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Abstract: The gas-phase reaction between enolate anions RGO&tti CECOCI has been studied using FT-ICR.
Carbon and oxygen acylation with gEFOCI gives distinct ion products. For the seriessRCFs, mXCgH4 (X =

CHas, H, OCH;, F, CR), H, CHs, (CH3)3C, CH,=CH, and F, carbon attack and oxygen attack are both observed with
oxygen attack predominating for most of the enolates. This results from the lower intrinsic activation energy for
oxygen attack. The relative reactivity of carbon vs oxygen changes significantly with the substituent R in the enolates.
The relationship between the relative overall exothermicity of the two channels and the relative reactivity of carbon
vs oxygen of enolates is derived from Marcus theory. The relative overall exothermicity of the two channels is
correlated with the energy differenc&Hye, between the keto and enol tautomers of the parent ketones.

Introduction Scheme 1

Enolate anions are among the most important ambident
nucleophiles. The negative charge in an enolate is delocalized )
. . (o] C-attack
between a carbon atom and an oxygen atom, and either site pe RX /
may act as a nucleophile depending on the reaction conditions, R7CH, 7 \
providing a powerful method for generating new C or C—O O-attack R)L
bonds. The factors that influence the competition between these

two nucleophilic pathways.are therefore of great interest. The pave some specific systems been approached. Bartmess and
effects of solvent, counterion, and temperature as well as the g \yorkers studied the reaction of enolates with esters. Ellison
structure of the nucleophile and the electrophile on this jnq co-worke have employed neutral product detection to
competition, have been studied systematically and extensively neasyre the C versus O competition in a8 action involving

in the condensed phadé. Itis difficult, however, to determine 5 cyijic enolate, while Trenerry and BoWieave investigated
quantitatively the effects of varying the structures of the reactants o ampident reactivity of the thioacetate ion. Gross and co-
because the presence of solvent and counterion complicates the,qkerdo ysed collision-induced dissociation of aldol condensa-
system. Calculations show that the oxygen atom has most ofjjon products to probe bimolecular reactions of enolates with

the negative charde® because of its higher electronegativity, cetaldehyde. Unsaturated polyfluorinated compounds have
and the solvent and counterions are favored to associate Withyaen used by Squirfsi2and Nibbering as chemical probes to
it,2 thereby enhancing the relative nucleophlllc_ reactivity of the study a variety of ambident nucleophiles, including enolate
carbon. Therefore, the study of nucleophilic reactions of anionst314thioenolate, oximate aniod8and imidate anion&

enolates in the gas phase in which solvent and counterions arérpe competition between the two nucleophilic centers has been
absent can provide a better understanding of the intrinsic gqwn to vary widely not only with enolate structure but also

reactivity of the ambident anions. o ~with the structure of the neutral substrate. Theoretical studies
In the gas phase, quantitative determination of the relative 5, 2 model system have also been conduted.

contribution of the two competing pathways is difficult, because
ion—molecule reactions are usually studied with mass spectro-  (7) Bartmess, J. E.; Hays, R. L.; Caldwell, G.Am Chem Soc 1981
metric techniques in which only ionic species are observed. 103 1338.

i ; i i (8) Jones, M. E.; Kass, S. R.; Filley, J.; Barkley, R. M.; Ellison, G. B.
While the two competing reactions produce different neutral 3. Am Chem Soc 1085 107, 106.

products, th_ey_ ger_1era||y yield the same product ion and so ™ (g) Trenerry, V. C.; Bowie, J. HOrg. Mass Spectrom198Q 17, 367.
cannot be distinguished. (10) Hayes, R. N.; Grese, R. P.; Gross, MJLAm Chem Soc 1989

Because of this limitation, systematic studies of the ambident 111 8336.

enolate anions in the gas phase are scarce, and only recentlyén()g) Brickhouse, M. D.; Squires, R. R. Am Chem Soc 1988 110

(o}
R)kCHZ/R' + X~

o-R + X7

® Abstract published im\dvance ACS Abstractsanuary 1, 1996. (12) Brickhouse, M. D.; Squires, R. R. Phys Org. Chem 1989 2,
(1) March, J.Advanced Organic Chemistry3rd ed.; John Wiley and 389.

