00060 0.00877 0.00093 9 

11.9 0.00827 0.00047 0.00829 0.00073 10 
14.3 0.00796 0.00037 0.00796 0.00059 11 
16.6 0.00773 0.00030 0.00771 0.00049 12 
19.0 0.00756 0.00025 0.00752 0.00041 13 
21.4 0.00745 0.00021 0.00738 0.00035 14 
23.8 0.00735 0.00018 0.00727 0.00031 15 
26.1 0.00727 0.00016 0.00718 0.00027 16 
28.5 0.00720 0.00014 0.00711 0.00024 17 
30.9 0.00714 0.00012 0.00705 0.00021 18 
33.3 0.00709 0.00011 0.00699 0.00019 19 
35.6 0.00705 0.00010 0.00694 0.00017 20 
38.0 0.00701 0.00009 0.00690 0.00016 21 
40.4 0.00697 0.00008 0.00687 0.00014 22 
42.8 0.00694 0.00007 0.00684 0.00013 23 
45.1 0.00692 0.00007 0.00681 0.00013 24 

      
a Average of 10 stopped-flow repetitions. 
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FIGURE A-35. 1HNMR spectra for the product of the displacement reaction 
between MNBBr and PNPO- in CDCl3 . 
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