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Abstrae-The Curtin-Hammett (C-H) principk and the Wmstein-Holness (M-H) equation approximate the 
product ratio and overall rate constant of reaction for systems involving a start& material which exists in two 
forms, each of which reacts via first-order kinetics to give a different product. The C-H/W-H approximations are 
valid when the rates of isomer interconversion are signScantly faster than the rates of product formation. The 
present treatment encompasses non-tirst+rder reactions to product. A numerical predictoruxrector technique is 
used to show (1) that relative reagent concentration can aliect both the product ratio ami the observed rates of 
product formation; (2) that the absolute concentration of reagent and substrate can atExt the kinetics; and (3) that 
factors (I) and (2) above can affect the validity of the C-H/W-H approximations for non-E&order C-H/W-H 

Scheme I generahis the kinetic system involving a 
starting material which exists in two forms (e.g. con- 
formational isomers), each of which reacts via second 
order kinetics to give a ditferent product. Any particular 
case of this kinetic system can fall into three categories: 
Case I, when the rate of product formation is 
signilicantly faster than the rate of isomer intercon- 
version &r[R], &AR] * km. k& then a kinetic quench- 
ing situation is obtained; Case II, when kzl[R], kw[R]d 
ku, kn then the ratio [Aa]/[A2] is constant throughout 
the reaction and the product ratio [&]/[Al] and the 
observed rate constant can be approximated by the well- 
known Curtin-Hanuneti (C-H) and Wmstein-HolnesP 
(W-H) expressions (eqn (l)-(2) respectively); and Case 
III, when kdR1, kdRl- k~, k~, then [AJI/]AzI and 
[AJIAI] are time dependent, the C-H/W-H ap- 
proximations fail and a more complex mathematical 
treatment is required to describe the kinetics. 

d]A4 
(1) Curtin-Hammett: 7 

/ 
dM,l _ kn kw 
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(2) Winstein-Holness: &w-H = [k& + kzr]/[K + I] 

where K = k&z 
!lsc&ole I. 

Equations (3x6) are the four coupled differential 
equations which describe Scheme I. The rates of for- 
mation of products AI and & are as indicated by Eqns 
(3) and (6) respectively, and the ratio of the relative rates 
of formation of products is given by J!qn (7). 

y = k&A,] - kn[AdRl - bMz1 (4) 

y = B[AJ - kw[AdRl - k,dAal Q 

F = ku[Aa][R] (6) 

-/ dt kzdAzlW1 MAzl 
d[A,] &I_ kdAsI[RI _ kw[Ad 

dt 
o 

The appearance of the term [RI in both the numerator 
and the denominator of Eqn (7) allows for its subsequent 
cancellation, thereby oppamtly removing the functional 
dependence of [&]/[A11 on [RI. However, this ap 
proximation is valid only if [A3]/[AJ = K throughout the 
course of the reaction. Alternatively, the value of 
[Aa]/[Az] may be time dependent, in which case [RI does 
appear implicitly in the time dependent description of 
both A&) and A&). Hence, the product ratio [AJIAI] 
will be dependent on the concentration of the reagent, 
[RI. We will now demonstrate that the relative concen- 
tration of R with respect to substrate (i.e. [RI&A&,+ 
[A&,)) and the absolute concentrations of reagent and 
substrate can control the product ratio and affect the 
validity of the C-H/W-H approximations for Scheme I 
kinetics. 

REWLTS AND D!!XUssION 

Case III above can be subclassitkd into two cate- 
gories: Case III-A, for which kzl[R], KU[R] - km, kJ2 
and [Rb * [A& + [A&,, then Scheme I kinetics can be 
approximated by Scheme II using the standard pseudo- 
first order approximation. Scheme II represents the first- 
order C-H/W-H kinetic situation.S and the exact, analy- 
tical solution to this kinetic system has been described 
and evaluated in detail.’ In addition, an analytical 
expression for [AJ/[AJ for Scheme II kinetics has been 
derived at reaction completion when [A&/[A&= 
kJkn.6 Thus, Case III-A situations can be treated in a 
straightforward manner by using treatments developed 
for Scheme II systems. 
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Case III-B is obtained when kzt[R], ku[R] - ku, kJ2 
and [Rb- [A&+ [A&. While in principle an exact 
solution for Case III-B can be found which expresses 
A,(J) in terms of power series expansions of ku. we have 
chosen to evaluate Case III-B examples using numerical 
techniques, either Predictor-Corrector or Runge-Kutta 
methods.’ While both of these techniques are less ac- 
curate than an exact analytical solution, the accuracy of 
the Predictor-Corrector procedure can be as good as 
desired and the maximum error associated with all cal- 
culations can be readily obtained.” 