Sons: New York, 1985. (13) Freriks, I. L.; de Koning, L. J.; Nibbering, N. M. M. Am Chem
(2) Reutov, O. A.; Belestkaya, I. P.; Kurts, A. IAmbident Anions Soc 1991 113 9119.

Plenum Publishing Corp.: New York, 1983. (14) Ingemann, S.; Nibbering, N. M. M.; Sullivan, S. A.; Depuy, C. H.
(3) House, H. OModern Synthetic Reaction&nd ed.; The Benjamin/ J. Am Chem Soc 1982 104, 6520.

Cummings Publishing: Menlo Park, 1972. (15) Freriks, I. L.; de Koning, L. J.; Nibbering, N. M. NRapid Commun
(4) Fleming, I.Frontier Obtials and Organic Chemical Reactigiiley- Mass Spectroml993 7, 757.

Interscience: New York, 1976. (16) Freriks, I. L.; de Koning, L. J.; Nibbering, N. M. Mnt. J. Mass
(5) Wiberg, K. B.J. Am Chem Soc 199Q 112, 4177. Spectromlon Processed992 117, 345.
(6) Wiberg, K. B.; Breneman, C. M.; Lepage, T.JJ.Am Chem Soc (17) Houk, K. N.; Paddon-Row, M. NJ. Am Chem Soc 1986 108

199Q 112 61. 2659.
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Ambident Reactity of Enolate Anions in the Gas Phase

Recently, we have developed a simple method to determine
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Scheme 2

the relative contributions of the competing pathways in the gas- o o
phase reactions of ambident nucleophiles with a carbonyl HA\- + M
5 . . e CH; “CH, CF5 “cl
substraté® To explore the generality of our previous findings,
we have studied the system: o-ana/c/ N—\aﬂack
o o
CH, O -
o] o] 2 - M .ol
- . ¢ F{ CH
RACHQ * C%I\CI [CHa)kO CF, ] [C 5 CH; “CH, I
(A) (B)
R = CF3, CgHg, m-Ci13CgH,, m-CHZOCgH,, m-FCsH,,
m-CF3CgHy, H, CHj, (CH3)3C, CH,=CH, F
) CH, o o o
We report here the effects of enolate anion structure on _the H),\2J\ . o CF)LéHJ\CH + HCI
selectivity of the carbon and oxygen reaction centers. We find CH; 07 >cF, ¢ :
m/z 35, 37 m/z 153

that in all cases both carbon and oxygen attack are observed
and oxygen attack dominates for most of the enolates. The
substituent “R” significantly affects the ratio of the two

O/C=4

com_petmg Channel.s' The ratio changes consistently with the by ejection of free electrons for 20 ms. After a short time delay (ca.
relative exothermicity of the two pathways, and we employ 34 50 ms), fluoride ion and chloride ion were ejected from the
Marcus theory to help in the interpretation. The relative getection region. Products were analyzed at36@0 ms after ejection.
exothermicity is connected to the energy differenddie, The ratio of the product ions changes slightly with the delay time. At
between keto and enol forms of the parent carbonyl compound.very early delay times few products are produced, and therefore signal
For the systems presented here, both carbon and oxygen attacko noise is poor. At long delay times, differential ion loss becomes a
pathways are thermodynamically accessible. Therefore, the trueproblem. Taking data at the intermediate time range minimizes the

kinetic preferences between the two channels are reflected. ©rror- The ratios in this range are relatively constant. For each data
point, multiple scans (5001000) were averaged to obtain reproducible

ion abundances, and multiple data points were averaged at each
pressure. The data collections were repeated on different days and at
a variety of pressures of GEOCI. The ratio of the product ions varied

on different days within 5%.

