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Reaction Mechanism from Structure-Energy Relations. 1.
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Abstract: There is long-standing evidence that in the general base catalyzed addition of alcohols to formaldehyde, C---O bond
formation and proton transfer occur simultaneously. Structure—energy relations for this reaction are complicated. The slopes
of Bransted plots vary greatly, even for structurally similar alcohols, and plots of log & vs. pK, of the alcohols go through minima.
The data thus provide good material for testing the author’s recent theory of structure—energy relations for concerted reactions.
The theoretical equations are nonlinear and depend specifically on the reaction mechanism. Of four mechanisms, only that
favored by previous independent work fits the data well, even onto reproducing the rate-constant minima. The rate-determining
step of this mechanism is R"CH,COO" + RCH,OH + H,C=0 — R’CH,COOH + RCH,0OCH,O". R ranges in electronegativity
from CHj to CF;, R’ from H to CN. Assuming this mechanism to be correct, progress of C--O bond formation (ux*) and
proton transfer (v*) were deduced from the theoretical equations. The results show that mean progress at the transition state,
(u* + v*)/2, varies only sightly with substitution, but that disparity of progress of the two reaction events, (v* — u*)/2, varies
markedly both with R and R’ and changes sign within the series. Rate-constant minima occur near points where u* = p*,
thus proving the effectiveness of disparity at lowering the free energy of activation.

Structure—energy relations have long been used to help identify
reaction mechanisms.?  Recently I formulated a theory of
structure—energy relations which is capable of giving a detailed
description of concerted reaction mechanisms.> This theory allows
for the effect of disparity of progress of concerted reaction events
at the transition state, and for the variation of that disparity within
a reaction series. The theory is an extension of Marcus rate-
equilibrium theory* and its developments,>!° and it attempts a
quantification of the use of More O’Ferrall diagrams,!! following
contributions by others.!??'® In this and the following paper, 1
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shall test the theory by applying it to a family of reactions with
unusually complex structure-energy relationships, namely, the
general acid and base catalyzed addition of alcohols to form-
aldehyde (eq 1).

k
RCH,OH + H,C=0 + catalyst ,7L RCH,OCH,0H +
catalyst (1)

It will be useful to begin with some definitions. A concerted
reaction mechanism is one in which potentially consecutive reaction
events (such as breaking an existing bond and forming a new one,
or bond-breaking and electron delocalization, etc.) actually take
place simultaneously. A progress variable is any property of a
reacting molecular configuration which measures the relative
progress of a reaction event; I shall use normalized progress
variables which vary from zero for the reagents to unity for the
products.

Let v and u denote the progress variables for a reaction in which
there are two concerted reaction events. For any single reaction,
v is a monotonic function of u. If this function is practically
identical for all reactions in a series, then the reaction coordinate
z for the series depends in effect on a single progress variable,
which might be either « or v or some other monotonic normalized
function of u. If, however, v(w) varies for different reactions in
the series, then z is a function of two progress variables; that is,
z = z(u,v). Other concerted mechanisms are conceivable in which
z depends on more than two progress variables. Because theo-
retical structure—energy relationships and their specific parameters
depend on the number and nature of the progress variables, a
concerted mechanism is defined theoretically by its progress
variables.

Rate Constants for Base-Catalyzed Reaction. I chose reaction
| for the testing of theory because of the complicated pheno-
menology, which is supported by good data, and because of
consistent evidence that the rate-determining addition of RCH,OH
to the carbonyl group is concerted with proton transfer to or from
the catalyst.!?142° The reaction mechanism has been reviewed
by Bell® and, more recently, by Funderburk, Aldwin, and Jencks
(FAJ),"* whose data I shall use. In this paper I shall consider
the base-catalyzed reaction.

Relevant structure—energy plots for the base-catalyzed reaction
are shown in Figures | and 2. The rate constants (k,) refer to

(20) Bell, R. P. “The Proton in Chemistry”, 2nd ed.; Cornell University
Press: Ithaca, N.Y., 1973; pp 183-190.
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Figure 1. Brensted plot for base-catalyzed of RCH,OCH,0H vs. pK,
of catalyst in water. C, R, slope of straight line: 4, CHj, 0.267; 4.5,
CH,0CH,, 0.330; 5, CICH,, 0.360; 5.5, Cl,CH, 0.549; 6, F;C, 0.586
(data from ref 14).