To exemplify some of the characteristics of Scheme II 
kinetics, consider the alkylation of a hypothetical axiri- 
dine with a highly active alkylating agent, e.g. methyl 
fluorosulfonate (see Scheme III).’ One can approximate 
an inversion rate constant’ (&in, - I-IoOsec-‘) and an 
alkylation rate constanPO*” kdt- - 
1 x 1Od- 100 1 mol-’ set-‘) for axiridines. In our 
example, we have set the alkylation rate constant (L,) 
from the more stable isomer 2 to be smaller than the 
corresponding alkylation rate constant (L) from the 
less stable isomer 3. This is consistent with our findings 
for a wide range of l-alkyl-2-arvlazacycloalkanes.‘2 

Figure 1 shows the product ratio [4]/[1] as a function 
of percent reaction for a range of relative concentrations 
of [Rb:{[2b+ [3b} where the subscript “0” indicates 
initial concentration. Note that the initial concentration 
of substrate is 1 x lO-*M and that the range of 
reagent : substrate concentrations covers four orders of 

magnitude, i.e. reagent concentration varies from 1 M to 
1 X lOaM. While the mathematical treatment can be 
extended for other values of the ratio [Rb:{[2]o+[Jb}, 
Fu. 1 illustrates only those conditions which are typic- 
ally experimentally realistic. 

A number of important observations can be made from 
FM. 1. 

(1) The product ratio [4]/[1] is clearly dependent on 
the relative concentration of reagent [RI. 

(2) The product ratio is time (and percentage reaction) 
dependent, and this dependency increases as the relative 
concentration of reagent [RI increases. Using the cri- 
terion proposed previously for non-C-H/WH behavior 
(5% deviation from the approximations): it can be seen 
that non-C-H/WH behavior is observed when the 
reagent concentration is greater than ca. one hundred 
times substrate concentration. For lower reagent con- 
centration, [4]/[1] is time independent, i.e. those con- 
ditions satisfy the C-H/M-H approximations. These 
points reflect tbe role that [RI plays in determining the 
rates of product formation (see eqns (3) and (6)). 

(3) As the ratio of reagent to substrate increases, the 
final value of [4]/[1] tends toward the limiting value 
indicating in Fg. I. This value essentially represents a 
kinetic quenching situation3 in whichthe rate of product 
formation is signiticantly increased by the enormous 
concentration of reagent even though the actual rate 
constant or product formation is not exceptionally huge. 

(4) When [RI is significantly concentration limiting 
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Fw 1. Calculated vahes for the product ratio [rv[l]. for !3chemc III aa a fun&n of initial relative conccntratiu~ of 
reagent R Note that the subscript “0” &notes initial cmditions. In this example, k,l= 16.7 J Mel-’ SH-‘, 

k,,=055sec-‘,k~~=5.0scc-‘andk~=1001mol-’scc-’,([2~+[2~~=1x10-4M. 
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[4]/[1] deviates only slightly from the C-H value. In 
these instances, however, the percentage reaction based 
on substrate consumed may be quite small. Thus, the 
family of curves generated for the dependency of {4]/[1] 
on relative reagent concentration has two distinct boun- 
daries: the C-H limiting value for the loll! reagent con- 
centrations and the kinetic quenching limit for large 
reagent concent~tion conditions. 

In addition to affecting the values of [4]f[ll in Scheme 
III (or Ad/A1 in Scheme I), [RI can also affect the rate of 
product formation. Winstein-Holness kinetics are 
affected since kw_H = Pt&[R] where nr, kr and [RI are 
the mole fractions, rate constants for product formation 
and reagent concentration (see above) for reacting spe- 
cies Ar.S Examination of a number of time : percent reac- 
tion dependencies indicate that as the concentration of R 
decreases, the initial rates of product fo~ation become 
more dependent on [RI. In these instances, increasing 
[RI by one order of magnitude decreases the time 
required to reach a specific percentage reaction by CP 
one order of magnitude. 

