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Abstract: Rate constants for cyanohydrin formation in aqueous solution can be predicted, with no use of
kinetics information, by the application of a simple model requiring only equilibrium constants and distortion
energies for the species involved in the reaction. The detailed model for cyanohydrin formation involves two
reaction coordinates: ©C bond formation, which would lead to a cyanohydrin with an orthogonal geometry,
and conversion of the carbonyl center fron? gpsg?. Allowance must be made for the necessary desolvation

of cyanide ion before €C bond formation begins and for the initial partial desolvation of the newly formed
cyanohydrin anion. The energies of the “corner intermediates” can be calculated, and then the rest of the
surface can be deduced using an assumed interpolation formula. With distortion energies derived from
semiempirical or ab initio molecular orbital calculations and overall energy changes based on experimental
equilibrium constants, and with the assumption of a quadratic dependence of energy on reaction coordinates,
the literature data for rate constants for cyanohydrin formation in solution can be matched for a representative
selection of compounds spanning the reactivity range which has been studied.

Introduction there has been vigorous objection to its use in large classes of
) ) ) reactions, such as carbonyl additions, where there is no “identity
The lack of a reliable way to predict the rates of chemical yeaction®is Despite this theoretical objection, the use of Marcus
reactions has been a serious hindrance to both the practical angrhegry has been empirically justified, by the simple observation
theoretical development of the discipline. Although some that intrinsic barriers are often transferable for “similar”
progress has been made at predicting rates of reactions fromygactiong215.16.19 However, the problem remains that transfer-
first principles;~® it remains a very difficult computational task.  apjlity of intrinsic barriers is simply an empirical observation,
As a stopgap measure, rate equilibrium correlations have beenyng there is no assurance that such transferability will extend
used as a way to make predictions of rate constants ffom, 5 new type of compound, nor has there been any way to
equilibrium constant$.** This is an application of linear free  5icyjate intrinsic barriers. In fact it has been argued that
energy relationships to prediction of rate constants rather thaninyinsic barriers will show some sensitivity to equilibrium
the more common use for mechanistic d|a;gn03|s. Marcus constan®22 The particular reaction discussed in this paper
Theory has excited much interest in this regérd] even though js cyanohydrin formation, as an example of a nucleophilic
(1) Gao, J. Methods and applications of combined quantum mechanical addl'il_on toA?tﬁarb?]nyl I(allnd of a Carblegarb(_)n bonqt_)florr?m?h.
and molecular mechanical potentials Reviews in Computational Chem-  f€action. ough a Marcus correlation I1s possible 1or this
istry; Lipkowitz, K. B., Boyd, D. B., Eds.; VCH Publishers: New York,  reaction, the variation in intrinsic barrier is larger than one would
1996; Vol. 7, pp 119-185. like—that is, transferability is not as great as it sometimes is.

% éoggegfe%éwxf&%_Cgﬁénrh_Rseffggazlz’lé%gﬁli%mg)_ Thus this reaction is a problem case for the methods which have

(4) Chandrasekhar, J.; Smith, S. F.; Jorgensen, W. Bm. Chem. Soc. been used to date.

