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Abstract: Three possible pathways for the acyloxy rearrangement in (acyloxy)ethyl radicals have been investigated
with ab initio quantum chemical methods. For migrations of formyloxy, acetyloxy, and (trifluoroacetyl)oxy groups
the concerted [3,2]-acyloxy shift represents the most favorable pathway. The barrier for the concerted [1,2]-acyloxy
shift is higher by approximately 4 kcal/mol in all three cases, while a stepwise mechanism through a ring-closure/
ring-opening sequence is even less favorable. Calculations using the hybrid Becke3LYP density functional and a
variety of basis sets predict the barrier for the acetyloxy shift to be higher by 3 kcal/mol than the barrier for the
(trifluoroacetyl)oxy shift. This value is less than half what has been determined experimentally before. The effects
of aqueous solvation have been studied with the AMM2 and the SCIPCM continuum models and by explicitly
including two water molecules into the system. In all three cases, only small solvent effects have been found for the
acetyloxy rearrangement, in contrast to previous experimental evidence. Proton catalysis has been studied for the
formyloxy rearrangement at the Becke3LYP level and has been found to lower the gas phase barrier by more than
10 kcal/mol. On the basis of these results, it is suggested that acid catalysis might be an important aspect of acyloxy

rearrangements in solution.

Introduction Scheme 1

The [1,2]-acyloxy shift in radicals has, ever since its discovery A
by Tannet and Surzuf remained a mechanistic mystery in that
it was not possible to find one mechanism that would adequately

explain all experimental facts. Intermolecular versions of this A
intramolecular rearrangement are unknown as of yet. The R +
various mechanistic hypotheses considered for this reaction /\

include a stepwise mechanism (pathwain Scheme 1) leading
through cyclic 1,3-dioxolanyl radicals. This pathway was ruled
out early on when it was shown that the rate of ring opening of
these intermediates proceeds much too slow to account for the Q
observed rate of acyloxy rearrangemeénAlso, while 2-cyclo-
propyl-substituted 1,3-dioxolanyl radicals undergo rapid opening
of the cyclopropyl ring, no such process was observed for the
[1,2]-shift of the (cyclopropylacyl)oxy residifé. Most of the
experimental results can be rationalized assuming a concerted
[2,3]-sigmatropic rearrangement (pathwBYy. This pathway R
results in complete carbonyl to ether oxygen transposition, which A
has indeed been observed in studies using isotopically labeled

substrated. The few cases in which isotopic scrambling was -
observed have been rationalized by assuming a competition
between pathwayB and C. Unusually large solvent effects

e

=

make the formation of an intimate ion pair rather unlikeNo

have finally been explained by assuming a charge-separated;jear mechanistic rationalization has been achieved yet of the

transition state as in pathwdy, even though it was left open,

large neighboring group effects on the rearrangement*fate.

whether this structure represents a genuine transition state or ann early theoretical study by Radom et al. has shown that
discrete intermediate. Recent results by Crich et al., hOWeVer, pathwayB poses the lowest barrier for [1’2]_formyloxy migra_
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Table 1. Relative Energies (kcal/mol) for Stationary Points in the Acyloxy Shift of 2-(Formyloxy)ethyl RadiyaP{(Acetyloxy)ethyl
Radical ¢), and 2-[(Trifluoroacetyl)oxy)ethyl Radical {)

structure AE (B3LYP/6-31G(d) AE (PMP2/6-31G(d) AE (QCISD/6-31G(d)
R /IB3LYP/6-31G(d)) AZPE (B3LYP/6-31G(d)) /IB3LYP/6-31G(d)) //B3LYP/6-31G(d))

