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Abstract: The identity transacylation reactions of chloride with several substituted benzoyl chlorides, Cl
XCeH4COCI, have been investigated. For=Xp-CHz, m-CHz, H, m-OCHs, m-F, andm-CF;, the complexation
energies of the ionmolecule intermediates and the rate constants of the reactions have been measured. The
energy difference between the reactants and the transition aB§g, has been obtained through RRKM
modeling of the experimental rate constants. Quantum calculations on the structures and energetics of the
complex intermediates and transition states have been conducted, and the calculated energetics of the surface
are reasonably consistent with the experimental results. We find that the substituent on the neutral electrophile
affects both the complexation energy atHgi;, but in a different manner; the energy difference between the
complex and the transition state does not remain constant for the entire system. This is different from the
substituted benzyl chloride@ system, in which the intrinsic activation energy remains constant for the entire
series, but can be explained in terms of the structures of the complex and transition state for these reactions.

Introduction reactions, difficulties in the equilibrium measurements, and a
shortage of theoretical resources have hindered the full char-
]acterization of the effect of substrate structure on the potential
energy surface.

In an attempt to understand more detail about the mechanistic
chemistry and the intrinsic effect of the substrate structure on
the potential energy surface of the gas-phase carbonyl trans-
acylation reaction, we have studied experimentally and theoreti-
cally the transacylation reactions of a series of substituted
benzoyl chlorides (eq 1).

Nucleophilic displacement reactions at carbonyl centers are
among the most studied reactions because of the importance o
the carbonyl functional group in both chemistry and biochem-
istry. In solution, the mechanistic details of acyl transfer
reactions have been extensively investigatédviany experi-
ments support the proposition that carbonyl additietimina-
tion reactions proceed through a covalently bound, tetrahedral
intermediaté:2*8 These studies, however, reflect effects of the
solvents and counterions in solution. Subsequently, both ex-

perimental work in the gas phase and theoretical work have o o

been performed to explore the intrinsic properties of transacy-

lation reactions. Of particular interest are the parameters that .¢; . | N cl | S L o (1)
determine whether the tetrahedral structure is an intermediate Vel /Z

or a transition state on the potential energy surface. We have X X

proposed that the electron affinity of the ionic reactant plays a
very important role in determining the relative stability of the
tetrahedral structur&;!! and that the transition state has a
tetrahedral structure in many transacylation reactions. The effec

The identity chloride transacylation reactions have been
chosen because (1) the substituent in the benzene ring can be a
tprobe to study the electronic effect on the reaction center, (2)
of neutral substrate structure on the reactivity in gas-phasethese reactions are thermoneutral and complications associated

transacylations, however, has been less studied. Complicationé"’Ith the thermodynamic driving force effect are eliminated, (3)

: . . . . : . the steric effect is constant, (4) there are no other reaction
associated with multiple reaction channels in previously studied ) ' ; T
P P y channels available, and (5) the reaction rates and the stabilities

(1) Bender, M. L.Chem. Re. 196Q 60, 53. _ of the intermediate complexes are within the measurement
Mirgi)c)i]aenfgg%.w- P Catalysis in Chemistry and Enzymolggpover: capabilities of our instrument,
(3) March, J.Advanced Organic Chemistngrd ed.; John Wiley and We have measured the rates of a series of chloride carbonyl
Sons: Ne\év Yol\r/lk, ngsi Chem. Sod951 73 1626 transacylation reactions (eq 1) using Fourier transform mass
Eé‘% Eggore:ri_. R.; Bruice, T. C). Am. Ch%em.'smgé&s 87, 4138. spectroscopy. The substituents are=Xp-CHs, m-CHs, H,
(6) Johnson, S. LJ. Am. Chem. Sod 964 86, 3819. m-OCHs, m+, andm-CFs. Using these experimental data, we
(7) Fraenkel, G.; Watson, 0. Am. Chem. Sod.975 97, 231. employed microcanonical variational transition-stat¥TS)
(8) Hand, E. S.; Jencks, W. B. Am. Chem. S0d.962 84, 3505. RRKM theory to estimatéEg;r, the energy difference between
lléQ)SSSer, S.; Brinkman, E. A.; Brauman, J.J. Am. Chem. S0d991 the reactants and the transition state. The chloride binding
(10) Wilbur, J. L.; Brauman, J. . Am. Chem. S0d994 116, 5839~ energies of the complexes have also been determined by
5846. measuring the equilibrium constants between these complexes
(11) Wilbur, J. L.; Brauman, J. 0. Am. Chem. S04.994 116, 9216~
9221. (12) Dodd, J. Ph.D. Dissertation, Stanford University, 1985.
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and some chloride complexes of known stability. In addition, Table 1. Kinetic Data for the Reactions *Cl+ XCsH4COCI—
we carried out AM1 and ab initio quantum calculations to study €™ + XCeHsCO*CI

the reactant, complex, and transition-state structures. Kops X 10720 Keaf(SC) x 107° AEgi
We report in this paper the effect of substrate structure on substituent (cm®s™) (cm®s)? @ (%) (kcal/mol) o°

AEgi and the binding energy of the intermediate complex for  p-cH;, 0.86 3.89 22 —40 -0.14

the reaction in eq 1. We find that the complexation energy and m-CHs 2.69 3.62 74 58 —0.06