(b) Kinetic Data Collection. The enolates were isolated after
ejecting all the other ions including fluoride and chloride ions. The
ion signals were measured using signal averaging- (&0 times) at
10 different increments of time. The kinetic runs were repeated on
different days. We believe the major error in the kinetic measurement
is determined by the pressure measurements which are accurate to
within 20—30%.

Experimental Section

Materials. NF;was obtained from Ozark Mahoning and{OCI
from PCR, Inc. 3,5-Bis(trifluoromethyl)toluene was synthesized by
quenching the Grignard reagent, 3,5-bis(trifluoromethyl)benzyl mag-
nesium chloride, with water. 3,5-(G}zCsHsCH,COCFK; was synthe-
sized using Greif's metho. All other chemicals were purchased from
Aldrich. The samples were used without further purification and were
subjected to multiple freezgoump—-thaw cycles before introduction
into the ICR cell.

Instrumentation. All the experiments were performed with two
Fourier transform lonSpec OMEGA ion cyclotron resonance (FT-ICR)
spectrometers equipped with impulse excitation. Details of the
experimental apparatus can be found elsewkfete Briefly, one ICR

Results

consists of a Ix 1 x 1.5 in. rectangular cell, constructed of polished
0.020 in. oxygen-free hard copper plates; the other, in which all the
kinetic experiments were performed, consists ofxa 2 x 2 in. cubic

cell, constructed from six stainless steel plates mounted on Vespel
rods?? All ions were trapped with magnetic fields in the range-0.6

Method. We recently studied the gas-phase reaction between
acetone enolate and trifluoroacetyl chloride.The relative
contribution of the two competing pathways, i.e. reaction at the
carbon nucleophilic center and the oxygen center, could be
determined because these two channels yield distinct ionic

0.8 T. Neutral samples were admitted to the high-vacuum can by meansproducts, withmvz 153 and 35, 37, respectively (Scheme 2).

of Varian leak valves. During the kinetic experiments, pressures of
neutral species within the ICR cell were monitored with an ion gauge

(Varian 844) which was calibrated against a capacitance manometer

(MKS 170 baratron with a 315 BH-1 head). Typical operating pressures
were between 10 and 10° Torr. Primary ions were generated by

The product complexA) from oxygen attack dissociates to
yield exclusively Ct (mv/z 35, 37) because the addition and
elimination neutral product CGi€(CH,)OCOCEF; has no hydro-
gen acidic enough to allow proton transfer to@ven at the

electron impact on neutral precursors. The kinetic energy of the incident Nigh internal energies at which the product complex is forffed.
electrons was controlled by varying the potential applied to the filament The other channel, carbon attack, gives proton transfer, leading
and the bias on the trapping plates. Typical operating current and to the ionic product withm'z 153 instead of directly dissociating
voltage for the filament were-23 A and -3V, respectively. Standard  to give CI. This channel is quite exothermic (about 6 kcal/
notched ejection techniques were used to remove unwanted ions frommol more than the direct dissociatiShand we assume that
the detection region of the ICR cell and thereby isolate the ions of essentially all the product is proton transfer. In order to evaluate

interest. All experiments were carried out at a temperature estimated
to be 350 K20

Data Collection. (a) Determination of the Relative Contributions
from the Two Competing Channels. The enolate anions were
produced through deprotonation of ketone precursors by fluoride ion
which was generated by electron impact on nitrogen trifluoridesfNF
The duty cycle involved fluoride ion formation for 2@10 ms followed

(18) Wladkowski, B. D.; Wilbur, J. L.; Zhong, M.; Brauman, J.J.
Am Chem Soc 1993 115, 8833.

(19) Greif, D.; Riedel, D.; Feindt, A.; Pulst, M. Prakt Chem 1995
337, 34.

(20) Han, C.-C.; Brauman, J. J. Am Chem Soc 1989 111, 6491.