5

5+ C=8
4

4+ * c=7
(&)
+ L
vy c:=6
o 3r
o

R:  CF3 ClyCH

CICH, CH,OCH, CHy
| L 1 I |

12 13 14 15 16

a

pko of RCH,OH

Figure 2. Logarithmic plot of rate constant for cleavage of
RCH,0CH,OH catalyzed by R“CH,COO" in water, vs. pK, of the al-
cohol produced. C, R”: 4, H; 5, CICH,; 6, CH;0; 7, C; 8, CN (data
from ref 14).

the reverse reaction in eq 1, which was made irreversible by
trapping the formaldehyde. Figure 1 shows Bransted plots of log
k. vs. pK, of the conjugate of the base catalyst. These are straight
lines, as expected, but the slopes are unusually variable.

Figure 2 shows plots of log k, vs. pK, of the alcohol. These
all go through a minimum. Since nucleophilicity for a series of
closely similar substrates, such as RCH,OH, parallels basicity,
one would have expected log %, to increase with pK; of the alcohol.
Thus the minima beg to be explained. Rate-constant minima
sometimes indicate a change of mechanism, but that is not ex-
pected here because the changes in alcohol structure are small
and occur outside the reaction zone.

Theoretical Formulation. The theory of structure-energy re-
lations® which 1 wish to test is nonlinear and permits rate-constant
minima even though the reaction events themselves vary with
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Figure 3. Progress variables and reaction events in the rate-determining

step of mechanism 2 for the base-catalyzed addition of alcohols to
formaldehyde.

structure in a normal manner. It turns out that if T adopt the
two-step mechanism 2 favored by FAJ,'* the theory reproduces

ke
B™ + HOCH,R + H,C=0 == BH +
RCH,OCH,O" (AG®) (2a)

RCH,0CH,0- + HB === RCH,0CH,0H +
B~ (AGHE — AGY) (2b)

the minima, while other mechanisms that I have tested do not.
This section will review the basic theory® and apply it to the
mechanism of eq 2.

The rate-controlling step (2a) involves two reaction events: bond
formation to >C=0, and proton transfer to B~. In Figure 3 these
events and their normalized progress variables ¥ and v form the
coordinates of a More O’Ferrall diagram. Upon rotation of the
u,v axes by 45°, translation of the origin, and renormalization,
one obtains an x,y coordinate system (included in Figure 3) whose
x axis connects reagents r and products p, and whose y axis
connects the two intermediate states that obtain when the reaction
events occur stepwise (i when u is followed by v; h when v is
followed by u). The u,v coordinates are related to the x,y co-
ordinates by:?

x=@w+uw/2 (3a)
y=@-w/2+% (3b)

Accordingly, x measures mean progress, and y — !/, measures
disparity of progress of the two reaction events. The process r
-+ p is the main reaction. The process i — h has been called a
disparity reaction. To apply Marcus theory it is convenient to
represent the free energy G as a function of x and y.3

For many reaction series it is possible to transform the progress
variables chosen initially so that G(x,y) is a quadratic func-
tion.>»”13 In such cases, on applying the assumptions of Marcus
theory and appropriate boundary conditions,’ G(x,y) can be ex-
pressed in the useful form:

G(x.y) = ¢ + 4yx(l - x) + xAG® - 4uy(l - y) + yAG’ (4)

Here AG® = G(p) — G(r), AG’ = G(h) — G(i), and ¢ is a constant
depending on the zero point of the energy scale. By definition,
both of the energy quantities vy and u are positive. When |AG®|
is less than about 2v, ¥ may be treated as a constant characteristic
of the reaction family and is called the intrinsic energy barrier.
Similarly, when |AG1 is less than about 2u, 4 may be treated as
a constant and is called the intrinsic energy well.