H 1 0.0 0.0 0.0 0.0
2 +14.8 -1.1 +25.3 +24.7

3 +28.0 +0.2 +35.6 +34.3

4 +12.1 +25 +15.1 +13.3

5 +19.0 -1.9 +31.9 +25.7
CHs 6 0.0 0.0 0.0 0.0
7 +16.6 -0.6 +26.6 +26.4

8 +28.0 +0.3 +35.1 +34.3

9 +12.0 +2.7 +14.8 +13.2

10 +20.1 -1.7 +32.5 +26.6
CFs 11 0.0 0.0 0.0 0.0
12 +14.6 -0.6 +28.0 +24.1

13 +23.5 +0.4 +31.2 +29.6

14 +6.2 +2.7 +9.4 +7.0

15 +18.7 1.4 +31.5 +27.2

reactions to be rather simil&r.On the basis of these results,
we have proposed both reactions to be intramolecular nucleo- ) IJ
philic substitution reactions, in which the acyloxy group &

functions as the nucleophile as well as the leaving group. We
are now investigating here whether substituent as well as solvent
effects can also be rationalized on this basis and whether
alternative mechanistic scenarios such as pathivay C can

be excluded.

Theoretical Methods

All quantum mechanical calculations have been performed with
Gaussian 94. Unless specified otherwise, geometry optimizations have
been performed with the hybrid Becke3LYP density functi¢hak
implemented in Gaussian 94 together with the split valence 6-31G basis | 4, &) ,.« " d 2 1378
set, augmented by polarization functions at all non-hydrogen atbms. e *" 1.27% "A
This level of theory will in the following be termed “B3LYP/6-31G- & - 1331~ )ﬁ’\ J/
(d)". Analytical second derivatives were used to calculate vibrational } { - '-4

; . ! . : Fag @ Ry N

frequencies for all stationary points at this level. If not noted otherwise, 1.347
relative energies are reported without zero-point energy corrections.
Relative energies are also evaluated by single-point energy calculations 3
at the PMP2/6-31G(d) and QCISD/6-31G(d) levels of theory. Partial ’ 4
charges as well as spin densities discussed in the text are derived from
Mulliken population analyses of the Kohtsham orbitals (B3LYP/6-
31G(d)). In most cases investigated here, changes in charge distribution 'S
calculated from monopole charges fitted to the molecular electrostatic
potential are comparable. The AMBM2 calculations were performed N g
using AMSOL 4.11?

=

]lﬁ

Results 5

Gas Phase Calculations.Three reaction pathways for the
[1,2]-acyloxy migration have been found in the parent system
2-(formyloxy)ethyl radical ). Structures of all stationary points  Figure 1. Stationary points in the [1,2]-acyloxy migration of 2-(formyl-
found for this system are shown in Figure 1, and relative oxy)ethyl radical {) (B3LYP/6-31G(d)).

(8) Zipse, H.J. Chem. Soc., Perkin Trans.1896 1797. energies are given in Table 1. The most favorable pathway
(9) Gaussian 94, Revision B.3: M. J. Frisch, G. W. Trucks, H. B.
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Keith, G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al- the earlier study by Rad(_)m e_t alAs SUggeSted_ _ear“er, this
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M. Head-Gordon, C. Gonzalez, and J. A. Pople, Gaussian, Inc., Pittsburgh, Caroonyl jone pair U”C“F’”S as the n"_JC eophile an_ t. e centra
PA, 1995, C—0 bond as the leaving grodp.This process will in the
(10) (a) Beck?], A.DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; ﬁang, following be termed a “[3,2]-formyloxy shift’. The formyloxy
\J’V'ésr?]rgh?'&in@ggeﬁ? é?ga 87, 785. () Hertwig, R. H.; Koch, W. . ety in2 carries an overall negative charge-€8.29¢, which
(11) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Phys1972 is slightly less than inl (—0.31e). The “charge separate
56, 3257- (b) Francl, M. M.; Pietroi W. J,; Ir-]iehre, r\]/V J.; Binkley, J. S.; transition state2 therefore arises not so much through separa-
Gordon, M. S.; DeFrees, D. J.; Pople, J.JAChem. Physl982 77, 3654. ; i ;
(¢) Hariharan. P. C.. Pople. J. Theor. Chim. Actd973 28, 213. tion of c_harges within a given molecular fram_ework, but through
(12) AMSOL 4.1: Cramer, C. J.; Lynch, G. C.; Hawkins, G. D.; Truhlar, Separation of charged molecular fragments instead. The second