(21) Riveros, J. M.; Jose, S. M.; Takashima, KAdvances in Physical
Organic ChemistryAcademic Press Inc.: London, 1985; Vol. 21, p 197.

(22) Wilbur, J. L. Thesis, Stanford University, 1993.

the validity of this assumption, we studied the addition
elimination reaction between 3,5-bis(trifluoromethyl)benzyl
anion and CECOCI (Scheme 3).

This reaction has two possible pathways after the addition
elimination product complexQ) is produced: one is proton
transfer and the other is direct dissociation of the complex to
give chloride. Of the ionic products detected, 93% come from
proton transfer. The reaction of 3,5-bis(trifluoromethyl)benzyl
anion and CECOCI forms the complexC with approximately
the same amount of excess internal energy as the conplex

(23) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.Journal of Physical and Chemical Reference Data
1988 17, Suppl. 1.
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Scheme 3 underestimated and the C/O ratio reported was too high. The
o data for the series we report here were taken at a more
. P reasonable delay time (see Experimental Section) and with very
CF. ons e © little impurity (CFsCOO"). They were verified in repeated
experiments on different days, and they were all taken at the
‘ same delay time, so that they can be compared.

The Reaction of RCOCH,” and CF;COCI. The method
described above can be generalized and used to study the
ambident reactivity of a series of enolate anions RCQCHR
= CR;, CgHs, mCH3CgH4, mCH30CsH4, m-FCsH4, m-CRCgHa,

(€) H, (CH3)3C, CHs, CH,=CH, F). All of the enolate anions have
\ been generated by proton abstraction from the carbonyl precur-
/ sors by F (see Experimental Section). Because each compound
CFs CF, has only one kind of hydrogen acidic enough for proton
o] o] abstraction by F, no mixture of enolate anions is produced
CF, CHZJ\CFS + o CF, ER R initially. All of the compounds used here are equal to or more
acidic than acetone, so that the carbon additieiimination
7% 93% product, RCOCHCOCKH;, is more acidic than C¥COCH,-
COCFH;. Therefore the product complexes from carbon attack
Scheme 4 undergo exclusively proton transfer and give only the ionic
o] o) product RCOCHCOC# (the error, if there is any, should be
Cng\‘CD; CFs)L ol less than 7% based on the previous analysis). The ratio of
RCOCHCOCKE™ to CI- represents the relative rate of carbon

O'aW w‘\“ko attack to oxygen attack.
o)

CD, o -
.cr PSS ]
[CDGJ\O)I\CF;; ] [CF3 Pz “co, i i + Hel
1 l o C-attack R CEHJ\CF3
D, o )Ok i PO cr,” N Cl - )
- B} Dl R CH o
CDg)I\O)I\CF3+ ¢ CF; CD™ "CD4 * 2 ¢ m* )L J\ . or
R” "0” cr,

o/c =42
The ionic product abundances obtained from the reaction of

for the reaction in Scheme 2. To compare the acidities of the CRCOCI with eleven different enolate ions are listed in Table
addition—elimination product, 3,5-(C§.CsH:CH.COCF; (1) 1. These reactions are all fast, with measured rate constants in
and CRCOCH,COCH; (2), we measured the equilibrium the range 58 x 1071° cm® molecule? s~ corresponding to
constant betweehand?2 and their respective conjugated bases. an efficiency of about 5670%.
1 is more acidic thar2 by 2.9 kcal/mol AAG,.ig). However, For most enolates, only the usual ionic products from carbon
since CECOCH,COCH; is mainly in the enol form, and the  attack (RCOCHCOC§) and from oxygen attack (C) are
keto form is less stable than the enol by more than 3.3 kcal/ observed. In the case of FCOgH however, ions ofnw/z 137
mol 2* the keto form should be 3.3 kcal/mol more acidic than (major) and 55, 57 (minor) are also observed. We believe that
the enol form. Therefore, the keto form of ZFOCH,COCH; these products are the result of carbon attack, as shown in
produced from the additiorelimination of the “C” attack of Scheme 5.
CH3COCH,~ with CRCOCI should have an acidity slightly
higher than that ol. The proton transfer reaction rate forCl
with CRRCOCH,COCH; was measured at 350 K and was
observed to proceed at the collision rate and faster than that for
CI~ with 12> Moreover, the O/C ratio of the reaction of
deuterated acetone GDOCD;,~ and CRCOCI, 4.2, is observed
to be almost the same as that of the undeuterated acetone enolai%
reaction, 4.0 (see Scheme 4 and Scheme 2).