AEgi both change with substitution on the benzene ring. These H 3.4 3.50 9.7 =59 0.00

results are consistent with our previous suggestions that the m-OCH, 5.46 3.01 181 -83 0.10

transition state has a tetrahedral structure. In conjunction with m 79 2.83 29 88 0.34
: m-CF; 11.2 2.92 38.3 —11.0 0.46

guantum calculations, they also suggest that the structure of the _ _
complex is rather different from a simple attachment of the 2|n the capture rate calculation, dipole moments and moments of

. . inertia were obtained from AM1 calculations (discussed later) and
chloride to the backside of the carbonyl group. molecular polarizabilities were calculated using an empirical relation
. . (Miller, K. J.; Savchik, J. A.J. Am. Chem. Sod979 101, 7206).
Experimental Section b Hammetto constants taken from ref 3.

Materials. All chemicals used in this study were purchased from

Aldrich. They were purified by distillation prior to use. The samples Scheme 1 _

were subjected to multiple freezeump—thaw cycles before introduc- CICO,CH;  + & —— CI + CO.CH,

tion into the ion cyclotron resonance cell. CICO,CH; + CI——= CHiCl + CICO,
Instrumentation. All the experiments were performed in a Fourier cicCo, + M [MCII + CO,

transform lonSpec OMEGA ion cyclotron resonance (FT-ICR) spec-
trometer equipped with impulse excitation. Details of the experimental
apparatus can be found elsewh&#.Briefly, the ICR consists of a 2

x 2 x 2 in. cubic cell, constructed from six stainless steel plates
mounted on Vespel rods. All ions were trapped with magnetic fields
at about 0.6 T. Neutral samples were admitted to the high-vacuum can
by means of Varian leak valves.

During the experiments, pressures of neutral species within the ICR T [|\ cl _C].} Keq @iCH Mor )
/

M = CICO,CHj, CF3H, CF5COCI, or X-CgH,COCI

neutral complex is shown in Scheme 1. Chloride-substituted benzoyl
chloride complexes were formed and stabilized by loss of,.CO
Equilibrium measurements, eq 3, were carried out with standard

cell were monitored with an ion gauge (Varian 844) which was v
calibrated against a capacitance manometer (MKS 170 Baratron with X
a 315 BH-1 head). Typical operating pressures were betweerahd

107 Torr. Primary ions were generated by electron impact on neutral

precursors. The kinetic energy of the incident electrons was controlled ¢, 1n6unds whose chioride affinities are close to those of our substituted
by varying the potential applied to the filament and the bias on the complexes. Thus, CIC&H,Cl~ was used for low chloride affinity

trapping plates. Typical operating current and voltage for the filament complexes, and GH-CI- and CRCOCFCI- were used for high

were 2-3 A and 1-3 V, respectively. Standard notched ejection  qp|orige affinity complexed lon signals were measured and averaged
techniques were used to remove unwanted ions from the ICR cell and 54100 times) at each time increment until equilibrium was reached
thereby isolate the_ ions of interest. All experiments were carried out at yatween the complexes in the cell. The equilibrium constants for
a temperature_estlm_ateq to be 3505}" . ) ) reactions between the standards and the benzoyl chloride complexes
Data Collection. Kinetics. The reaction in eq 1 was studied by direct  \yere determined from the ratio of the complex ions and the pressures
observation of isotope exchange. Ghas generated directly from 4 the neutral compounds. The equilibria among these chloride and
reactive substrates by dissociative electron attachment (eq 2). The propebenzoy| chloride complexes were also measured for comparison. These

o equilibrium constant measurements were performed at a variety of

o
o) pressures and on different days.
A Cl _ N * + -
[ Cl @)
| +t @ ' 2 Results
X

//

X

M = CH;0COCI, CFH

Kinetics. The rates of these chloride identical exchange
reactions have been determined using é§4whereR; is the
R—-R,

R+1

isotope ratio ¥CI/?’Cl ~ 3) was observed over a large time interval
before each kinetic run. One of the isotopes of ®&s ejected, leaving
only the other isotope. The ion signals of both isotopes of @re
measured using signal averaging {8M0 times) until the equilibrium
chloride isotope ratio was reached, or for as long as possible (ca-1000

3000 ms depending on the pressure of the neutral in the cell). The ion rgtig of ion intensities GECI/3Cl] at timet, R., is the natural
signals were monitored at 10 different increments of time. Kinetic runs isotope ratio of5CI37Cl, kopsis the observed rate constant, and

for each reaction system were carried out at a variety of different o0 orassire of the reactant. Since the reactant and product
pressures, and data were collected on different days. Rate constants

were reproducible tat10%; the major source of error in the kinetic lons have similar masses, problems resulting from ion loss

measurements is the pressure measurements, which are accurate 910uld be eliminated. Rate constants were reproducible to

within 20—30%. +10%. The observed rate constants are listed in Table 1. The
Equilibrium Measurements. Typical operating pressures were capture rate constantga, calculated with the SuChesnavich

between 10° and 107 Torr. At these pressures, bimolecular collisions method*® and the reaction efficienciesP(= kondkeap), are also

occur once every-110 ms. In this pressure range there is no simple listed in Table 1.

mechanism for removgl of EXC.ESS energy of.a. bimolecular collision Thermodynamics_The Comp|exati0n energieAHcomplex for

complex, since the lifetime of a plmolecu!ar collision complex is usually  formation of [X—CsHsCOCECI], eq 5, have been determined

less than microseconds. Thus, intermediate complexes cannot generally

be observed. The method used here for generation of the chloride ion/  (16) Larson, J. W.; McMahon, T. BCan. J. Chem1984 62, 675.