According to eq 4, the coordinates of the transition state are
given by (5). The activation free energy AG* is defined by (6).

x* =Y, + AG® /8% (5a)
yr =% -AG"/8u (5b)
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AG* = G* - G(r) = G(x*y*) - G(0,}%) (6)
On substituting in eq 4 and solving, one obtains eq 7.3
AG* = v + hAG + (8G°)/16y - (AG)?/16n  (7)

Note that eq 7 is a quadratic rather than a linear structure—
energy relationship and thus can accommodate rate-constant
minima. In many reaction series, AG® for the main reaction varies
only slightly, while AG’ for the disparity reaction varies sub-
stantially. If u is sufficiently small, eq 7 simplifies to the ap-
proximate form (8). The operator & in (8) denotes the change

3[AG*]} = -3[(AG)?/16u] (8a)
18[AG*]] >> [8[)5AG° + (AG°)?/16v]] (8b)

in the indicated free-energy function due to a change of reaction
within the reaction series. When reactivity within a reaction series
conforms to eq 8, it follows from the differential of (7) that AG*
goes through a maximum, and the rate constant goes through a
minimum, when AG’ ~ 0.

Comparison of Theory and Observation. To test eq 7 one needs
to know the reaction mechanism. For the base-catalyzed reaction,
the mechanism of eq 2 is reasonably well established,!25142 even
though part of the deduction makes use of ideas similar to those
that lead to eq 7 and thus may not be truly independent of the
present test. It is worth mentioning also that a powerful diagnostic
tool has now been added, in that AG’ must pass through zero near
the rate-constant minimum. Of the mechanisms that { have
considered, only that of eq 2 has AG’ pass through zero. The
rate-determining step of that mechanism is (9a). The corre-
sponding disparity reaction (i — h, Figure 3) is (9b).

B- + HOCH,R + H,C=0 — BH + RCH,0CH,0" AG®
(92)

B+ RCH20H+'CH20- — BH + RCHzo_ + H2C=O AG’
(9b)

AG®° and AG’in (9) can be evaluated by combining appropriate
free-energy changes defined in eq 10-16:
BH = H* + B~ AG"P (10)
RCH,0H = H* + RCH,O~ AGHOR (11
RCH,0CH,0H = H* + RCH,0CH,0- AG' (12)
RCH,0H*-CH,0H = H* + RCH,0CH,0H AG™  (13)
RCH,0CH,0H = RCH,0H*CH,0 AGZ (14)
H,C=OH* = H* + H,C=0 AGX = -4.0 kcal (15)

RCH,OH + H,C=0 = RCH,0CH,0H AGh™ =
-4.04 kcal (16)

Numerical values are listed in Table I. For reactions 10 and 11
they are the results of direct measurements, as summarized by
FAJ' For reactions 12-15 they are estimates based on data for
model substrates, with substituent effects estimated by familiar
linear free-energy methods. Except for the base value adopted
for AGZ, which was treated as a parameter of the least-squares
fit, 212 these values similarly were taken from the work of FAJ.!42%

(21) (a) On the basis of model substrates, the value of AGZ for C,H;0C-
H,OH is 16.4 kcal, instead of 15.4 kcal as listed in Table I. This estimation
requires evaluation of pK, - pK for the dibasic acid C,H; OH*CH,0OH, but
data for model substrates which have both the correct charge type and the
correct O—C-O basic sites do not seem to exist. Theory and experience with
acidity functions show that matching the basic site is important, while
matching the charge type v is less important because the electrostatic con-
tribution to pK, — pK, is in first approximation proportional to 2 + (v — 2)?
- 2(v - 1)? = 2, which is independent of ». The estimate of 16.4 kcal obtained
for C;H;OCH,OH is based on essentially equal values of pK; - pK, reported
for (CF;);C(OH), and O==C(OH,). (b) When AG?Z is not treated as an
adjustable parameter but a base value of 16.4 kcal for C;H;OCH,OH is used,
a(fit) is 0.213 kcal and o(data) is 0.273 kcal. Thus the fit of eq 7 is acceptable
on this basis as well.