As shown in Scheme 3, the reaction between 3,5-bis-
(trifluoromethyl)benzyl anion and GEOCI gives 7% Ct. T ﬁ
Considering the higher acidity of the keto form of LLFOCH,- —?—C—
COCH; than that ofl and all other results described above, we
believe the error resulting from Clloss in the carbon attack
channel, if there is any, will be less than 7%.

There is a difference between the preliminary result of the
C/O ratio for acetone enolate we reported previot¥siyd the . o
result shown below. In the preliminary work, we observed a For protonatlgn on the-carbon, charge Io_callzatlon leads
significant amount ofi/z 113, CRECO,~. This ion results from proton transfg?, and two of the. electrons in the-system
the reaction of Ct with CRCOOH which itself results from become localized in the developing-& bond as the proton-
hydrolysis of CRCOCI, and suggests that the amount of CI (26) Zimmerman, H. EAcc Chem Res 1987, 263.

observed was too low. Thus the amount of oxygen attack was (27) zimmerman, H. EJ. Am Chem Soc 1956 78, 1168.

(28) Brauman, J. |.; Lieder, C. A.; White, M. 1973 95, 927.

(24) Bassetti, M.; Cerichelli, G.; Floris, B.etrahedronl988 44, 2997. (29) Farneth, W. E.; Brauman, J.J. Am Chem Soc 1976 98, 7891.
(25) Zhong, M.; Brauman, J. |. Unpublished result. (30) Bernasconi, C. F.; Wenzel, PJJAm Chem Soc 1994 116, 5405.

Discussion

The ambident reactivity of enolate ions has long been a topic
of significant interest. The protonation of enolate #n¥’ is
e key to understanding much of the ambident reactivity (eq

H* ¥ o
- \ H+
=—= >c=C— = =cCc— &)

H* -H

It is well-known that oxygen protonation is more rapid than
carbon protonation, even though the latter is a more exothermic
process%:28
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Table 1. Carbon vs Oxygen Attack in the Reaction between
RCOCH™ and CRCOCI
R oI AH°
CRs 75 5 - enolate
H 5.9 9.8 g
mM-CRCeH4 6.9 9.8 S enol
m-FCeH4 5.9 10
I'T'I-CH3OC6H4 5.8 10.Z
CeHs 6.0 10.3
ITI-CH3C6H4 6.4 10.3 ket
(CHg)sC 4.1 12.3 etone
CHs 4.0 13.9
CH=CH 3.3 15 Reaction Coordinate
F 0.9 28

aThe ratio of Ct/R~ was reproducible withint5%. The error in
O/C resulting from the ionic product scrambling of the carbon attack,
if there is any, will be less than 7% (see text for deta&iBcal/mol.
Values are taken from ref 12 From MOPAC 6.00 AM1 calculation.

Scheme 5

0]
O=C=CH)kCF3 + F

+ HCI

)J\C

m/z 153

l

(0]
O=C=5J\(:F3 + HF

m/z 137

Cl= - HF] M OzC:CH FS

m/z 55,57

Figure 1. Protonation of enolate ions. The keto form is more stable
than the enol form, but the activation energy for oxygen protonation is
lower than that for carbon protonation.

OH

AHge |
H,C=C—R

H,C—C-R @
contribution from the two pathways was proposed. Compounds
with low AHy. values (16-15 kcal moi™) react mainly through
oxygen, while compounds with higher values {3 kcal
mol~1) react mainly through carbon, but notable exceptions are
evident.