198(3?) b07|h1543133.H 3.0 Phys. Cherl994 98, 5460-5470 Kreevoy? has argued that, at least for atom- or group-transfer
athis, J. R.; Hynes, J. T. Phys. Che , . ; ; ; ; Pt Qi ;
(6) Mathis. J. R Hynes. J. TL. Phys. Chemi994 98, 54455459, _reactlo_ns where there are |de|f1f[|ty reactions, th_e |ntr!‘n_S|c barrl’(’er
(7) Richard, J. P.: Jencks, W. B. Am. Chem. Sod.982 104, 4689 is only independent of the equilibrium constant if the “tightness
4691. is 1.0, that is, if the sum of bond orders to the atom or group
825188) Young, P. R.; Jencks, W. B. Am. Chem. Sod 977, 99, 8238~ being transferred is 1.0 throughout the transfer so that the group
(9) Amyes, T. L.; Jencks, W. R. Am. Chem. S0d.989 111, 7888~ (16) Guthrie, J. PJ. Am. Chem. S0d.99], 113 7249-7255.
7900. (17) Leussing, D. LJ. Org. Chem199Q 55, 666-673.
(10) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken, (18) Ritchie, C. D.; Kubisty, C.; Ting, G. YJ. Am. Chem. S0d.983
S.J. Am. Chem. S0d.989 111, 3966-3972. 105 279-284.
(11) Arnett, E. M.; Hofelich, T. CJ. Am. Chem. S04983 105 2889- (19) Guthrie, J. P.; Guo, J. Am. Chem. S04996 118 11472-11487.
2895. (20) Bunting, J. W.; Stefanidis, 3. Am. Chem. S04989 111, 5834~
(12) Albery, W. J.Annu. Re. Phys. Chem198Q 31, 227. 5839.
(13) Hine, J.J. Am. Chem. S0d.971, 93, 3701-3708. (21) Amyes, T. L.; Richard, J. B. Am. Chem. S0d.996 118 3129-
(14) Kim, D.; Lee, I. H.; Kreevoy, M. MJ. Am. Chem. S0d99Q 112, 3141.
1889-1894. (22) Kreevoy, M. M.; Ostovic, D.; Lee, I.-S. H.; Binder, D. A.; King,
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acquires neither positive nor negative character at the transition 0 0@

: o - (0,1) (1,1
state. This restrictive condition suggests that for carbonyl o V, - =7 ]
addition reactions (where there are no identity reactions), as in N¢C \l{,R N¢C R’.R

group transfer reactions (where there are), truly transferable
intrinsic barriers, independent of equilibrium constant, will be
rare. It remains an empirical observation that approximate
constancy of intrinsic barriers is commé&h.

In this paper | wish to propose a general approach to
calculating the absolute rates of chemical reactions, which in
favorable cases is not computationally demanding and where
the nature of the computational problem is generally recogniz-
able. In this approach equilibrium constants are used to provide

the energy contributions for processes which change the number ? c|>e
of bonds, while molecular orbital calculations are used to supply n=® ¢ N=C—C
distortion energies for bond-bending processes, for which even ) 1,0 Rk

relatively low level calculations often give useful information. Figure 1. Model for cyanohydrin formation within an encounter

Since experimental equilibrium constants in solution are used, complex. The two reaction coordinates are © bond formation and
the effects of solvation are automatically included. geometrical distortion.

Results Marcus work term is represented by this effect for strongly
hydrogen bonded anions. In the treatment of reactions presented

The method proposed in this paper requires the f0||owing here the equilibrium constant for formation of the reactive

postulates, some of which are in common use. encounter complex must be calculated, so the energy cost of
(1) Reactants are in equilibrium with starting material or  this desolvation must be determined, preferably from experi-

product at each point along each reaction coordinafEhis is ment.

one of the starting assumptions of transition state theory. (5) Reaction coordinates are defined to run from 0 toThis

(2) For any process where On|y one e|ementary reaction means that for bond'making/breaking processes lam Using bond
coordinate changes, the energy will be a quadratic function of order coordinates and that for geometrical distortions the reaction
the corresponding reaction coordinateThis applies both to  coordinate is the relative change in bond angle; A6/AOmax.
“edge reactions” and to any section through the reaction The corresponding model for the addition of cyanide to a
hypersurface for which only one reaction coordinate changes.carbonyl compound is shown in Figure 1. This reaction is
The elementary reaction coordinates are bond making/breaking,relatively simple in that from the encounter complex only two
or geometry changes with no change in bonding. The energy things need to happen to proceed to product: formation of a
will be given by an upward opening parabola centered on the C—C bond and a change in geometry at the reaction center from
lower energy end of the reaction coordinate. In the case thatSP to sp’.
both ends have the same energy, then the energy will be the To use this model we must have the free energies, relative
same at all points along the coordinate. To get a logically and to reactants in solution, of the four corner species. This requires
mathematically consistent equation for the energy surface, wecalculating the energy of the encounter complex at the origin
will have to deviate slightly from this ideal picture, but this is (0,0) of Figure 1, of the initial product (1,1), and of the two
the goal to be approximated. The success of molecular “corner intermediates” at (1,0) and (0,1).
mechanics is based on the approximately quadratic dependence The equilibrium constant for formation of the initial encounter
of bond-bending and bond-stretching energies on the extent ofcomplex (in terms of Marcus Theory, the work term) can be
distortion. calculated as the sum of the entropic cost of bringing the