D. G,; Liotard, D. A., 1994. pathway entails formation of 1,3-dioxolanyl radicd) through
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a sequence of ring closure and ring opening. Only the most
favorable conformation of is shown. The transition structure
for ring closure B) is located+28.0 kcal/mol above, while

the dioxolanyl radical intermediate is less stable thny 12.1
kcal/mol. Reaction through this pathway is unlikely to play
any significant role, much in agreement with most experimental
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studies and Radom’s previous theoretical study. '

Transition structures converts the ground statkinto its
mirror image by way of a process which can best be termed a
“[1,2]-formyloxy shift” and pictorially represented as pathway
Cin Scheme 1. The barrier for this processt9.0 kcal/mol
is slightly less than for the ring-closure/ring-opening sequence
through dioxolanyl radical), but more than 4 kcal/mol higher

than for the [3,2]-shift. The structure Bfcan best be described Skl £ fw \ 08

as “loose” in that the breaking and the newly forming-Q g }’”' ] Ql :E——ik’, }
bonds are rather long (2.477 A). The formyloxy moiety5in *; M\k { 532 ","5\ A
carries an overall negative charge-e8.25e, which is somewhat ‘i, \L 1.502 % /'J, @)'mt
less than irl or 2. The spin density i is distributed over the 1,350 o S @\

ether oxygen and ethylene carbon atoms with coefficients of
+0.63 and+0.16, respectively. As what kind of reaction can R )
the [1,2]-shift be described? The large separation between the
formyloxy and ethylene fragments invites the interpretation of
5 as resulting from simultaneous homolytic cleavage of the old
and formation of the new €0 bond. Alternatively5 can be \
seen as the transition state for an intramolecular nucleophilic \
substitution, in which the ether oxygen lone pair (and not the 413 (C i)
carbonyl oxygen lone pair as i?) serves as the nucleophile -
and the central €0 bond as the leaving group. This <3 ‘o
mechanistic scenario can account for the spin density as well 2491 2
as the charge distribution i ]

In conclusion, rearrangement dfappears to proceed most (- 1340
readily along the [3,2]-shift pathway, while other alternatives Figure 2. Stationary points in the [1,2]-acyloxy migration of 2-(acetyl-
such as the ring-closure/ring-opening sequence or the [1,2]- Sh'ﬁoxy)ethyl radical €) (B3LYP/6-31G(d)).
face much higher barriers. No transition structure for a [3,1]-