Using FT-ICR, Nibbering et &P studied gas-phase reactions
of hexafluorobenzene with a series of acyclic enolate anions.
The ambident chemical behavior of these enolates was rational-
ized with a molecular orbital model in which interactions
between specific frontier orbitals of the reactants determine the
competition between the two nucleophilic centers. The enolate
ions with low-energy HOMOs<—1.9 eV) react preferentially
via the carbon center, while the ions with high-energy HOMOs
(>—1.7 eV) react through the oxygen center. There are,
however, exceptions of some enolate anions that have reversed
selectivities despite having the same HOMO energies.

In this paper we report experiments that address the ambident
reactivities of enolate ions with trifluoroacetyl chloride. The
acylation of enolate ions with trifluoroacetyl chloride occurs
through addition of either oxygen or carbon to a carbonyl group
followed by the elimination of Cl. The oxygen additions give
CI~, while for the carbon addition, proton transfer products are
produced from the product complexes.

As seen in Table 1, carbon attack and oxygen attack compete
with each other; oxygen attack dominates in all of the enolates

ation transition state is reached. The loss of delocalization is €xcept FCOCH ™. Assuming that the system dynamics behave
responsible in part for the higher barrier. This effect is not statistically, the product distributions depend on the sum of states
observed when protonation occurs at oxygen, because the lonefor ea.ch' channel. Since the frequencies an'd mo'me.nts pf inertia
pair electrons on oxygen allow protonation to occur orthogonal are similar for the two channels, the relative distributions of

to thez-system, obviating loss of delocalization.

the products should depend on the relative activation energies.

Alkylation of enolates has also been studied theoretically and We can understand the activation energies in terms of an

experimentally. Ab initio calculations by Houk et*lon the
reaction of acetaldehyde enolate with methyl fluoride indicate
that the activation energy for O-alkylation is lower than that
for C-alkylation even though C-alkylation is favored thermo-
dynamically. The inherent preference for O-alkylation was
attributed to the same factors that result in a lower intrinsic
barrier for the reaction HO + CH;OH — HOCH; + OH~
compared with Chi~ + CH3—CHz — CH3—CH3z + CHs;™.

intrinsic activation energy (the barrier without thermodynamic
driving force) and the thermodynamic driving force or the
exothermicity of the reaction. Since carbon attack is thermo-
dynamically more favorable than oxygen attdtlobservation
of oxygen attack suggests that the oxygen attack must have a
lower intrinsic activation energy.

Furthermore, for this series, the ratio of carbon vs oxygen
attack varies with the substituent of the enolate. As shown in

Brickhouse and Squires studied a number of enolate anionsTable 1, the fraction of carbon increases/td,. increases in

reacting with hexafluoropropene in a flowing afterglow mass

accord with the suggestion of Squifed,e., when the relative

spectrometé? and observed that most aldehyde and ketone stability of keto form to enol form is greater, carbon attack

enolates react mainly through oxygen, while enolates with

electronegative central substituents react mainly through carbon.
The carbon vs oxygen reactivity was related to the keto and

enol energy differencé\Hye, of the parent carbonyl compound.
An empirical relationship betweerHy. and the relative

(31) The stability difference of the products from the two channels is
correlated with the energy difference between the keto and enol forms of
the parent carbonyl compounds (see later discussion). The keto form is
more stable than the enol form by at least 5 kcal/mol in this series (see
Table 1).
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3 AE
(]
O 0.8 5 _L 1
(@] .
0.6
AE®
0.4—J
0.2
[ ]
Reaction Coordinate
0.0 . . . . .
T T T T T T ! Figure 3. Marcus theory. AE* is the activation energyAE} is the
0 5 10 15 20 25 30

intrinsic activation energy, andE® is the reaction energy.
AH, (Kcal/mol)

Figure 2. Relative ratio of carbon to oxygen attack &y for the
reactions between enolates and;COCl.

becomes more important (Figure 2). The more exothermic
carbon attack is relative to oxygen attack, the higher the ratio
of carbon attack to oxygen attack. This can be understood in
the context of Marcus theo#,

(AE°)

AB* = AR+ 6 e 4)

where AE* is the activation energyAE} is the intrinsic
activation energy, andE° is the reaction energy.