Almost all chemical reactions will involve two or more reactants together and the cost of initial desolvation. In order
elementary reaction coordinates, and thus a reaction will be for cyanide to react with a carbonyl carbon, it must have lost
described by a reaction hypersurface with two or more reaction hydrogen-bonding solvation to water so that the lone pair is
coordinate dimensions and one energy dimension. | proposefree. The cost of partially desolvating CNn this way was
that this surface can be constructed by postulate 2, with someestimated from the difference irKpfor HCN in water, 9.2 28
deviations in order to obtain a single consistent equation for and DMSO, 12.97 This procedure leads to the cost of losing
the entire surface. hydrogen bonding both at carbon and nitrogen, 5.05 kcal/mol,

(3) Heterolytic bond clesage constitutes an elementary since it seems probable that cyanide ion will hydrogen bond at
reaction coordinate This is simply an elaboration of postulate both ends. A computational study showed that hydrogen
2, but it seems desirable to be explicit about this important bonding to the carbon or the nitrogen of cyanide was essentially
assumption. It has often been argued that there is an inherenisoenergeti@® The observation that cyanide in DMSO reacts
activation barrier to simple heterolytic cleavadé® but the with alkyl halides at carbon but in alcohols reacts at nitrégen
present assumption, that such barriers arise from accompanyingsuggests that hydrogen bonding is stronger at carbon. The
geometry changes, seems to fit the data quite satisfactorily, ascyanide nitrogen must, by the end of the reaction, have lost

will be seen below. much of the energy of hydrogen-bonded solvation. The product
(4) For an aplon to reapt at Carbon’ It m.USt first L!ndergo (26) Smith, R. M.; Martell, A. ECritical Stability ConstantsPlenum
partial desobation so that its reactie lone pair can be inian Press: New York, 1976; Vol. 4, p 26.
der Waals contact with the carbonAn important part of the (27) Ritchie, C. D.; Uschold, R. Bl. Am. Chem. S0d.967, 89, 1721~
1725.
(23) Guthrie, J. PCan. J. Chem1996 74, 1283-1296. (28) Lee, T. JJ. Am. Chem. S0d.989 111, 7362-7371.
(24) Warshel, A.; Weiss, R. M198Q 102, 6218-6226. (29) Smith, M. B.Organic SynthesjsMcGraw-Hill: New York, 1994;

(25) Shaik, SJJ. Org. Chem1987, 52, 1563-1568. p 675.
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is likely to be hydrogen bonded at the nitrile nitrogen, though the linear free energy relation between alcoh¢) andy o*.41:42

this is not expected to be strongly favorable. Computational Thus the cost of losing one hydrogen bond to the cyanohydrin
studies of gas-phase hydrogen bonding suggest that the energgnion can be calculated and used to calculate the energy of the
of the water-acetonitrile hydrogen bond is-4.6 kcal/mot° initial product from that of the fully solvated product, which in
while the energy of a watetwater hydrogen bond i56.4 kcal/ turn is known by means of the equilibrium constant for the
mol 3! both calculated using the TIP4P model for water. Thus overall process.

one expects that the hydrogen bond to the cyanohydrin nitrogen For the two “corner intermediates” we calculate the distortion
will make little net contribution to the free energy of the energy by MO methods. For (1,0), this means calculating the
cyanohydrin anion. The above analysis imposes a limit on the distortion energy as the difference in energy between (1,1) and
rate of reaction of cyanide as a nucleophile in water because of(1,0) and using this value to determine the energy of (1,0) from
the cost of desolvation. For proton-transfer reactions, where that of (1,1) in solution. For (0,1) the distortion energy is
the C of cyanide ion will be hydrogen bonded to the acid which calculated as the difference in energy between (0,0) and (0,1)
is about to protonate it, formation of the encounter complex and is used to determine the energy of (0,1) relative to that of
requires only loss of hydrogen bonding to the nitrogen. It is the encounter complex of the reactants in solution. Thus the
observed that proton transfer to and from cyanide is fast and absolute energies of the corners are based on experimental
direct (with no intervening wateff which implies that the cost  equilibrium constants and distortion energies calculated by MO
of losing solvation at nitrogen is small. Thus the data at hand methods for pairs of species differing only in geometry and not

suggest that in solution hydrogen bonding to cyanide ion is in bonding.
mainly to the carbon. For the two-dimensional case it is relatively straightforward

to calculate the energy for the transition state corresponding to
the energy surface described above in postulates 2 and 3. Let
the G-C bond-forming coordinate bleand the coordinate for
rehybridization from spto sp bey. Then by hypothesis the
transition state will be at the energy corresponding to the
crossing of the two limiting curves corresponding«ter 0 and
x=1ory=0andy = 1. These curves are given by