shift could be found, in which the carbonyl and ether oxygen the ether oxygen and ethylene carbon atoms with coefficients
atoms exchange their positions. of +0.67 and+0.15, respectively. One can conclude then that
Substituent Effects. In order to investigate the effects of  introduction of the methyl group increases the barriers for both
substituents in the migrating acyloxy group, the unimolecular concerted pathways by a small margin.
chemistry of the 2-(acetyloxy)ethyl radicd)(and the 2-[(tri- On the basis of its known powerful electron-withdrawing
fluoroacetyloxy]ethyl radical (1) was also studied. properties, the trifluoromethyl group ihl is expected to lead
Introduction of the electron-donating methyl group én to an opposite effect. Surprisingly then, this is not the case.
(Figure 2) is expected to increase the charge density in the The barrier for the [3,2]-acyloxy shift iil is lower than the
acyloxy moiety. Given the partially negatively charged formyl barrier for the same process inby a mere 0.2 kcal/mol. If
groups in the [3,2]- and [1,2]-formyloxy shift transition states, differences in zero-point vibrational energies (Table 1) are
introduction of the methyl group should lead to an increased included, the formyloxy shift is even preferred! The (trifluo-
barrier for both processes. This is indeed the case (Table 1).roacetyl)oxy moiety in transition structul® (Figure 3) carries
The barrier for the [3,2]-acyloxy shift ifiis 1.8 kcal/mol higher an overall negative charge ef0.34e, which is identical to the
than in1l. The transition state structuiéfor this process is value found for ground statél. The spin density in2 is
rather similar td2. The spin density is distributed over the two  distributed over the acyloxy oxygen atoms and the ethylene
acetyl oxygen atoms and the two ethylene carbon atoms with acarbon atoms with coefficients 6f0.24 and+0.26, respec-
coefficient of+0.25 on all centers. The acetyloxy group carries tively. The cyclic dioxolanyl radical intermediatie} appears
an overall negative charge ef0.28e in7, only slightly less to be stabilized through the trifluoromethyl group, since the
than the corresponding value 60.30e in ground stat& The energy difference to the acyclic ground staleamounts to only
cyclic dioxolanyl radicaP is less favorable than the open shell +6.2 kcal/mol. This is only half the value found for the other
ground states by +12.0 kcal/mol. This energy difference is two systemd/4 and6/9, and it appears that the trifluoromethyl
almost identical to the value found for the unsubstituted 1,3- group is stabilizing by approximately 6 kcal/mol. This is in
dioxolanyl radical 4). The barrier for formation 0® from 6 is complete contrast to the known destabilizing effect fluoro and
also comparable to the barrier for cyclization bf Reaction trifluoromethyl substitution has on radicdfs. One can only
through the ring-closure/ring-opening sequence is therefore asspeculate that the stabilizing effect found here is due to the
unlikely for 6 as it is for1l. The introduction of the methyl  simultaneous presence of electron-donating and electron-
group has very much the same effect on the [1,2]-acyloxy shift withdrawing radical substituents, i.e., a manifestation of cap-
pathway as on the [3,2]-acyloxy shift. The barrier of this
process is increased from19.0 kcal/mol forl to +20.1 kcal/
mol for 6. The charge of the acyloxy group amounts0.22e,
which is less than i or in 7. The spin density is located on

o

1y
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Table 2. Relative Energies (kcal/mol) for Stationary Points in the
[3,2]-Acyloxy Shift of 2-(Formyloxy)ethyl Radicall{,
2-(Acetyloxy)ethyl Radical§), and 2-[(Trifluoroacetyl)oxy)ethyl
Radical (1)

method 1 2 6 7 11 12
B3LYP/6-31G(d) 0.0 +13.7 0.0 +17.2 0.0 +14.0
B3LYP/6-31H-G(d,p) 0.0 +12.1 0.0 +15.6 0.0 +125

B3LYP/6-311+G(2d,2p) 0.0 +12.0 0.0 +156 0.0 +126
B3LYP/6-311-G(df,p) 0.0 +12.9

@ Relative energies include the unscaled differences in zero-point
vibrational energies® Using B3LYP/6-31G(d) geometries.
acyloxy migration. Finally, the cyclization/ring-opening se-
guence constitutes the least favorable pathway in all three cases.
The most favorable [3,2]-acyloxy shift shows an increased
barrier on introduction of the methyl group, but little variation
on incorporation of the trifluoromethyl group. The only known
experimental measurement of the activation energies for acety-
loxy and (trifluoroacetyl)oxy migration in otherwise identical
systems predicts the barrier for the latter process to be lower
by 8.1 kcal/mol> Unfortunately, these measurements have
been performed in different solventsit-butylbenzene vs Freon
113) and different temperature ranges. From our calculations,
we predict a barrier lowering of only 3.2 kcal/mol, based on
B3LYP/6-31G(d) energies and including differences in zero-
point vibrational energy. The corresponding QCISD values
predict a similar trend in substituent effects, while the MP2
values predict the (trifluoroacetyl)oxy shift to be the least
favorable. In order to ensure that the small predicted substituent
effects are not a consequence of inferior basis set size, a series
of single-point energy calculations with extended basis sets at
the B3LYP level have been performed for the stationary points

involved in the [3,2]-acyloxy shift. The results are collected
in Table 2. It can readily be seen that #esolutebarriers do
not show any significant variations beyond the 6-3Gl(d,p)