Another interesting complexity of Scheme I kinetics is 
illustrated in Fig. 2 which plots the product ratio [4]1[1] 
as a function of initial concentration of substrate [2b+ 
[3]0 for a series of initial substrate:reagent values. For 
any given initial value of [Rb: ([2b + [3b}, as the ab- 
solute concentration of substrate and reagent decreases, 
the ratio of product [4]/[1] tends toward the Curtin- 
Hammett value. This is because the k2, and kw terms in 
eqns (4) and (5) respectively become less and less im- 
portant. That is, si~i~cantly decreasing the substrate 
and reagent concentration for a Scheme I system allows 
that system to be approximated by Scheme II kinetics. 

Thus, Fig. 2 indicates two boundary conditions, the 
~u~i~Hammett value as the upper limit and the kinetic 
quenching value as the lower limit. These boundaries are 
identical to those found for the relationships illustrated 
in Fig. I, and this is to be expected since Elg. 1-2 are 
intimately related to each other. 

Litemturr examples 

There are numerous examples in the literature which 
follow Scheme I kinetics. Complete analysis of these 
systems involves the experimental determination of the 
four rate constants. When the rate of product formation 
is either much faster” or much slower’ti’4 than the rate 
of isomer interconversion (see Case I and Case II, res- 
pectively), two experiments are required. First, deter- 
mination of kp, kj2 can be made in an independent (of 
Scheme I) experiment, i.e. an experiment involving only 
the interconversion of At and A, (A2 # A& Then, k2,, 
&W can be determined by analysis of a kinetic expression 
much simpler than that required for the solution of 
Scheme I kinetics. On the other hand, when the rates of 
product formation and isomer interconversion are of the 
same order of magnitude”*‘6 (Case III), kz, and kw can 
only be dete~in~ by a complete evaluation of the total 
Scheme I kinetic system. This requires acquisition and 
analysis of time: concentration data for all the com- 
ponents of the system, Ai and R. 

In cases such as these where the rates of intercon- 
version are proposed to be of the same order of mag- 
nitude or slower than the rates of reaction, the experi- 
mental determination of the concentration dependencies 
of the product ratio would be a simple handle on the 
kinetics. For example, one could determine isolation 
regarding the relative magnitudes of &, kn with respect 
to k2,, &W for any particular system by looking for 
boundary conditions for the product ratio A./A, by 
varying either the ratio of reagent:substrate (Fa. I) or 
the co~ent~tion of substrate and reagent simul- 
taneously (Fw. 2). 

There are examples in the literature of Scheme I 
kinetics where this type of analysis would be worthwhile. 
~yd~~~tion is a reaction which has been cited to be 
faster than a variety of conformational interconversions 
in a number of systems.‘s4bc A knowledge of rates of 
isomer interconversion and time : concentration data 
would allow the determination of the rate constants of 

.6 
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I$. 2. Calculated values for the product ratio [4]/[1] at 9046 for Scheme III as a function of initial conccnbdon of 
subsme, {[2[zb t [Q,}. See FQ. 1 caption for rate constant infomation. l-be family of curves represents constant 

IRIe’iPb + Bbl v&es. 
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reaction (k2, and kw of Scheme I) as exemplified above. 
However, obtaining this information is an imposing 
experimental problem, as the reactions are undoubtedly 
quite fast. On the other hand, the qualitative estimates of 
the relative reates of conformational interconversion vs 
reaction could be evaluated more simply by examination 
of the concentration dependencies similar to those 
shown in Fig. 1, 2. In any event, the complexities of 
Scheme I kinetics make it evident that little information 
with regard to the rate constants can be had without 
time : concentration date. Similar considerations obtain 
for the reaction of fiexible olefins with singlet oxygen”’ 
and the ring-opening of gemdichlorocyclopropyl 
ethers.lTd 