A study of the solvation of benzonitrile showed that the nitrile
nitrogen was hydrogen-bonded but that the hydrogen bonding
was to thes-bond and not the lone paif. A study of the
solvation of acetonitrile likewise showed that the nitrogen was
hydrogen-bonded to water, but did not discuss the georfetry.

In the case of the most reactive compounds the desolvation
process may be partially rate determining. The activation barrier
may be estimated by assuming that the rate of formation of
such hydrogen bonds from an unsolvated cyanide in an
encounter complex will be limited by the reorganization time
of water, which has a rate constant oft16-1.35-37 Gy1 =G+ (G, — Gy)(1 — x)?

The entropic cost of bringing two species together to form
an encounter complex was estimated following Hine’s sug- x* = ((G, — G,) +
gestion!? as 2.42 kcal/mol. Thus the full cost of bringing the

G0 =G X

reactants together in the encounter complex is 7.61 kcal/mol. \/(Gz - Ga)z — GG, — G~ GY)(G, — G — Gy
The initial product, (1,1), is a single molecule but will initially
be partially desolvated. X-ray studies of hydrogen bonding to G = Glx*z

carbonyl groups showed that most hydrogen bonds are oriented
toward the expected lone pairs foP$pybridization at oxygeRé

This implies that the initial state of the cyanohydrin will be G0 = Gzyz
partially desolvated at oxygen because only two of the three
hydrogen bonds expected for an alkoxide ion will be present G, =G;+ (G, — Gy(1 —y)°

when it first forms3® The energetic cost of this desolvation
can be estimated from th&pshift, from water to DMSO, for — (G — G 4
oxyanions. This K, shift has been shown to correlate with y =G, )

pKa,%° and the [, of the cyanohydrin can be estimated from \/(G1 _ G3)2 — GG, — Gy — G))/(G, — G, — G)

(30) Dunn, W. J.; Nagy, P. U. Phys. Chem199Q 94, 2099-2105. 5

(31) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; G*r =Gy*
Klein, M. L. J. Chem. Phys1983 79, 926-935.

(32) Bednar, R. A.; Jencks, W. B. Am. Chem. S0d985 107, 7126~

7134. The position of the transition state is given Xy the value
(33) Jorgensen, W. L.; Nguyen, T. B.Comput. Chen1993 14, 195- of x where the two expressions f&(x) cross, oty*, the value

205. of y where the two expressions fG(y) cross. TherG*, is the
(34) Carlson, H. A.; Nguyen, T. B.; Orozco, M.; Jorgensen, WJL. L.

Comput. Chem1993 14, 1240-1249. energy of the transition state calculated frorh and the
(35) Kaatze, UJ. Chem. Eng. Dat4989 34, 371-374. expression foGy=o, andG*y is the energy of the transition state

60&376)6}3621?28' U.; Pottel, R.; Schumacher, A.Phys. Chem1992 96, calculated fromx* and the expression foGy,=o. In these
(37) Giese, K. Kaatze, U.; Pottel, R. Phys. Chemi97q 74, 3718 expression§; is the energy of the (1,0) cornés; is the energy

3725. of the (0,1) corner, an@s; is the energy of the (1,1) corner (the
(38) Taylor, R.; Kennard, OAcc. Chem. Re<.984 17, 320-326. immediate product of the reaction). To simplify the calculations,
(39) | thank a reviewer for suggesting that desolvation efGC must

be included in the model if desolvation of CNé included. This possibility (40) Guthrie, J. PCan. J. Chem199Q 68, 1643-1652. The published

had been examined early in the development of these ideas but had beercorrelation is for i, in DMSO as an independent variable, but this can be
(prematurely) rejected because it led to contradictions for other reactions. transformed to K, in water as an independent variable (for constant number
With the full development of the approach presented here these contradic-of hydrogen bonds per oxyanion).

tions disappear and inclusion of a consideration of initial partial desolvation ~ (41) Guthrie, J. PJ. Am. Chem. S0d.976 100, 5892-5904.

of C—O~ improves the overall agreement of calculated with experimental (42) Takahashi, S.; Cohen, L. A.; Miller, H. K. Org. Chem1971, 36,
values. | gratefully acknowledge the help of this reviewer. 1205.