todative stabilizatiod* Besides this thermochemical stability, basis set, and that theelative barrier heights are virtually
radical 14 also appears to be stabilized kinetically in that the identical for all chosen basis sets. This finding is much in line
barrier to ring opening is larger fdr4 than for9 or 4. Thisis  With the generally low basis set dependence of DFT calculations.
in remarkable agreement with the experimental observation thatAS integration grid size is always a concern in density functional
2-trifluoromethyl-substituted 1,3-dioxolanyl radicals can be calculations, the calculations using the 6-313(2d,2p) basis
observed for a longer period of time even at elevated temper- Set were performed fo6 and 7 not only with the pruned
atures, in marked contrast to other 2-alkyl-substituted 1,3- (72,302) grid used by default in Gaussian 94 but also with a
dioxolanyl radical$¢15 Despite the comparatively favorable ~Spherical product (96,32,64) grid With the latter choice, the
thermochemistry of radical4, the barrier for formation of this ~ @bsolute energies for both stationary points are lowered by only
intermediate through transition structué is significantly 2 x 10°° hartree as compared to the default grid and the
higher than for either the [3,2]- or the [1,2]-acyloxy shift. The rearrangement barriers are not affected. In summary it appears
latter process faces a barrier of 18.7 kcal/mol starting fidm  rather unlikely that more refined gas phase calculations will
The structural characteristics of the [2,1]-shift transition structure Yield a barrier difference for the [3,2]-acyloxy shifts @and
15are by and large comparable to thabaind10. The overall 11 anywhere close to the experimental value.
charge of the (trifluoroacetyl)oxy group Ibis —0.31e, slightly Solvent Effects. The only published measurement of solvgnt
less than inL1 The spin density is distributed over the ether €ffects on the barrier of 1,2-acetyloxy shifts has been obtained
oxygen and ethylene carbon atoms with coefficients-6f58 for 2-(acetyloxy)-2-methylprop-1-yl radical, which rearranges
and+0.20, respectively. to the corresponding ter_tiary radical with an activation barrier
We can conclude that, in all three systems studied here, theof +17.9=+ 1.9 kcal/mol intert-butylbenzene and ot12.7 +
concerted [3,2]_formy|oxy shift represents the most favorable 0.9 kcallmol in watet® This dramatic IOWer.ing of the activation
reaction pathway for acyloxy migration. The overall charge barrier by 5.2 kcal/mol has been explained with the charge
distributions found in the transition structures of this process Separate transition state, which presumably is better solvated
are rather similar to those in the corresponding ground states.than the ground state. Several methods exist for modeling
No major charge rearrangement appears to occur on going fromsolvent effects on react!on barriéfst’ None of the;e existing
the ground to the transition state. The concerted [1,2]-acyloxy Methods have been validated for open shell species. To escape
shift is the second most favorable pathway for acyloxy migration the risk of artifacts of a particular method, we have utilized
in all three cases. The barrier for this process is consistently Several conceptually different methods in the study of solvent

higher by approximately 4 kcal/mol than the barrier for the [3,2]- effeclts on acyloxy rearrangements and have compared the
results.

Figure 3. Stationary points in the [1,2]-acyloxy migration of 2-[(tri-
fluoroacetyl)oxylethyl radical{1) (B3LYP/6-31G(d)).

(14) Viehe, H. G.; Merenyi, R.; Stella, L.; Janousek Ahgew. Chem.,
Int. Ed. Engl.1979 18, 917.

(15) Barclay, L. R. C.; Lusztyk, J.; Ingold, K. W. Am. Chem. Soc.
1984 106, 1793.

(16) Cramer, C. J.; Truhlar, D. Rev. Comput. Chem1995 6, 1-72.
(17) (a) Jorgensen, W. |Acc. Chem. Red.989 22, 184. (b) Kollman,
P.Chem. Re. 1993 93, 2395.
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Table 3. Free Energies of Solvation (kcal/mol) and Cumulative Mulliken Charges of the Acyloxy Groups in Ground and Transition States of
the [3,2]-Acyloxy Shifts in 2-(Formyloxy)ethyl Radical), 2-(Acetyloxy)ethyl Radical®), and 2-[(Trifluoroacetyloxy)ethyl Radical {)