(17) Eyler, J. R.; Richardson, D. B. Am. Chem. S04985 107, 6130.

(13) Wilbur, J. L. Ph.D. Dissertation, Stanford University, 1993. (18) Wladkowski, B. D.; Wilbur, J. L.; Brauman, J. J. Am. Chem.

(14) Zhong, M.; Brauman, J. 0. Am. Chem. S0d.996 118 636. Soc.1994 116, 2471.

(15) Han, C. C.; Brauman, J. J. Am. Chem. S0d.989 111, 6491. (19) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183.
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Table 2. Equilibrium Data for XCI~ + CH;OCOCI— CH;OCOCHCI~ + X and Complexation Energies of the Chloride Neutral Complexes

AGQrel ASJrel AHcrel AHcomplex
X (kcal mol?) (cal moltK )2 (kcal moft) (kcal moft)
p-CH3CsH4COCI 1.034+0.01 0.9 1.4 —15.5
m-CH3CsH4COCI 2.17+£0.06 1.0 25 —16.6
CeHsCOCI 1.6640.10 2.6 2.6 -16.7
m-OCH;CgH4COCI 5.36+ 0.05 1.8 6.0 —20.1
m-FCsH4COCI 4,184+ 0.06 -0.2 4.1 —-18.2
m-CFR;CeH4COCI 5.47+ 0.04 0.6 5.7 —19.8
CRHP 2.0 0.9 2.3 —-16.4
CICO,CHZ? 0 0 0 —-14.1

a Entropy calculated from statistical thermodynamic relationships using geometries and frequencies obtained from semiempirical AM1 calculations
b Reference 16.

Scheme 2

o
o+ 2 — [l/’ 'CI} ° ¢ ° ¢

) H H H H

H 4
from equilibrium measurements relative to standard chloride H HY
complexes, eq 3. The standards used here as®©CICFCI~
and CRH-CI~ whose complexation energies have been deter- cr
mined by Larson and McMahd.

The free energy changes for the equilibria in eq\&° e, Scheme 3
have been obtained by measuring the equilibrium congtant
between the complex of chloride with the substituted benzoyl
chlorides and the standard complexes frd@° = —RT In
Keq The subscript “rel” is used here because the measured free HNYOH H H
energy changes of eq 3 are actually complexation free energies A :
of [X—CgHsCOCI-CI] relative to the standards. We have also
measured equilibria of these chloride and substituted benzoyl
chloride complexes relative to each other, and the obtained ab initio AM1
relative free energies agree with the ones from the measurement
with the standard CEOCOCHCI~ and CRH-CI~ complexes the entropy change. In Table 2, the standard deviation from the
to within 5%. mean of all measurements taken is listed.

Since we are interested in the enthalpy changes in eq 3, Quantum Calculations. The primary purpose of the quantum
AH°, the entropy changeAS’ are needed. Larson and calculations is to determine reasonably accurate structural,
McMahon used a statistical thermodynamic approximation in energetic, and spectroscopic estimates of the reaction systems.
which the geometry was roughly estimated and the vibrational These data are used in the RRKM analysis to obtdis from
entropy change was neglected. Wladkowski et®alsed the the experimental data. The structures and geometries of the
results of quantum calculations to obtain the geometry and reactants, iormolecule complex, and transition state for the
vibrational frequencies and calculate the entropy changes in theunsubstituted benzoyl chloride system have been investigated
S\2 reaction system. In our work here, we have also obtained using ab initio molecular orbital calculations at the 6+33*
geometries for the reactants and complexes and the vibrationalevel 2° The vibrational frequencies and rotational constants are
frequencies from quantum calculations (discussed later). Therelisted in Table 3. The structures ( reactantB, complex; and
is only a very small difference between McMahon's entropies C, transition state) are shown in Scheme 2. The energies for

r ér

and those obtained with our method. the reactants, the complex, and the transition state were also
From the free energy change and entropy change data, theobtained from an ab initio calculation at the MP2/6+33*//
enthalpy changes in eq 3H°e, were derived fromnAH® ¢ = 6-31+G* level. The calculated surface energetics (including