Rate Constants for Cyanohydrin Formation J. Am. Chem. Soc., Vol. 120, No. 8, 1898

the energies are all relative to the (0,0) corner (the initial
encounter complex), for which the energy is set at 0.0
Unfortunately there is no requirement from what has been
said so far that the same value be obtained from the two possible
ways to calculatéAG*. In fact it can be shown that the values
of AG* calculated in these two ways will be identical only if
the corner intermediate energies are the same or the overall =
energy change is zero.
If G = Gy, then

©

X*=((G;— Gy £ \/(Gl - Ga)z + G,Gy)/(—Gy)

o

Y =(G,— Gy % \/(Gl - Gs)z + G,Gy)/(—Gy) = x*

Free Energy {kcal/ml)

If Gz =0, then o
. 10
X = (G, £ \/G,GI(G, ~ G) - .
G = (G,G; £ 2G261\/® + GG,/ oo 0z 04 0s 0s PEE s
(G22 - 2G,G, + G12) G-C bond formation o2®
Figq(e 2. Surche described by eq 2;.ener.gies are calcglated for the
y* = (Gl + @/(Gl _ Gz) Z:lﬂ:tleog_c;flcé/allg/de?.to acetaldehyde, using distortion energies calculated
G* = (G,G,* + 2G,G,\/G,G, + G,/G,)/ where
(G"~ 26,6, + G,) = G* a,=2(G;— Gy

Although the differences, in the general case, between the
values ofAG* calculated in these two ways are relatively small,
usually less than 1 kcal/mol, this is an unsatisfactory situation a,=2(G, — G,) )
and will become more so for higher dimensional reaction 8 3
surfaces. A single equation for the energy surface can be

a,=G;

obtained as follows. The constraints imposed are (1) that the =G,

combined equation must give the simple equations shown above as=G,— G, — G
for the four edges of the diagram, (2) that it should give the 2 =3
correct values at the four corners, and (3) that it should give 3, =G, — G, — G
values at intermediate points close to those obtained by the two S
possible stepwise procedures (calculating the energy at a given a,=G,+G,— G,

x for y = 0 andy = 1 and then calculating the energy aiyj

by interpolating using the appropriate quadratic expression or - The value ofn was chosen to satisfy the final constraint,
calculating the energy at a givgnfor x = 0 andx =1 and  namely that the energies should be close to those calculated by
then calculating the energy aty) by interpolating using the  the stepwise procedures. Numerical exploration revealed that
appropriate quadratic expression). To do this, | started by with n = 2 the surface developed spurious “valleys” where the
writing an equation for the energy along any section parallel to energy fell below either the initial or final values for a given

the x-axis as section, while withn = 3 the surface developed spurious
5 “mountains” where the energy rose above either the initial or
G, = C':‘1X2 +(G3+ (G, — G)(1 — X)W final values for a given section. Reasonable behavior was
obtained withn = 2.5. The nature of the surface described by
G, =Gy + (G;+ (G, — Gy)(1 — y)X" the final equation is shown in Figure 2.

) ) ) . . Calculations to find the transition state positions and energies
Adding the right-hand expressions and then adding suitable were carried out by a computer program which was a simple
correction terms inx", y", andx"y" to force constraints 1 and 2 modification of the one used for Multidimensional Marcus