Grunwald

Table 1. Standard Free-Energy Changes (kcal/mol) at 25 °C for
Reactions 10-14¢ (alcohol = RCH,0OH; base catalyst
B~ = R’CH,CO;")

R =
CH, CH,0CH, CICH, CLCH CF,
AGHOR 31 g3 20.22 19.52 17.58  16.96
AG! 18.50 18.18 18.03 17.65  17.52
AGH  —63¢ -79 -8.6  -106  -11.2
AGZ 15.4 16.7 17.3 19.0 19.5
R =
H CICH, CH,;0 cl CN
AGHE 634 5.36 4.64 3.68  3.04

4See text for details. ® AG' = 14.1; + 0.200AGHOR, ¢ AGM = -28 1
+ AGHOR, 4AGZ = 33.9, - 0.851 AGHOR,

Table II. Values (in kcal/mol) of AG®, AG’, and AG,* for the
Rate-Determining Step of Mechanism 2 (alcohol = RCH,OH; base
catalyst = R“"CH,CO;")

R R’ AG® AG’ AG,*
CH, H 8.12 4.16 16.36
CICH, 9.1 5.14 16.64

CH,0 9.82 5.86 16.87

cl 10.78 6.82 17.05

CN 11.42 7.46 17.26

CH,0CH, H 7.8 1.18 16.64
CICH, 8.78 2.16 16.75

CH,0 9.5 2.88 17.18

Cl 10.46 3.84 17.38

CN 11.1 4.48 17.70

CICH, H 7.65 -0.11 16.57
CICH, 8.64 0.88 16.85

CH,0 9.36 1.6 17.11

al 10.31 2.55 17.52

CN 10.96 3.2 17.72

CL,CH H 7.27 =37 16.09
CICH, 8.26 -2.72 16.52

CH,0 8.98 -2.0 16.91

cl 9.93 -1.04 17.54

CN 10.58 -0.4 17.85

CF, H 7.14 -4.86 15.57
CICH, 8.13 -3.87 16.12

CH,0 8.85 -3.15 16.60

Cl 9.8 -2 17.13

CN 10.45 -1.55 17.49

The value of AG™™ in (16) is based on direct measurements
for R = CH;. The same value was used for all alcohols in the
present series, because preliminary results for R = CF; cited by
FAJ?? and direct measurements for a similar series of hemi-
thioacetals?? suggest that substituent effects are likely to be small.
In terms of the free-energy changes defined in eq 10-16, AG® and
AG’ for reactions 9a and 9b are given by:

AG® = -AGHP + AG! + AGhemi (17a)
AG’ = -AGHB + AGHOR — AGM™ — AGZ  (17b)

Free energies of activation AG* were calculated using the Eyring
equation:

rate constant = (kg7 /h) exp(-AG*/RT) (18)
The experimental rate constants k, (eq 1) reported for the reverse

reaction are formal quantities, independent of mechanism, and
thus define a formal activation free energy AG,*. The corre-

(22) (a) It is desirable to use one consistent set of free-energy values, even
though some of the estimates may since have been improved. For instance,
a value of —5.37 has been recommended for pK, of formaldehyde. Cox, R.
A.; Smith, C. R.; Yates, K. Can. J. Chem. 1979, 57, 2952. (b) Borcsok, E ;
Kosiba, B. In ref 14, footnote 26.

(23) Gilbert, H. F.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 7931.
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Figure 4. Plot of AG’ for the rate-determining step of mechanism 2 vs.
pK, of the alcohol reagent. The base catalyst is R"CH,COO". Log k,
goes through a minimum when AG’= 1.4 £ 0.5 kcal, as indicated by the
horizontal band. Values of AG’at which log k, is predicted to go through
a minimum range from 1.49 to 1.57 kcal and are shown by open circles.

sponding formal quantity AG* for the forward reaction is given
by:

AGf* = AG,* + AGhemi (19)

We are, however, interested in the mechanistically defined quantity
AG.* based on the forward rate constant k, in eq 2a. Because
reaction 2b in this mechanism is fast, the transition state for the
overall formal reaction | is identical with that for reaction 2a.
Thus AG,* = AG;*. Substitution in (19) then leads to;

AG.* = AGF + AGhemi (20)

Results thus obtained for AG®, AG’, and AG,* for an array
of 25 reactions are listed in Table II. The values of AG® are all
positive. Therefore in eq 7, the AG® terms alone cannot produce
rate-constant minima. On the other hand, the values of AG’range
from +7.5 to —4.9 kcal/mol. The'(AG"? terms in (7) go through
a minimum whenever AG’ = 0 and thus will cause rate-constant
minima.