AG° + TAS el SinceAH® g is the complexation energy of  zero-point energy) for the benzoyl chloride reaction system give
the complexes [%CgHsCOCICI™] relative to the standards, —6.6 kcal/mol forAEgis and—15.4 kcal/mol forAEyen in good
the absolute complexation energies of our compleXetompiex agreement with the experimental values.
eq 5, were obtained by subtractingd® from the complexation For the ion-dipole complex of chloride with benzoyl
energies of the standard complexes which were taken from chloride, the local minimum found in the 6-3G* calculation
Larson and McMahon. The values of free energy change, is one in which chloride ion binds to the benzene ring close to
entropy change, and enthalpy change in eq 3 and the complexthe dipole axis, rather than one in which chloride ion binds to
ation energies of the chloride/neutral complexes are listed in the carbonyl group, the reaction center (Scheme 3). AM1
Table 2. MOPAC?*! was also used to calculate the properties of the
Equilibrium constants were reproducible to within 10%. complex. As shown in Scheme 3, the structure of the complex
Errors inAHcompiexhave three primary sources. First, there is a calculated by AM1 is similar to that from the ab initio
small error in the relative free energyG°e measurements due  calculation; both give structures in which the chloride binds
to uncertainty in the relative pressure measurement. The errorsclose to the dipole axis. The structural information for the
in absolute pressure should cancel. Second, the referencesubstituted complexes was obtained only from AM1 MOPAC
comp!exatlon energies fgr GBCOCHCI™ and CEH.CI (20) Frisch, M. J.; et alGaussian 94, Reésion C.3 Gaussian, Inc:
contain some error. Relative values, however, are likely to be piyspurgh, PA, 1995.
accurate. Third, a small error is introduced in the calculation of  (21) Stewart, J. J. MOPAC 6.00No. 455, 1990.
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Table 3. Parameters Used in the RRKM Analysis of the Reaction of €ICsHsCOCI, as a Representative Example

dissociation transition state complex transition state dissociation transition state complex transition state
Cl~---CsHsCOCI [CI=-C¢HsCOCI]  [CI-CgHsCOCI]™ T Cl~---CsHsCOCI [CI=-C¢HsCOCI]  [CI-CsHsCOCI] T

v 22 314i v;?

3 34 43 1028 [1028] (1175) 1010 999

151 [163] (144) 45 102 1070[1078] (1193) 1014 1006

186 [194] (188) 80 118 1109 [1162] (1200) 1064 1011

311 [318] (342) 155 175 1169 [1175] (1234) 1071 1061

406 [418] (367) 187 199 1184 [1206] (1316) 1118 1100

422 [418] (416) 309 241 1216 [1315] (1381) 1159 1147

424 [500] (461) 403 313 1325 [1321] (1415) 1181 1165

499 [509] (554) 416 407 1446 [1455] (1569) 1222 1206

606 [615] (599) 419 421 1493 [1483] (1612) 1322 1317

650 [650] (657) 492 462 1596 [1582] (1760) 1442 1442

664 [673] (709) 605 546 1613 [1599] (1775) 1486 1491

683 [692] (754) 645 597 1811 [1776] (2037) 1587 1596

784 [777] (822) 652 612 3029 [3010] (3165) 1597 1615

863 [848] (891) 682 686 3042 [3030] (3172) 1790 1764

873 [875] (969) 793 762 3051 [3078] (3180) 3027 3002

971 [890] (970) 858 785 3071 [3078] (3188) 3054 3017

980 [976] (994) 866 853 3081 [3078] (3196) 3060 3030

1012 [989] (1014) 977 947 3062 3063

1013 [1003] (1110) 980 978 3076 3087
Bin(tors), o€ 1.055, 1 (1) 1.055, 1 (1) 0.937,1(1) Bedact),o¢ 0.1070, 1 (1) 0.0742,1 (1) 0.0497,1 (1)
Bint(hind), ¢ 0.0293, 1 (2) Bex(inact),oi¢ d 0.0100, 1 (2) 0.0213,1 (2)

aValues in brackets are the experimental frequencies (Condit, D. A.; Craven, S. M.; Kato®pblESpectroscl974 28, 420), and values in
parentheses are the frequencies from AM1 calculatibfiseated as torsional rotatiorfsRotational constants (crd) obtained from ab initio
calculations; dimensionality is given in parenthes€Ehe value of the moment of inertia and rotational constant of the 2-dimensional external
inactive rotor for the loose transition state is a function of the separation of the centers of mass of the two sf€ci€d) ih anstroms, B —
Bex(inact) in inverse centimeters) 6.5, 0.009 83; 7.4, 0.007 90; 8.4, 0.006 46; 10.3, 0.004 52; 12.3, 0.003 32; 14.0, 0.002 53; 20.2, 0.001 32; 25.1,
0.000 868; 35.1, 0.000 468; 45, 0.000 288.

Table 4. Thermodynamic Data from AM1 Calculations for the Ky ky ks
Complexation Reaction Cl+ XCgH4sCOCI — [CI~-XCsH4COCI] g Tk -
AH? (kcal mol?) AH° (kcal mol?) “CI + XC4H,COCI
substituent (AM1) substituent Ay
p-CHs -17.5 m-OCH; —-22.0
m-CHs -16.7 m-F —20.0
H -18.3 mCF; —-23.0 AEait

[X°6“4°°_!'_9'9_1_'_l__
calculations. Table 4 lists heats of complexation obtained from
the AM1 calculations.

The transition state of the chloride benzoyl chloride reaction
system is found to be the tetrahedral structure at the6&81 ]
level (Scheme 2C). The oxygen lies in the same plane as the ['Ccr - XCqH,cOcl]
benzene ring, and the-aCl bond length is 2.13 A. The AM1 Figure 1. Generalized potential energy surface for gas-phase carbonyl
calculation, however, failed to reproduce this result; the addition—elimination reactions.
tetrahedral structure is not a transition state at the AM1 [&vel.