structure AGson? AG'son’ g[RCO;] am1,Gas g[RCO;] am1,sm2
R UHF HE UHF HE UHF HE UHF HE
H 1 —3.83 —3.83 —3.68 —3.64 —0.20 -0.21 —0.20 -0.21
2 —4.01 —4.42 —3.94 —4.06 —-0.27 —-0.34 —-0.34 —-0.41
(2-1) —-0.18 —0.59 —0.26 —-0.42 —0.07 —-0.13 —-0.14 —0.20
CHs 6 —3.02 —-3.01 —2.80 —2.75 —-0.21 —-0.21 —0.20 —-0.21
7 —3.87 —4.13 -3.14 —-3.25 —-0.34 -0.37 —0.42 —-0.43
(7—6) —0.85 -1.12 —-0.35 —0.50 —-0.13 —0.16 —-0.22 —-0.22
CK 11 —-0.02 +0.12 -0.21 —0.03 —-0.25 —0.26 —-0.27 —-0.28
12 —4.09 —-3.83 —-1.19 —1.48 —0.42 —-0.41 —0.63 —0.53
(12-11) —-4.07 —-3.95 —0.98 —1.45 -0.17 —-0.15 —0.36 -0.25

2 AGsovv as calculated with AM1 chargesAGsoLy as calculated with B3LYP/6-31G(d) charges.

AM1-SM2. As the first method for evaluating solvent energies of solvation with the gas phase B3LYP/6-31G(d)

effects for this reaction, we have employed the ANBM?2 charge distribution. The resulting free energy differences
solvation model, which has been developed for water as a AAG'soLy (Table 3) are all negative again. The predicted effect
solvent!®1819 The SM2 free energy of solvatioNGggy is for the formyloxy shift is slightly larger now, while that for the

composed of two factorsAGegne and AGeps.  The first term acetyloxy and (trifluoracetyl)oxy shifts is much smaller. The
includes long-range effects such as mutual solvsptute successful quantitative prediction of solvent effects will therefore

polarization, while the CDS term is parametrized to include be highly dependent on the chosen charge distribution in the
short-range effects such as specific sottgelvent interactions  solution phase. Comparison of the UHF and HE results also
and cavitation energies. As itis not clear for our current purpose shows that no major difference exists between the solvent effects
whether calculations with the half electron (HE) or the predicted by these two methods. In summary the maximum
unrestricted HartreeFock (UHF) method give superior results,  solvent effect predicted for the acetyloxy rearrangement amounts
we have used both methods in parallel. Given the fact that bothto —1.12 kcal/mol with the HE/AM1 method, much less than
HE and UHF overestimate the gas phase barrier for the [3,2]- found experimentally.

formyloxy rearrangement by more than 40 kcal/mol, we have  gcipcm. The self-consistent isodensity surface polarized
used the AMI-SM2 method to provide solvation free energy  continyum model (SCIPCM) has recently been developed by
differencesbetween the ground and transition states for [3,2]- Frisch et aP It follows in philosophy the polarized continuum
acyloxy shifts only. This strategy has been successfully used o qels of Tomasi et afo but uses a cavity which is defined
before to calculate solvent effects for systems in which the gas through a self-consistently optimized surface of constant electron

phase fgituation was not described correctly by the AM1 yongjy - since this solvation treatment can be used in combina-
_method. The free energy of solvation d|ffe_rences COHeCt?d tion with the B3LYP/6-31G(d) quantum mechanical method, it
in Table 3 therefore describe only the lowering of the barrier is possible to obtain a much better estimate for the solvent-

?hn g';Ao'\l/lnlg_frsongthel g"f' phass tlo aq;l.e?u?hsokl)uthn.tlnballl CaSeSinduced charge reorganization in ground and transition states.
€ Solvation model predicts the barrier to be lower Despite the fact that the current implementation of this model

in aqueous so_lution than in the gas phase; that is, a_II_soIvationdoeS not perform well in reproducing solvation free energies
free energy differences between ground and transition states negatively charged systers,application of an almost
(AAGsoLy) are negative. The barrier lowering is, however, '

rather small for the formyloxy shift. In this system, the parameter-free solvation model seems very desirable for our

transition state is better solvated than the ground state by only S;Jerlzcéfr?é c-gzit:rilsg ’\i gzl%lﬂité?nvia\:\grzn%e?;oe”gegoXwghu a
0.18 kcal/mql at the UHF level. The_ solvent effeCt on _the isodensity surface. In order to facilitate comparison with the
acetyloxy shift is only slightly larger with a predicted barrier AM1-SM2 results, the same gas phase B3LYP/6-31G(d)
lowering of —0.85 kcal/mol, much in contrast to the experi- ’