Figure 4 shows a plot of AG’vs. pK, of the alcohol reagent.
While the positions of the minima vary with pK,, within their
0.5-kcal/mol uncertainty they occur at practically equal values
of AG’, in good agreement with prediction based on eq 7 (open
circles in Figure 4). The high quality of fit no doubt comes in
part from treating AGZ for C,H;OCH,OH as an adjustable pa-
rameter; see (17b). Yet this single parameter reproduces five
minima. Moreover, the qualitative aspects of the fit would not
be worsened by a possible 1-2 kcal/mol error in the base value
adopted for AGZ.2®

In the least-squares calculation of parameters for eq 7, T used
the general method of Deming and the specific algorithm of
Wentworth.?* T used the data in Table II and the following
estimates of standard errors: for AG.*, 0.14 kcal (based on a
standard error of 0.10 unit for log k,); for AG® and AG”, 0.4 kcal
(based on the experience that equilibrium constants obtained by
comparisons with chemical models are accurate to about a factor
of 2). The following results were obtained:

v = 12.10 £ 0.08 kcal /mol
p = 2.98 £ 0.60 kcal / mol
AG? = 15.4 £ 0.5 kcal /mol for C,H;OCH,OH
o(fit) = 0.188 kcal /mol

(24) (a) Deming, W. E. “Statistical Adjustment of Data”; Wiley: New
York, 1943. (b) Wentworth, W. E. J. Chem. Educ. 1965, 42, 96.
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a(data) = 0.273 kcal /mol

In the above, o(fit) is the standard error of fit of eq 7, and may
be compared with g(data), which expresses the inherent accuracy
of the data. o(data) is defined as follows. Let y = f(x), and let
{y»x} denote the experimental data set, i = | to m. Then o(data)
is the average error of the difference function, [y; - f(x)], i =
1 to m. The latter is computed from standard errors in y; and
x; by familiar formulas for the propagation of error. Note that
a(fit)/o(data) < 1, showing that the fit is better than required
by the accuracy of the data. Note also that o(fit) is only slightly
greater than the standard error estimate for AG.*, in spite of the
fact that some of the free-energy changes (eq 10-16) which go
into the theoretical prediction are relatively inaccurate.?!®

Other Reaction Mechanisms. Equation 7 was applied to three
other reaction mechanisms which cover a variety of rate-deter-
mining steps. The mechanism shown as (21) + (22) differs from
(2) in that the rate-determining step (22) is acid-catalyzed addition
of RCH,O" to the carbonyl group, rather than base-catalyzed
addition of RCH,OH. The formal rate law is one of general base
catalysis, and the rate-determining step involves two progress
variables:

B- + RCH,OH == BH + RCH,0" 1)
k!
RCH,0" + H,C=0 + HB == RCH,0CH,0H + B~ (22)

Mechanism 21 + 22 had previously been ruled out by FAJ, partly
because some of the observed reactivities can be accommodated
only by microscopic rate constants of physically impossible
magnitudes.'* In the present study, using free-energy data ap-
propriate for this mechanism, the fit of eq 7 is decisively poor.
a(fit) is 1.1 kcal, four times greater than o(data).

A brief description of the preceding calculation will explain the
marked dependence on the reaction mechanism. For the rate-
determining main reaction (22), the disparity reaction is
RCH,0CH,0" + HB — RCH,0™ + H,C=O0H" + B". AG® =
AGHB — AGHOR + AGhemj. AG’ = AGHB + AGHOR - AGK - AGhemi
- AGL. AG.* = AG,* + AG®. For mechanism 2, the corre-
sponding equations are (9a,b), (17a,b), and (20).