Data Analysis: RRKM Modeling. RRKM analysis has been  may be found in the previous wofR.A brief description is
used to estimate the effective activation barriers for the presented here.
transacylation reactions from the kinetic experimental results A double well potential energy surface is used to model the
listed in Table 1. We used the RRKM program HYDRAvhich gas-phase transacylation reaction, Figure 1. As shown in Figure
has been applied for modeling the kinetics of som@ &nd 1, the reactants come together to form a chemically activated
addition—elimination system&#2%-27 Details of the modeling  complex [XGH,COCE*CI~]. This complex can either dissociate

(22) AM1 calculations found no negative vibrational frequency for the back to the*rez_iCtamS.or pass through the transition state
tetrahedral structure. Instead, the energy of the tetrahedral structure is eved XCeH4COCI*CI™] to give the product complex [XgHs-
lower than that of the iondipole complex. In the iordipole complex, CO*CI-CI7] which can then return to the reactant complex or
most of the charge is on the chloride, while in the tetrahedral structure, dissociate to products
most of the charge is on the oxygen. This discrepancy is not surprising o _ .
since AM1 grossly underestimates the stability of chloride anion relative ~ 1h€ overall reaction rate coefficient for a symmetric ther-
to alkoxide anions. For example, AM1 calculations underestimate the heat moneutral reactionkt = k_; k3 = k_;) in the steady-state
of formation of CI by as much as 17 kcal/mol but underestimate that of i i i
CHzO™ by only 5 kcal/mol. approximation is

(23) Wladkowski, B. D.; Lim, K. F.; Allen, W. D.; Brauman, J. J.

Am. Chem. Sod992 114, 9136. kK,
(24) Viggiano, A. A.; Morris, R. A.; Su, T.; Wladowski, B. D.; Craig, Kps =T 5 (6)
S. L.; Zhong, M.; Brauman, J. 0. Am. Chem. Sod.994 116, 2213. k—l + 2I(2

(25) Craig, S. L.; Brauman, J. Sciencel997 276, 1536-1538.
26) Craig, S. L.; Zhong, M.; Brauman, J.J. Phys. Chem1996 10 . . . L
g( ) g 9 y 6101, In eq 6,k is the capture rate constalit,; is the dissociation

19.
(27) Craig, S. L.; Zhong, M.; Brauman, J. I. Manuscript in preparation. rate constant of the reactant complex, dads the reactant
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complex reaction rate constant. A more convenient quantity is dence for the transition-state structure on a double well potential

the macroscopic efficiencep: energy surface is not available for the specific reaction in eq 1,
considerable indirect evidence suggests that the transition state
_ ko;bs_ ko @) has a tetrahedral structure (see the Discussion).
ok kgt 2k, In the uWVTST-RRKM modeling, data for the unsubstituted
benzoyl chloride system were obtained from quantum ab initio
As shown in eq 7, depends only ork; and k-j, the calculations and are given in Table 3 as a representative
unimolecular rate constants for the reactant complex. example. The scaled vibrational frequencies and rotational

The macroscopic efficiency is the sum of its microscopic constants for the reactants, reaction complex, and transition state
counterparts, weighted according to the energy and angularare listed. Also listed in Table 3 are the scaled vibrational

momentum distribution of the reactant compl&XE,J). frequencies of benzoyl chloride from semiempirical AM1
calculations and experiments. Reasonably good agreement is
o= ffq)(E,.J) F(E, J) dE dJ (8) found among the experimental, ab initio, and AM1 frequencies

for the benzoyl chloride system. Data for other systems were
whereF(E,J) represents the distribution of activated complexes obtained by modifying the frequencies of the unsubstituted

initially formed with energyE and total angular momentuth benzoyl chloride system according to differences between the
The detailed discussion &(E,J) can be found elsewheféThe unsubstituted and substituted benzoyl chlorides calculated using

microscopic efficiency®(E,J) is determined from microscopic  the AM1 model. Since the substituent groups are far from the

rate coefficientski(E,J), eq 9. reaction center, the additional vibrations in the substituted
compounds have been treated as local modes and their frequen-

®(E,J) = ky(E,J) ) cies simply added to the frequencies of the complex and the

transition state for benzoyl chloride. In effect, this increases both

W' andp appropriately to account for the additional oscillators.
The rate constants in eq 9 can be calculated using unimo- Other frequencies shift slightly and have been adjusted accord-

lecular reaction rate theory with the microcanonical variational ingly. We expect that errors introduced by this procedure will

k_J(EJ) + 2k(E,J)

transition-state approximatiopYTST) as given in eq 18833 be modest and have only a minimal effect on the calculation of
k(E,J).
L/:(J;Rk)pZVTST(e') de'ky WTVTST[G( JR9] In the uVTST-RRKM modeling, using the data described
k(EJ) =0 ==t above, we can obtain the macroscopic efficiency for a given
hole(J;R] hole(J;R] temperature after averaging over the appropriate chemically
(10) activated energy and angular momentum distribution. Then, we

determine the value akEgi for which the calculated reaction

o is the reaction path degenerady, denotes the reaction  eficiency matches the experimental reaction efficiency at 350
coordinate, defined as the separation of the center of mass ofy 1 temperature at which our experiments were performed.