to be satisfied led to the following equation Theory® It was only necessary to change the input section to
) calculatea;—ay from the corner energies and to change the
G =G+ (G + (G, — G)(1 — X> — Gy + Gy + functions which evaluated the energy and its derivatives at any
G;+ (G, — G)(1 — y)> — GyAX" — G X" — Gy + point.
G+ (G ) Y 2y2) ! 2)/; When this is done, the results in Table 1 are obtained. The
(G, + G, — Gyx y' (1) calculationé* were done at various levels. For this reaction,
) o ) semiempirical (AM1) calculations gave reasonable results, with
which after simplification gives an rms deviation iMG* of 1.32 kcal/mol (0.97 in logk). Ab
. 5 initio calculations gave very similar results: 3-2G, rms
G=axy' +a)X + axXy +ay’ + ap’y" + deviation inAG* of 1.51 kcal/mol (1.11 in logk); B3LYP/3-

aexnyz +axy' (43) Guthrie, J. PJ. Am. Chem. Sod.996 118 12878-12885.
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Table 1. Equilibrium? and Rate Constants for Cyanohydrin Formation in Aqueous Solution at@5

AM1 3-21+G B3LYP/3-21+G 6-31+G** B3LYP/6-31+G**

Compound |0g<obs |Og Kobs |Og kcalcd |Og IQ:alcd |09 IQ:alcd |09 I(calcd |Og kcalccI
CH,O 7.48 5.54 5.48 4.96 5.43 5.05 5.43
CH;CHO 2.29 2.81 3.16 2.74 3.60 2.94 3.72
CH3;COCH; —-1.84 0.60 1.11 0.73 1.91 0.95 1.88
PhCHO 0.74 1.84f 2.29 1.82 2.77 1.97
PhCOCRK 3.98¢ 4.679 2.64 2.27 3.35
rms error in logkcaic 0.97 1.11 0.99 0.32 0.91

2 Kops= [RR'C(O7)(CN)J/[RR'C=0]["CN]. ® v = koo "CN][RR'C=0]. ¢ Experimental values from ref 62 unless otherwise stat®@lues based
on distortion energies calculated by molecular orbital methods at the level indiédieid.reaction is predicted to have desolvation of cyanide as
the rate-limiting process$.Reference 63¢ Reference 64.

21+G, rms deviation iPAG* of 1.36 kcal/mol (0.99 in log); The total solvation energy of cyanide ion in water is 70.5
6-31+G** (on four reactions), rms deviation iIANG* of 0.43 kcal/mol?8 thus, the 5.2 kcal/mol lost when hydrogen bonding
kcal/mol (0.32 in logk); B3LYP/6-314+-G** (on three reactions), is removed is a small part of the overall effect of a polar solvent.

rms deviation inAG* of 1.24 kcal/mol (0.91 in logk). Thus Cyanide is expected to be hydrogen bonded both at carbon and
relatively inexpensive calculations are quite adequate for this nitrogen: in the gas phase the two modes of hydrogen bonding
treatment, at least for this reaction. This seems reasonable, sincare equally favorablé® When cyanide becomes nitrile, it is
the calculations are being used to determine angular distortions,expected to become a much weaker hydrogen bond base and
in effect force constants for bond bending, and such force consequently to compete poorly for the much more abundant

constants can be calculated with useful precision by At water molecules for hydrogen bonding to water hydrogens.

ab initio calculations at the 3-21G leWi8}46 For very reactive carbonyl compounds, in the present work
) ) formaldehyde, reaction within the encounter complex can be

Discussion so fast that it becomes faster than the solvation/desolvation

The goal of this research has been to find a practical method Process and ceases to be rate-limiting. The total cost of forming
for predicting rate constants. This necessarily means using athe reactive encounter complex was estimated as 7.6 kcal/mol
simplified model, so that there is an empirical element arising OF 5.6 log units. The true reaction rate must be faster than the
from the justification of a particular simple model, based on its apparent rate by this amount if the encounter complex is indeed
success. Since the model must be explicit, it would be Onthereaction path. Inthe case of formaldehyde, the observed
straightforward to try a more elaborate model, to see if it leads rate constant is B¢ M~* s™%, so the true rate constant would
to better results. The key ideas are that one can, and muste 16%1s™1, This is similar to the rate of diffusional separation,
analyze a reaction in terms of the “simple” processes which Suggesting that the rate-limiting process is before complete
will follow a quadratic force law and that as a consequence of formation of the encounter complex. For the final desolvation
the simplicity of these force laws one can interpolate to Process (or in the other direction the first step in the escape of
determine the energy of the entire energy surface. If the cyanide from the encounter complex)
processes used to define the reaction dimensions are not simple,
then the energy at intermediate points will not be so readily 0 o /H (”)
determined by interpolation. In my earlier attempts at address- ‘N=C ‘N=C¢--H-0 C
ing th|s problem by Multldlmensmnal Marcus Thed‘ﬁythe H}‘{ HH‘{
reaction dimensions were not simple, and a quartic dependence
of energy on reaction coordinate was used. The quartic

expression allowed for an intrinsic barrier for each reaction of water in liquid water, that is, the dielectric relaxation time.