Two other mechanisms, shown respectively as (23) + (24) and
(23) + (25), involve simultaneous acid and base catalysis. Their
rate-determining steps depend on three progress variables, labeled
u, v, and w:

HO™ + HB — HOH + B (23)

v
w

SN TN N show
B~ + HOCHR + HpC=0 + HOH == BH + RCHa0CH,OH + OH~
(24)

v
u w

/N N stow
HO™ + HOCHzR + H,C=—=0 t+ HB == HOH + RCH,OCHz0H + B~
(25)

These mechanisms are outside the scope of two-variable More
O’Ferrall diagrams (and thus were not tested by FAJ), but can
be examined by an extension of the present theory.?® This has
been done for (23) + (24). The fit, though not decisively poor,
is significantly poorer than that of eq 2. o(fit) is 0.36 kcal, 1.4
times greater than o(data), and the least-squares equation does
not predict the rate-constant minima. Acceptable intrinsic pa-
rameters for simultaneous acid and base catalysis are, however,
available from studies of the acid-catalyzed reaction.”’ They
predict that reaction according to (23) + (24) accounts for
0.03-3.4% of the total base-catalyzed rate, and that reaction
according to (23) + (25) accounts for 107 to 107*%. It appears,
therefore, that these reaction paths make only small contributions.
In the remainder of this paper I shall assume that eq 2 rep-
resents the dominant base-catalyzed reaction path.
Transition-State Coordinates. Using data presented earlier,
transition-state coordinates x*,p* for the rate-determining step

(25) Grunwald, E., J. Am. Chem. Soc., following paper in this issue.
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Figure 5. Transition-state coordinates projected from quadratic energy
surfaces (eq 5) for the rate-determining step of mechanism 2. Note the
difference in the scales of x* and y*. When y* > 0.5, proton transfer is
ahead of C:--O bond formation. When y* < 0.5, C..-O bond formation
is ahead of proton transfer.

Table III. Transition-State Cordinates in the Rate-Determining Step
of Mechanism 2

R¢ R’ xt yt ut b U’ ¢
CH, H 0.584 0.325 0.758 0.409
CH;0 0.601 0.254 0.847 0.355
CN 0.618 0.187 0.931 0.305
CICH, H 0.579 0.505 0.574 0.584
CH;0 0.597 0.433 0.664 0.530
CN 0.613 0.366 0.747 0.479
CH; H 0.574 0.704 0.370 0.778
CH,0 0.591 0.632 0.459 0.724
CN 0.608 0.565 0.543 0.670

4 Base catalyst = R"CH,COOQ™; alcohol = RCH,0H. *0..-C bond
formation. ¢Proton transfer to R“"CH,COO".

(22) of mechanism 2 were calculated from eq 5, and results
obtained for the 25 reactions are mapped in Figure 5. Note that
x* and y* are projected from quadratic energy surfaces. Thus
x*, the coordinate which measures mean progress, is not simply
equal to a familiar progress variable such as change of bond order
or change of electric charge; however, it varies monotonically with
such variables. The disparity coordinate y* is defined in such a
way (eq 3b) that the disparity (v* — u*) changes sign when y*
crosses !/,.

Figure 5 shows that the variation of x* in the series is relatively
small, and the dependence of x* on AG®° conforms to Hammond’s
rule. On the other hand, the variation of y* is large; substituents
in the alcohol reagent cause marked effects, and y* varies so much
that the disparity between proton transfer and O...C bond for-
mation even changes sign. When y* > 0.5, proton transfer is ahead
of O-..C bond formation, at the transition state. When y* < 0.5,
O--C bond formation is ahead of proton transfer, These effects
are clearly shown for representative reactions in Table III, which
lists not only x* and y*, but also the original progress variables
#* and v*; see Figure 3.

According to the present theory, all of the reactions plotted in
Figure 5 proceed by the same mechanism. This is because the
nature of the rate-determining reaction and of the disparity re-
action remains constant, and because all rate constants are re-
produced by eq 7 with the same pair of intrinsic parameters
and p. The change of sign of the disparity within the reaction
series and the corresponding change in the nature of the transition
states are fundamental, however, and may cause other criteria
to indicate other than a constant reaction mechanism, For ex-
ample, Figure 6 compares plots of log k, for reaction 1 for a fixed
series of alcohols but different pairs of catalysts. When the
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Figure 6. Plots of log k, for reaction 1 for a fixed series of alcohols and
the following pairs of base catalysts: (a) acetate (ordinate) and meth-
oxyacetate; (b) chloroacetate (ordinate) and cyanoacetate; (c) cyano-
acetate (ordinate) and methoxyacetate. Plots a and b are acceptably
linear; plot ¢ is a scatter diagram. Data are from ref 14.