oy — =

the two reactants;(J;R) = E — V(R) — E(J;R), W,yrs7[EJ] The experimental reaction efficienc, = kondki as shown in
is the accessible sum of states at the transition state (located akq 8, can be obtained after the capture katis determined. In
R = R) for each €,J) channel, ancb[e(J;Re)] is the corre- s study, we calculated the capture regeising the model of

sponding density of states for the appropriate-iamlecule Su and Chesnavich which has been shown to give accurate
complex (for whichR = Rg). The functionsV(R) and E/(J;R) resultsl®

represent the potential energy and orbital rotational energy,
respectively, along the reaction coordinatéR) can be modeled  Discussion
using a simple electrostatic model incorporating experimental
molecular parameters for each neutral (i.e., polarizability and
dipole moment}® E,(J;R) is determined using a diatomic
approximation. In the evaluation df i, the location of the
“loose” transition state in eq 10 is chosen so tht is
minimized?4

Transacylation reactions involving ketones, aldehydes, and
carboxylic acid derivatives have been extensively studied in
solution. These reactions are thought to proceed through an
addition—elimination mechanism in which the tetrahedral
structure is an intermediate as shown in e ¥2:353\Whereas

Wiyrsr(E) = min{ W' [e(3R)T} (11) il

R

+ Y

o
WY
F{/I\x

where the minimization is performed over all possible values
of Rin the entrance channel for eaBhandJ. the tetrahedral structure is an intermediate in the condensed
For the determination d, R* in eq 10 is selected to coincide ~ phase, whether it is a minimum or a transition state in the gas
with the “tight” transition state. The “tight” transition state is ~Phase depends on the properties of the reactants. Asubiojo and
treated as a tetrahedral structure. Although experimental evi- Brauman observed that the rates of many carbonyl addition
(28) Smith. 5. CJ. Chem. Phys1992 97, 2406 elimination reactions in the gas phase were much slower than
ith, S. CJ. . Phy:! : . . 0
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transition state. The relative stability of various tetrahedral
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complexes and found no evidence for a stable, covalent,
tetrahedral adduét. In a theoretical study, Yamabe and Minato
predicted an iorrdipole structure for the complex in the reaction
of CI~ and CHCOCI*8 Blake and Jorgensen predicted an-on
dipole complex for the reaction of Clwith HCOCI and CH-
COCI, and found a double minimum surface for both bimolec-
ular reactiong?

There are numerous studies of the structueactivity
relationships in transacylation reactions in solution, including
the influence of nucleophile, leaving group, and substrate
structure on reactivity Electron-withdrawing groups have been
shown to increase the rates while electron-donating groups
decrease them. A great deal of effort has focused on quantifying
electronic effects of substituents through the use of linear free
energy (Hammett) relationship$:52

Gas-phase studies that address substituent effects in trans-

addition products, however, is quite variable. The enthalpy of acylation reaction systems are much more limited. Asubiojo and

additionAHio, depends strongly on the relative electron binding

Brauman studied a series of transacylation reactions oHCI

energies of the nucleophile and the tetrahedral adduct, SchemerCOCI4° For exothermic transacylation reactions, however,

49 If AHiagical is relatively small, which is the case for many
nucleophiles, including alkyls, chloride, and alkoxides, the

competitive reactions such as proton transfer and elimination
reactions can complicate the quantitative study of strueture

energy of formation of the adduct depends mostly on the reactivity relationships. Riveros, Ingemann, and Nibbéfing

difference between the electron binding energy of the nucleo-

phile (—EA) and the adduct. In the case of a nucleophile with
a very low electron binding energy (e.g.,”HCHs™) the

studied reactions of Fwith substituted phenyl acetate, and
DePuy et al. studied reactions of methoxide with a series of
carbonyl neutral8? Since other reaction channels besides the

tetrahedral adduct is expected to be stable. In the case of aransacylation reaction are available in these systems, the focus

nucleophile with a very high electron binding energy (e.g-, Cl

was on substituent effects on the product distribution rather than

CN"), the tetrahedral structure is expected to be high in energy. on the transacylation reaction.

When the electron binding energy of the nucleophile is
comparable to that of the tetrahedral adduct (e.g.; GRD),

however, the energetics for the formation of the tetrahedral

adduct become less clear.

We chose this series of chloride exchange reactions because
Cl= has a high electron affinity, and we expect that the
tetrahedral structure is the transition state, on the basis of
experimental and theoretical results of similar reaction systems.

Experimentally, Bohme and co-workers observed a tetrahedral ap, injtio calculations of the vibrational frequencies for the

adduct (presumably GI@~) from the reaction of H with
formaldehyde by using a helium buffer gas to collisionally
deactivate the adduct prodi#étMcDonald and co-workers also
observed a stable tetrahedral adduct from the reaction ¢f CF
with (CF3),CO 22 For nucleophiles such as Otind RO, both
tetrahedral adduct and iemipole complexes have been ob-

parent benzoyl chloride system at different levels including
3-21+G and 6-3%G* show one imaginary vibrational fre-
qguency for the tetrahedral structure, indicating that it is indeed
a transition state. The geometry changes slightly from 3@1
to 6-31+G*. As shown in Scheme 2, in the lowest energy
conformation of the tetrahedral structure calculated at the

served. Bowie and Williams reported a stable adduct product 6-31-+G* level, the two chlorides are 2.13 A away from the

from reaction of trifluoroacetate anion with perfluoroacetic
anhydride on the basis of its decomposition reactf@i@sauman

and co-workers found the most stable structure for a depro-

tonated cyclic hemiacetal anion to be tetrahe@nsibbering
and van der Wel, however, reported that-atipole complexes

coexisted with the tetrahedral adducts for a series of reactions

of methoxide with aldehydes and esté&tsarson and McMahon
have measured the complex binding energies for@&—, and
CN~ with a series of neutral molecules including aldehydes,
esters, and ketoné&2>-47 In most cases, the binding affinities

suggested an electrostatic complex. Wilbur and Brauman

showed that the intermediate in the reaction of @ith CHs-
OCOCI is an unsymmetrical iermolecule compleX® They
also observed that intermediates in the reaction of @#th
3,5-difluorobenzoyl chloride were unsymmetrical emolecule

(41) Bohme, D. K.; Mackay, G. I.; Tanner, S. D. Am. Chem. Soc.
198Q 102 407.