. X geometries were utilized. As found with the AMSM?2
mental measurement. It is only for the (trifluoroacetyl)oxy ; . A
L . solvation model, the SCIPCM model predicts the barriers for
group that a significant solvent effect on the barrier can be

found. Transition staté? is better solvated than ground state [3,2]-acyloxy shifts to be lower in the aqueous than in the.gas
11 by more then 4 kcalimol. Comparison of the cumulative phase (Table 4). The effects are, however, rather small in all

: three cases. The largest barrier lowering of 1.6 kcal/mol is
UHF/AM1 charges of the acyloxy grouggRCO;] in ground . .
and transition states (Table 3) shows that the degree of barrierfound_ for the (tnfluoroacetyl)qu_ rearrangement. The barrier
lowering for the acetyloxy shift is very small (0.5 kcal/mol),

lowering is tightly connected to the degree of solvent-induced . ! :
9 gty g again far from the experimental value. Comparison of the gas

charge separation. This effect is smallest¥and largest for d soluti h h distribution (Table 4 in sh
11 Inthe latter case, the ground state charge distribution hardlyan solution phase charge distribu ion (Table )"’?ga'_” shows a
olvent-induced enhancement of charge polarization. The

changes between the gas and aqueous phases, while th§ff h d . dicted with th
corresponding transition stal® has a much more negatively 2“/?10'[_5;;;;' o(;/\/(lav?r, ngt as dramatic als predicte hW't the
charged acyloxy group in agueous solution0(63e) than in model. In order to quantitatively compare theoret-

the gas phase{0.42). We have to note, however, that the UHF/ cal and experimental solvent effects, it would be necessary to
AML1 gas phase charge distribution differs significantly from repeat the SCIPCM calculations with the dielectric constant of

the B3LYP/6-31G(d) gas phase charge distribution. We have tert-butyl be_nzene and then compare the results for both
therefore repeated the calculation of the ANMBM2 free solvents. Given the very small differences between gas phase

(18) (a) Cramer, C. J.; Truhlar, D. Gciencel992 256 213. (b) Cramer, (20) Miertus, S.; Soccoro, E.; TomakiChem. Physl981 55, 117. (b)
C. J.; Truhlar, D. GJ. Comput.-Aided Mol. Ded4.992 6, 629. Tomasi, J.; Bonaccorsi, R.; Cammi, R.; Olivares del Valle, K. Mol.
(19) (a) Cramer, C. 4. Org. Chem1992 57, 7034. (b) Cramer, C. J. Struct.. THEOCHEM199], 234, 401.
J. Am. Chem. S0d 993 115 8810. (b) Cramer, C. J.; Truhlar, D. G. (21) (a) Stefanovich, E. V.; Truong, T. CThem. Phys. Letl995 244,

Am. Chem. Sod994 116, 3892. 65. (b) Truong, T. T.; Stefanovich, E. \J. Phys. Cheml995 99, 14700.
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Table 4. Agqueous Phase Barriers for the [3,2]-Acyloxy
Rearrangement (kcal/mol) as well as Cumulative Mulliken Charges
of the Acyloxy Groups in the 2-(Formyloxy)ethyl Radicdl)(
2-(Acetyloxy)ethyl Radical ), and 2-[(Trifluoroacetyl)oxy]ethyl
Radical (1) As Calculated with the SCIPCM/B3LYP/6-31Gtd)
Method

AEY (SCIPCM/ q[RCO,]? g[RCOJ¢
B3LYP/6-31G(d)// (SCipPCM/ (B3LYP/
structure B3LYP/6-31G(d)) B3LYP/6-31G(d)) 6-31G(d))