catalysts are acetate and methoxyacetate, or chloroacetate and
cyanoacetate, the plots are nearly linear, suggesting similarity of
mechanism (Figure 6a,b). When the catalysts are cyanoacetate
and methoxyacetate, however, the plot is a scatter diagram,
suggesting a difference of mechanism (Figure 6c). The present
theory avoids such ambiguity by treating reaction mechanism and
disparity of reaction events as distinct variables.

Some Fitting Comments. So strong is the tradition of linear
free-energy relations? that when a structure—energy plot can
plausibly be fitted to a straight line, one tends to assume that the
straight line is the true reldtionship. But there is no statistical
necessity for this; the true relationship might be a gentle curve.
This issue is relevant because relationships such as those plotted
in Figure 1 have been identified as straight lines,'* whereas the
present theory requires that they be curves. In order to probe for
possible inconsistency, 1 shall present a method for computing the
signal/noise ratio (S/N) in the detection of curvature and show
that, for the plots of Figure 1, the predicted curvature is too small
to be detected.

Let f(x) denote the theoretical curve, and let {y;,x;} denote the
experimental data set, i = 1 to m. As before, let o(data) denote
the average error of [y, — f(x;)]. Let f; = f(x,), and compute the
set {fi,x}, i = | to m. We wish to find whether the set {f;,x;}, which
represents the theoretical curve at the experimental points x;,
differs detectably, beyond the experimental noise lével established
by o(data), from a straight line.

Let L(x) be the equation of the straight line which gives best
fit to {f;,x;}, and let o(L\/f) denote its standard error of fit. o(L\/)
measures the desired signal S, i.e., the deviation between the
theoretical curve and the closest straight line, in the same sense
that o(data) measures the noise N. Since S/N for multiple
experiments increases as m!/2, where m denotes the number of
experiments, the final expression for S/N in the detection of
curvature is:

S/N = m'%a(L\f) / o(data) (26)
Detectability depends on whether S/N is greater or less than unity.
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As S/N decreases below unity, detection of curvature quickly
becomes impossible.

For the data points plotted in Figure 1, x = pK, and f(x) =
log k,. The latter was calculated from eq 7, using the parameters
resulting from the least-squares fit for mechanism 2. Values of
S/N computed in this way for the five plots shown in Figure 1
range from 0.6 t0 0.7, the mean S/N being 0.66. This is well below
unity. One may conclude, therefore, that the predicted curvature
of the plots is too gentle to be detected.

A second fitting comment concerns solvation effects, or rather
the number of adjustable parameters to be used. When the
formation of a reactive encounter complex from the reagents needs
to be treated as a separate prior equilibrium, Marcus* and oth-
erst849:100 have suggested modifications of the basic theory which
would recast eq 7 in the form:

AG* = v° + YLAG® + (AG®)?/16u° — (AG)? /16y 27

There are now three adjustable parameters: 4°, u°, and u’. The
original v in eq 7 has been replaced by v° and u°: +° gathers
up all effects on reactivity that remain constant in the reaction
series, while u® gathers up all effects that vary as (AG®)% Their
values are different if certain physical effects, including solvation
effects in the formation of reactive encounter complexes, become

important. u’ corresponds to u in eq 7.

The fit of the three-parameter eq 27 represents an improvement
over that of eq 7. Using the same 25 data sets as before (Table
11), least-squares results are: y° = 12.66 £ 0.2 kcal; u° = 21.8
+ 2.8 keal; ¢’ = 3.66 + 0.8 kcal. o(fit) = 0.137 kcal, which
compares favorably with that of eq 7, 0.188 kcal, and is consistent
with the 0.14-kcal experimental error of AG,.*. Because the formal
change from (7) to (27) has a physical basis, the improvement
of fit is not trivially due merely to the introduction of an additional
parameter.