(42) McDonald, R. N.; Chowdhury, A. KI. Am. Chem. So4983 105,
7267.

(43) Bowie, J. H.; Williams, B. DJ. Am. Chem. Sod.974 27, 1923.

(44) Nibbering, N. M. M.; van der wel, HRecl. Tra.. Chim. Pays-Bas.
1988 107, 479.

(45) Larson, J. W.; McMahon, T. B. Am. Chem. Sod983 105, 2944.

(46) Larson, J. W.; McMahon, T. B. Am. Chem. Sod985 107, 766—
773.

(47) Larson, J. W.; McMahon, T. B. Am. Chem. Sod987, 109, 6230.

carbonyl carbon, and the oxygen is in the same plane as the
benzene ring. The energy of the tetrahedral structure is calculated
to be 6.6 kcal/mol below those of the reactants at the MP2/6-
31+G*//6-31+G* level and 8.8 kcal/mol higher than that of
the ion—dipole complex?

The energy differences between the reactants and the transi-
tion state (tetrahedral structure) for this series of reactions have
been obtained through RRKM modeling of experimental kinetic
results, Table 1. This energy differendek g, is the quantity
that directly influences the observed kinetics. The more negative
the value of AEg, the lower the barrier, and the higher the
reaction efficiency, Table 1. The reaction efficiencies range from
2% (X = p-CHg) to 38% (X= m-CFs), and the values oAEgj;
for this series of reactions range frond kcal/mol (X= p-CHa)
to —11 kcal/mol (X= m-CF).

(48) Yamabe, S.; Minato, T. Org. Chem1983 48, 2972.

(49) Blake, J. F.; Jorgensen, W. . Am. Chem. S0d.987, 109, 3856.
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(51) Hammett, L. PPhysical Organic Chemistry2nd ed.; McGraw-
Hill: New York, 1970.

(52) Jaffe H. H. Chem. Re. 1953 53, 191.

(53) Riveros, J. M.; Ingemann, S.; Nibbering, N. M. W1.Chem. Soc.,
Perkin Trans. 21991, 1985.
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Figure 2. Activation energies relative to separated reactah, Figure 3. Complexation energie#\E,, vs Hammettr constants. The

vs Hammetw constants. The least-squares line is based on all the data. l€@st-squares line does not include=Xm-OCH.

Itis clear that the substituents in the benzene ring of benzoyl 4. The relative resultsf are reasonably consistent with experiment,
chlorides affectAEqyr, and therefore the rate efficiency. Since Cf- Table 2, and provide support for the calculated structures of
there are no other side reactions and the steric effect is constanthe ion-dipole complexes as a realistic picture of the complexes
throughout this series, the electronic effect must be critical in Observed experimentally.
determiningAEqs. Hammetto constants, which characterize The complexation energy changes with the substituent in this
the substituent electronic effect for the ionization of benzoic series of reactions. In the quantum calculations, the complex
acids in water, are listed along with the kinetic data in Table 1. adopts a structure in which the chloride binds along the dipole

The experimental\Egy; is plotted versugr in Figure 2. AEqi axis and (;Iose to a hydrogen of the benzene ring. There.fo.re,
becomes more negative as the electron-withdrawing characterdoth the dipole moment of the neutral molecule and the acidity
of the substituents increases: the slope of the pletis. of the hydrogen to which chloride binds closely should play

As shown in Scheme 3, the local minimum for the don  important roles in stabilizing the complex. It has been reported
molecule complex from the ab initio calculation is one in which  that the electron-withdrawing substituents increase the acidity
CI- binds to the benzene ring close to the dipole axis, rather Of the protons in benzerfand Larson and McMahon found a
than the carbonyl group. This can be compared with the results Strong correlatlon_bgtween the chloride ion binding energy and
of ab initio calculations by Jorgensen et al. on the complex of the gas-phase acidity of the neutral for Gomplexes®

chloride and CHCOCI. They found the minimum for that Figure 3 is a plot of the complexation energy #sf the
complex is one in which chloride sits about 3.29 A from the substituent. In contrast to the plot faiEq, this plot does not
backside of the methyl carbon along the dipole &Xis. accommodate all the substituents. Electron-withdrawing sub-

We also used AM1 calculations to obtain the structure of Stituénts do stabilize the complex, but for=X m-OCH; the
the complex. As shown in Scheme 3, the structure obtained from Stability is larger than expected on the basis of benzoic acid
the AM1 calculations is similar to the one from the ab initio acidities. Furthermore, the slope is abeté. This shows that
calculation, in which chloride binds to the benzene ring, away the charge stabilization in the complex is not similar to the

from the carbonyl group. Because AM1 and ab initio calcula- charge stabilization oAEg, and stabilization byn-OCH is
tions give comparable results for the complex, we have used different from that of the other substituents. This is consistent