We are unaware of any treatment of a Case III kinetic 
system involving the analysis of time:concentration 
data. Examples of steady state treatments of complex 
Scheme I systems are available, however. For example, 
Lattes, et al. have recently applied steady state tech- 
niques to analyze the photoreduction of cyclohex- 
aoooes.‘6 The complexities of the kinetic scheme pre- 
clude a full discussion; however, it is worthwhile to 
focus on one aspect of his analysis. Utilizing steady state 
approximation for a complex kinetic scheme requires a 
number of simplifying assumptions. One such assump- 
tion involved a comparison of the configurational stabil- 
ity of a pyramidyl cyclohexanol radical with its rate of 
abstraction of deuterium from a deuterated alcohol (see 
scheme Iv). 

and 11+ I from S), postulate (2) is not valid. Si 
neither of the two extreme boundary conditions plays a 
dominant role in Scheme IV kinetics, evaluation of this 
system requires more complex kinetic analyses of the 
type discussed above for Scheme I situations. 

It is important to note that while the rate constants of 
deuterium abstraction (bD) may be much larger than 
the rate constants for inversion (L, and k4, the low 
concentration of #SD decreases the rate or velocity of 
the abstraction reaction considerably. This very low 
concentration of q5SD is caused by its formation only in 
equivalent molar amounts during the course of the reac- 
tion sequence. In addition, since [t$SD] is likely to be 
time dependent, the velocity of the abstraction reaction 
will also be time dependent. Hence, the time dependency 
of the product ratio [6]/[91 is likely to be as complex as 
those illustrated by F% 1,2. 

As can be seen from the type of results shown in Figs. 
1, 2, product stereoselectivity in any complex reaction 
scheme should not be approximated by steady state 
means without subsequently evaluating the steady state 
approximations with the derived rate constant and 
experimental product ratio data. That is, proper use of 
steady state analysis dictates investigation of the validity 
of the assumptions made, e.g. what is the time depen- 
dency of tbe product stereoselectivity? Thus, the com- 
plexities shown above for Scheme I kinetics (see Fw. 1 
and 2) clearly indicate the perils of indescriminate use of 
simplifying assumptions in these systems. 

6 7 6 9 z z 5 

scbcmc IV 

Lattes 0bserveP net retention of conliguration start- 
ing from either 5 or 10, and calculates the ratio of the 
rates of inversion, L and L,, using eqn (8).” 

k Lx=_ M x m 
k 74 [9]From 5[6]From 10 (8) 

The derivation of eqo (8) is not given but results”“9 
from approximations similar to those made by I&es for 
more complex Scheme IV kinetics. Two boundary con- 
ditions exist for Scheme IV chemistry. (1) The rates of 
the deuterium abstraction reactions could be very much 
faster than the rates of inversion, as assumed by Lattes. 
However, since partitioning is observed, i.e. starting 
from 5 (or 10) does lead to some 9 (or 6), postulate (1) is 
not valid. (2) Alternatively. the rates of the abstraction 
reactions could be much slower than the rates of in- 
version. If this were the case, then the selectivity obser- 
ved would be the same regardless of whether 5 or 10 
were the starting material. As the product ratio [9]/[6] is 
dependent on the starting isomer ([9]/[6] = 5 + 1 from 10 

SUMMARY 
IO conclusion, the reagent coocentratioo, [RI, at fixed 

initial substrate conceotration, {[A& + [A3b}, can tied 
both product ratio A.,/A, and total observed rates of 
product formation, kw-w, for non-C-H/W-H Scheme I 
systems. In addition, the absolute conceotratioo of reagent 
and substrate can a&t both Ad/A, and kvm. This 
indicates that in Scheme I non-C-H/W-H systems, 
product distriion can be cootrolled by relative reagent 
conceotration as well as by absolute conceotratioo of 
reagent and substrate. In additioo, the C-H/W-H ap- 
proximatioos are valid when the rates of isomer intercon- 
version are greater than the rates of product formation: 
thus, the absolute and relative concentrations of sub 
&rate(s) and reagent can affect the validity of the C-H/W- 
H approximation (eqn (U-04)) since increasing these 
concentrations will mcrease the overall rate of product 
formation. Lastly, the validity of these analyses is depen- 
dent on the correctness of the kinetic scheme in describing 
the observed reactions. For example, more complex 
kinetics would result if the reagent were added to the 
substrate during the course of the reaction rather than all at 
once as presupposed in the present treatment. 
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