The reformulated Marcus equation appropriate for gas-phaseFigure 4. Potential energy surface.
ion—molecule reactions 334

AEy = Egig(C) — Egr(O) =

AE, | (AER) AES(C) — AES(O
Egir = Egir + > 16E:, E,) (5) xn(C) ; o )+ constant (8)
Eqitr is the activation energy (energy difference between loose Although the heats of formation of many of the products,
and tight transition statesfg is Eqrr at AES, = 0, i.e. the and therefore the total exothermicities of some reactions, are
intrinsic activation energyAE;, is the overall reaction en-  not known, we can correlate the relative stabilities of the
ergy; andE, is the complexation energy. addition—elimination product for the two channels with the
After applying this to our system, the relative activation energy differences between the keto and enol forms of the parent
energy for the two channels is carbonyl compound®)He. As shown in Scheme 6, the relative
stability of the additior-elimination products lies in the COGF
AEy = Egir(C) — Egi(O) = Egig(C) — Egig(O) + binding energy to the enolate, while for the tautomers of the
AEL(C) — AEL(O) (AES(C) ketone, the energy difference is the proton binding energy. It is
o - reasonable to assume that the CQGHd proton binding
2 16(E«(C) — E\(C)) energies are proportional, based on previous work that showed
(AE;(0)Y that proton affinity is roughly proportional to methyl cation
16E2(0) — E(0)) (6) affinity.3°
diff From eq 8, we have

The second-order terms in eq 6 have opposite signs, and they AE.. = E..(C) — E..(O) = aAH,. + constant (9
are also estimated to have comparable values, so we ignore di ait(C) ~ Ean(0) = aAHe ©)

them. Therefore: Thus the relative activation energies for carbon and oxygen
AE.. = E. —E. - attack are proportional tAHe. As can.be seen in Figure 2,
ait = Bair(C) ~ Ean(O) . . the ratio of carbon vs oxygen attack increases exponentially
AE}(C) — AE,(O) with AHce. At high enough values okHye (for example, with

Egin(C) — Egir(O) +

2 () FCOCH;), carbon attack can dominate. The origin of the

) o o ~exponential dependence in Figure 2 is currently being exam-
The relative activation energy is directly related to the relative jngq36

total exothermicities of the two channels. The intrinsic activa-  HOMO —LUMO Interaction vs AHy. Effect. The con-
tion energies (whem\E, = 0) for both channels should  gensed-phase ambident reactivity of enolates has been explained

remain constant through the series, the usual assumptionin terms of frontier orbital interactions and electrostatic inter-
expected for a group of similar reactions.

(35) Brauman, J. I.; Dodd, J. A.; Han, C.-Bdv. Chem 1987 215
(32) Marcus, R. AAnnu Rev. Phys Chem 1964 15, 155. Chapter 2.

(33) Dodd, J. A.; Brauman, J. I. Phys Chem 1986 90, 3559. (36) Craig, S. L.; Zhong, M.; Choo, B.; Brauman, J. I. Manuscript in
(34) Dodd, J. A.; Brauman, J. I. Am Chem Soc 1984 106, 5356. preparation.
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Scheme 6
0
[
(ﬁ ﬁ O/C\CF3
|
o} -
R/ \CHZ/C CF3 R/C§CH2
H
i o
AH [
ke
C H
- \CHz/ |:(/C*CH2

actions? Recently, Nibberintf studied the reactions of enolates
with hexafluorobenzene and proposed that the HONMMIOMO
interaction also plays a leading role in determining the relative
activation energies of the two competing pathways in the gas
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2,0]