Despite this good result, I prefer eq 7 for the investigation of
reaction mechanism. The physical basis of eq 7 is of broad scope,
and although there are soft spots, the inherent approximations
are understood. Using eq 7, transition-state coordinates can be
simply deduced. Assuming that eq 2 represents the dominant
mechanism, the fit of eq 7 is really quite good, and one ought not
add to the pitfalls in deducing reaction mechanism by needlessly
increasing the number of adjustable parameters.

Registry No. CH,0, 50-00-0; CH,CH,OH, 64-17-5; CH,OCH,C-
H,0H, 109-86-4; CICH,CH,0H, 107-07-3; CL,CHCH,OH, 598-38-9;
CF,CH,OH, 75-89-8; CH,COO", 71-50-1; CICH,CH,COO", 5102-76-1;
CH,0CH,COO, 20758-58-1; CICH,COO", 14526-03-5; NCCH,COO",
23297-32-7.
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Abstract: Previous theory of structure—energy relations is extended to mechanisms with three concerted reaction events. Data
for 25 reactions (five alcohols, five acid catalysts) are examined on the basis of four different mechanisms. Only one of the
mechanisms fits well. It involves concerted C--O bond formation, proton donation by the acid catalyst, and proton acceptance
by a water molecule, according to H,O + HOCH,R + H,C=0 + HOOCCH,R’ — H,0H* + RCH,0CH,0H + "OOCCH,R".
The fit for this mechanism is decisively good in three practically independent tests. The contrast between the present mechanism
and that which fits the base-catalyzed reaction (which does not involve HOH as a reagent) can be explained as due to peculiarities
of relative acid—base properties of RCH,OCH,0H and H,0. No inconsistency appears with other data. Transition-state
coordinates for the acid-catalyzed reaction are tabulated. Progress of C..-O bond formation, though variable within the reaction
series, is well ahead of that of the proton transfers. Further analysis of the theoretical free-energy surfaces indicates that
disparity of progress of the concerted reaction events reaches a maximum at the transition state.

This paper continues the use of structure—energy relations for
deducing the mechanism of the addition of alcohols to form-
aldehyde. The preceding paper! (hereafter called part 1) examines
the mechanism of general base catalysis, using a theory of re-
activity? which applies when there is disparity of progress of two
concerted reaction events. This theory, which develops Marcus
rate—equilibrium theory? so as to quantify the use of More O’-
Ferrall diagrams,* predicts diagnostically different structure—
energy relations for different reaction mechanisms. In the case
of base catalysis, only one of the suggested mechanisms fits the
data, and this mechanism agrees with that indicated by other
methods.!36

(1) Grunwald, E. J. Am. Chem. Soc., preceding paper in this issue.

(2) Grunwald, E. J. Am. Chem. Soc. 1985, 107, 125,

(3) Marcus, R. A. J. Phys. Chem. 1968, 72, 891.

(4) More O’Ferrall, R. A. J. Chem. Soc. B 1970, 274,

(5) Funderburk, L. H.; Aldwin, L.; Jencks, W. P. J. Am. Chem. Soc. 1978,
100, 5444,

(6) Palmer, J. L.; Jencks, W. P. J. Am. Chem. Soc. 1980, 102, 6472.

I shall now examine the mechanism of general acid catalysis.
The specific reaction series is shown symbolically in eq 1, where
R and R’ are variable substituents.

R’'CH,COOH + RCH,OH +
i,
H,C=0 —.k_'* RCH,0CH,0H + R'CH,COOH (1)

Ishall use a 5 X 5 matrix of data: five primary alcohols and five
carboxylic acid catalysts, as reported by Funderburk, Aldwin, and
Jencks (FAJ).5 The experimental rate constants 2k, apply to the
reverse reaction in eq 1, which was caused to go to completion
by trapping the formaldehyde.

Bronsted plots of log 2k, vs. pKj, of the acid catalyst are shown
in Figure 1. Plots of log 2k, vs. pK, of the alcohol are shown in
Figure 2. These figures also show best-fitting straight lines
obtained by least squares. Most of the lines reproduce the data
adequately. However, as pointed out before,! there is no statistical
necessity for the real relationships to be straight lines. They may
be gentle curves.
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