?rgi?esrlgtr)ll.e ithrr]iI:sizvgzrikrﬁgarss\ljvt#iﬂ hg) d ttgiaszst?ergﬁt?vnah?;te dThe dielectric relaxation time seems well established as about
’ 10711 357374952 (Clearly this will not be exactly

separately. In the Iniial attempt at the approach presertedappropriate for the situation here, but it seems likely to be within
P an order of magnitude. This relaxation time imposes a limit

on any diffusional separation process. Thus we expect that,

reaction steps. Distortion energies were taken from molecularxfor formaldehyde, desolvation will be at least partially rate
PS. 9 limiting and could be entirely rate limiting if the actual addition

mechanlcs calculatlo.ns. Although the \{alugs do chqnge wlth process is faster.
different models or different ways of estimating the distortion . . . L
. S . o In using the dielectric relaxation time for pure water, | am
energies, the results are often surprisingly insensitive to the , . o )
trying to set a limit on any separation process. From the

details of how the calculations were done. s )
complex permittivity of solutions of salts, one can extract rate
(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;  constants for encounter and separation though one must impose

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. ; i (inti
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, a model for the nature of the ion pair (mtlmate or solvent

V. G.. Ortiz, J. V.: Foresman, J. B.. Cioslowski, J.: Stefanov, B. B.. S€parated). However this method requires that at least one of
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; the ions have a charge of 2 or higher, and in these cases
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
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12. interest is the estimation of rates of reaction for less favorable

T T 7 j T cyanohydrin formation, where the linear free energy relation is
expected to break down at some unknown point, as the
equilibrium becomes less favorable and the slope becomes
larger. The new approach presented in this paper should be
general and has no empirical parameters.

Figure 3 shows the linear free energy relation between the
rate and equilibrium constants for cyanohydrin formation and
the Marcus curve (with an average value of the intrinsic barrier
used for all reactions) passing through the point for acetaldehyde,
from which there are clearly systematic deviatiéhs.

Thus, when Marcus Theory is applied to the cyanohydrin-
forming reactions examined here, the intrinsic barriers calculated
for reactions within the encounter complexes are similar but
not constant. In fact the approximately linear relation between
log k and logK over the range of data available implies that
the intrinsic barrier cannot be the same for all compounds. This
sort of linear free energy relationship, though it may be very
useful, is strictly empirical, and over a wide enough range in
reactivity it is expected to break dow. It should be borne in
mind that a linear relationship involves two empirical param-
eters. A calculation procedure which involves no empirical
parameters is both esthetically and practically of more value in
terms of making predictions in a new situation.

For the dimension corresponding to carbayanide bond
formation (heterolytic cleavage in the reverse direction) we can
show that the quadratic expression in bond order coordinates is
equivalent to a Morse curve in bond length coordinates. We
start with Pauling’®® bond length-bond order relationship

corr

log k

-2, 0. 2. 4 6. 8. 10.

log K r,=r, +Alog(n)

corr

Figure 3. Rate and equilibrium constants for cyanohydrin formation, ) . )
calculated for the encounter complex of desolvated cyanide ion with This can readily be transformed into
the carbonyl compound:— — —) best straight line (least squares);)(

Marcus curve, using the average intrinsic barrier. n= &1

electrostatic effects retard the separafib?f. The method is
not suited to determining rate constants for formation or
separation of iorrmolecule complexes.