1.57
1.0

0.57

Log O/C

0.0

-0.5

10 20 30

AHge (Kcal/mol)

phase. In both the present system and the earlier study of therigure 5. Logarithm of the ratio of “O” to “C” (log O/C) vsAHie.

reactions of hexafluoropropene with enolates by Squires &t al.,
however, the thermodynamic effect (correlation witH,¢) was

the determining factor for the relative selectivity. Itis of interest
to understand the importance of these two effects on the relative
activation energy of the two competing pathways in different
systems. We approach this by studying the effects of the two
factors in our system and comparing this system with the other
two systems: RCOCH with CRCF=CF,, CsFs. The effects

of AHge and HOMO-LUMO interaction are shown in Figures

5 and 6, respectively. The HOMO energies axid,. are not
correlated with each other, so the effect we see from the two
figures should be additive. In Figure 5, the logarithm of the
ratios of “O” to “C” attack plotted againgiHye gives a straight
line. If we also plot the data of the other two systems, there
are some deviations although they have a similar trend to our
system: C attack becomes more important whéhe becomes
higher. A straight line is expected KHy. is the dominant
factor3® Thus, the thermodynamic effect plays an important
role in all three systems, but it is not the exclusive determining
factor for the CECF—=CF, and GFs systems. The HOM©
LUMO interaction effect for our system is shown in Figure 6.
The ratio of “O” vs “C” attack does not change much with the
HOMO energy (the FCOCH point is off line because of the
much higherAHy¢); therefore, the HOMGLUMO interaction
plays a minor role in determining the relative contribution. If
we look at the data of the two other systems, we see that the
HOMO-LUMO interaction affects the ratio similarly for the
hexafluoropropene and hexafluorobenzene systems: the lo
HOMO energy favors “C” attack, and HOM&.UMO inter-
action plays an important role in the two systems. Therefore,
both AHye and HOMGO-LUMO interaction factors are impor-
tant, and neither one of them is sufficient for a good fit.
Multiple regression analysis shows that HOMOUMO inter-
action is more important in the hexafluoropropene and hexa-
fluorobenzene systems whilaHy. is essentially all that is
required in our system.
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Figure 6. Logarithm of the ratio of “O” to “C” (log O/C) vs HOMO
energies of enolate reactants.

Summary

The ambident chemical behavior of enolate anions RCOCH
in the reaction with CECOCI has been studied. For-RCF;,
CeHs, mCH3CgH4, m-CH3OCsH4, mFCsH4, m-CRCgHa, H,
CHa, (CHg)sC, CH~=CH, and F, carbon attack and oxygen
attack compete with each other while oxygen attack dominates
for most of the enolates. This is due to the lower intrinsic
activation energy for oxygen attack, since oxygen attack is less
thermodynamically favorable than carbon attack. Furthermore,
the ratio of carbon attack vs oxygen attack changes significantly
with the substituent “R” in the enolates. The relative overall
exothermicity of the two channels is found to affect the ratio
and this has been rationalized by using Marcus theory. The
relative overall exothermicity is correlated to the energy
difference of the keteenol form of parent ketoneaHye. With
a higherAHye, the carbon attack product is more stable relative

o to oxygen attack product, and more carbon attack is observed.
In the three systems, the relative importance ofthi. effect The system we present here is mainly controlled by this

(the relative stability of the products from two channels) and thermodynamic effect, not the HOME.UMO interaction
the HOMO-LUMO interaction in the determination of the effect which plays an important role in the two previously

selectivity of the ambident enolates depends on the nature ofstudied systems.
the substrate. While the HOMELUMO interaction plays an
important role in the reactions between RCOCHNd Ck-
CF=CF, and GFs, it contributes little to the reaction between
RCOCH~ and CRCOCI. Among other reasons, gEFOCI has

a much higher LUMO energy than the other two neutral
substrates. Therefore, the HOMQUMO interaction in our
system is much weaker. The system we present in this pape
is a thermodynamically controlled one.
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