AML1 to calculate the structures of the complexes for other with the calculations, however, which show that the structure
substituted benzoyl chloride systems. All of the local minima ©f the complex has the Cinteracting with one of the hydrogens

show a structure similar to that of the GCqHsCOCI com- of the benzene ring. In contrast to the other substituents, the
plex: chloride binds along the dipole axis near a hydrogen on OChHs group can adopt additional conformations. For=X
the benzene ring. m-OCHj, the calculated dipole moment for the neutral with the

The experimental chloride binding energies for the formation MOSt stable conformation is relatively high (4.6 Djand the
of the intermediate ionmolecule complexes, Cl+ XCgHs- complexation energy is also high. We have calculated the
COCI — [CI~-XCeH4COCI], are listed in Table 2. The com- gomplexanon energy for X mOCFh for different conforma.-
plexation energy varies with the substituent of the benzene ring, i0ns of the OCH group and find that the conformation with
ranging from—15.5 kcal/mol for X= p-CHs to —20.1 kcal/ the smallest dipole moment has a complexation energy about 5
mol for X = m-OCHs. Since all of the experimental equilibrium kcal/mol lower than that of the optimal conformation. Figure 4
measurements reflect the stability of the most stable species,iS & POt 0f AEy vs AEqir. The slope is about 6, showing that

the complexation energy should reflect the stability of the most charge stabilization in the transition state is different from charge
stable ion-dipole complex structure as shown in Scheme 2. stabilization in the complex, and it is clear that the complex of

The complexation energy of GICsHsCOCI from the ab initic ~ TOCHe is about 2 keal/mol more stable than expected on the
calculation,—15.4 kcal/mol, agrees well with the experimental basis of its kinetic behavior. The structures of the transition

value. —16.7 keal/mol. states and complexes are very different, and in addition, the

The complexation energies were also computed directly from (55) Meot-Ner, M.; Kafafi, S. AJ. Am. Chem. S0d988 110, 6297.
the semiempirical AM1 heats of formation data listed in Table  (56) This value was obtained from the AM1 MOPAC calculation.
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Figure 4. Complexation energied\E,, vs activation energies relative
to separated reactantaEqir. The least-squares line does not include
X = mOCH,.

Table 5. Intrinsic Activation EnergiesAE*, for the Reaction *Ct
+ XCgH4COCI
AE* = AEdiﬁ - AEW AE* = AEdiff - AEW
substituent (kcal mol?) substituent (kcal mol)
p-CHs 12.0 m-OCH; 12.6
m-CHs 11.3 m-F 9.9
H 11.0 m-CF; 9.3

OCHs group can adopt a different, more favorable conformation
in the complex which provides additional stabilization.

Knowing AEg and the complexation energiE,, the
intrinsic activation energyAE* (AE* = AEg — AEy) has
effectively been determined. Table 5 showk* for all the
substituents.

J. Am. Chem. Soc., Vol. 121, No. 11, 192%15

of AEy vs o has a slope of about6. In this case, the stability

of the complex is obviously much less sensitive to the

substituent. The Clis stabilized by the dipole of the carbonyl

group and is hydrogen bonded to one of the phenyl protons.

The substituent contributes to both of these effects, but to a

smaller extent than to the stabilization of the transition state.

Because then-OCH; substituent is conformationally mobile,

it is able to provide additional stabilization for the complex by

adopting a conformation that is different from the optimal

transition state conformation. ConsequentiyOCH; falls off

the plot of AEgi# vs AEy. Since the slope of the plot &Egj

vs AEy, is not unity (i.e., the slopes &Egir andAE,, vs o are

different), the activation energies, Table 5, are not constant.
The Q2 reaction provides an interesting contréisin the

Su2 reaction system, the structure of the transition state and

the structure of the complex are very similar. Bdtkgi and

AE,, have slopes of about10 vso, consistent with the charge

in both the complex and the transition state being roughly one

atom removed from the benzylic center. (In neither case is there

any significant resonance interaction with the substituent.) The

correlation of AEgs vs AEy is very good, with a slope of

essentially unity. Consequently, the activation energies in the

S\2 reaction system are constant.

Conclusion

The substituent on the neutral electrophile affects Bdtky
and the complexation energ\E,, albeit with quantitative
differences.AEgir becomes more negative as the substituent
becomes more electron withdrawing. For the complexation
energy AEy, both the dipole moment of the substituted benzoyl
chloride and the acidity of the benzene ring protons play
important roles in stabilizing the iermolecule intermediate
complex. Although the transition-state energies and the com-
plexation energies are correlated, the sensitivitaBfis to the
substituent is greater than that®E,, so the difference between
AEgir andAEy, the intrinsic activation energy, does not remain

_The substituent effects in these reactions provide significant constant as the substituent is varied. This is different from the
insight about the structures of the complexes and transition g pstituted benzyl chloridexg system, in which the substitu-

states. The plot oAEgi vs o has a slope of about10. This is

ent’s ability to stabilize the intermediate complex and th@ S

comparable to the slope of gas-phase acidities of benzoi®acids gnsition state is similar.

vs o and the gas-phase electron affinities of enolateows

o, and it is consistent with the charge being essentially on the
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