Intuitively one might expect greater charge separation for the
relatively severe distortions when a carbonyl compound is bent
to tetrahedral geometry, because of an enhanced contribution
from the C"—O~ resonance contributing form at the expense
of C=0. This in turn might lead to greater solvation energy,
complicating the estimation of the energies of the corner
intermediates. However Mulliken population analysis suggests
otherwise: for all of the compounds (at the B3LYP/3Za 5
level), the charge on the carbonyl oxygen changes very little Ep = 0.021914k,)A61 — 0.014A0 +
upon distortion and in the direction of becoming less negative. (5.6 x 10 °)A6% — (7.0 x 10 )A6® + (9.0 x 10 *)A6%

For all but trifluoroacetophenone the charge on the carbonyl

carbon changes relatively little. For trifluoroacetophenone there | am usingx = A6/A6max as the reaction coordinate. Thus the
is a large change but there are accompanying and offsettingenergy for a bending distortion, using only the quadratic term,
changes in the charges on the carbon of the trifluoromethyl s given by

group and the ipso carbon of the ring. There is little change in

the charge on the peripheral atoms which would interact most E = [0.021914K,)A6 2]x2

directly with solvent, when the carbonyl group is distorted. max

One can demonfstrgte alinear free energy relatlopshlp between (53) The points are for the model with desolvated cyanide in contact
the rate and equilibrium constants for cyanohydrin formation. with the carbonyl compound, for a total desolvation energy of 7.61 kcall

This requires two empirical parameters (slope and intercept) mol. Since log< and logk are corrected by the same amounts in this model,

: : e an equally good linear fit would be obtained using the direct experimental
and is of an uncertain range of validity. The slope for the [.iies.
compounds discussed here is 0.65; one expects this to become (s4) Leffler, J. E.; Grunwald, ERates and equilibria of organic reactians
closer to 1.0 as the equilibrium constants become less favorablewiley: New York, 1963. , o
and to become closer to 0.0 as they become more favorable (55) Pﬁulmg, L.The nature of the chemical bon@ornell University
" . : . Press: lIthaca, NY, 1960.
(though it is unlikely that there will be many compounds more (56) Allinger, N. L.; Yuh, Y. H. Lii, J. H.J. Am. Chem. Sod.989

reactive than formaldehyde in this context). The situation of 111, 8551.

Then the expression for energy as a function of bond order
coordinate becomes

G=AG(L — x)?
= AG(1 — X )?

which is of the form of the Morse curve, as one might expect.
The energy for a bending distortion is given®by
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Since the molecular orbital calculations used for distortion The simplest model is to assume no cross terms, as has been
energies refer to the gas phase, we must ask whether solvatiordone above. One then asks if this simple model works. My
will perturb the distortion energy. It is known that the solvent contention is that it does.
will affect the frequency of an IR absorption, though the effect  For purposes of testing the approach presented in this paper,
is normally small (except for hydrogens which engage in the calculations have been restricted to cases where both rate
hydrogen bonding). For carbonyl stretches, which have beenand equilibrium constants have been directly measured. It is
extensively studied, the effect of solvent is less than 25%cm  however possible to estimate equilibrium constants by linear
for a frequency of 1700 cm,5’ corresponding to 1.5%. One free energy relations, such as the Sander and JefAeks
thousand seven hundred inverse centimeters corresponds to 4.€elation for carbonyl addition® thermodynamic additivity
kcal/mol, while the distortions of interest here are on the order procedure$? or molecular orbital or molecular mechanics
of 20—50 kcal/mol. The gas-phase values seem likely to be calculations. In general one has more confidence in such
adequate. methods than in analogous estimations of rate constants. It is

Although development of this method is still in progress, also possible to determine equilibrium constants in indirect
some aspects of the question of when it will be computationally ways?*including equilibrium constants for formation of reactive
demanding or not are becoming clear. The necessary calculaintermediates, which are very difficult to evaluate directly. Such
tions will not be particularly demanding provided that the overall equilibrium constants would become the starting point for
equilibrium constant is known, thégor other equilibria needed ~ €stimation of rate constants by the present method.
to calculate the equilibrium constant for reaction in the encounter ~ Although the precision of the predictions by this new method
Comp|ex is known or can be estimated, the bond_making/ is not hlgh, it is sufficient to be useful in considering new
breaking process is a simple heterolysis or a proton transfer,reactions. The method can doubtless be improved by more
and other dimensions involve distortions corresponding to detailed calculations. Even as it stands, it represents for the
molecular vibrations. By using equilibrium constants in solu- first time a practical general method for predicting the rates of
tion, we can sidestep the problem of calculating solvation chemical reactions in solution.
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