1 0.0 —0.32 —0.31

2 +14.0 —0.35 —0.28

6 0.0 —0.32 —0.30

7 +16.1 —0.34 —0.29

11 0.0 —0.37 -0.34

12 +13.0 -0.43 -0.34

a A dielectric constant o€ = 78.54 has been used in combination
with the 0.001 au isodensity surfadeObtained from solution phase
SCIPCM/B3LYP/6-31G(d) Mulliken charge$Obtained from the gas
phase B3LYP/6-31G(d) Mulliken chargesGas phase B3LYP/6-
31G(d) geometries have been used.

A0
and aqueous phase barriers obtained already, however, these, /J’", \V t\
'n.,’ﬁl e

additional calculations have not been performed.
All calculations of solvent effects have up to now utilized
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the gas phase optimized structures of ground and transition

states. Given the very small effects obtained, we have to wonder 14 )

whether this choice severely limits the predictive power of the Figure 4. Ground and transition states in the water- and the proton-
continuum models. Solvent-induced structural reorganization catalyzed [1,2]-acyloxy migration of (formyloxy)ethyl radical (B3LYP/
should be most significant in transition structugg, and12, 6-31G(d)).

as already indicated by the solvent-induced charge reorganiza-

tion. The structure of transition stafewas therefore reopti-
mized at the SCIPCM/B3LYP/6-31G(d) level using a dielectric
constant ok = 78.54 and the 0.001 au isodensity surface. The
obtained transition structure (not shown) is structurally very
similar to 2. The breaking/forming €0 bonds are slightly
longer than before (2.238 A), while the-C bond length in
the ethylene fragment (1.378 A) and the-O bond length in
the formyl group (1.255 A) are virtually unchanged. The
formyloxy group carries a negative charge ©0.35e after
reoptimization with the SCIPCM model, which is identical to
the value obtained from the SCIPCM single-point calculation
on the gas phase optimized structur@ofFrom this result, we
can be confident that the calculation of solvent effects with
continuum solvation models yields reliable results even with
gas phase optimized structures.

B3LYP/6-31G(d) Supermolecule. As a final point in this
study of solvent effects on the [3,2]-acyloxy shift we have added
two water molecules to ground stateand transition stat@
and reoptimized both stationary points. This “supermolecule”
approach is particularly well suited to provide insight into the

influence of specific solvent effects on substrate structures and

into variations of specific solutesolvent interactions between

ground and transition states. On the downside, this method is

not well suited to provide an average description of solvation.

To find the most favorable orientation between water molecules
and the substrates, a series of structurally different complexes

between the frozen substrater 2 and one water molecule (in

its experimental geometry) have first been investigated. The
information obtained from this study was then used to assemble

starting configurations for the complexes bnd2. Ground
statel6 and transition stat&7 (Figure 4) were obtained after
reoptimization. Only very small differences can be found

between the solvated and the unsolvated ground and transitio
states. The most notable change can be detected in the forming

breaking C-O bonds in17, which are slightly larger at 2.241
A than in transition stat@ at 2.207 A. It is worth noting that

the explicit consideration of two solvent molecules leads to much

the use of the SCIPCM continuum model. The barrier for the
[3,2]-formyloxy shiftin16is +14.5 kcal/mol, which is 0.3 kcal/
mol less than in the gas phase, almost identical to the combined
B3LYP/6-31G(d)/AMI-SM2 prediction, and 0.5 kcal/mol more
than predicted with the SCIPCM continuum model.

Possibility of Acid Catalysis. Given the fact that neither
the substituent nor the solvent effect observed for this reaction
can be reproduced with satisfactory accuracy, it appears that
our theoretical studies leave out essential parts of the experi-
mental system. The experimental setup involves formation of
the (acyloxy)ethyl radicals from their closed shell precursors
using the TiC4{H,O, couple for reactions in water, while
reactions in apolar media have been initiated by UV photolysis
of peroxides. For water as the solvent this raises the point of
general acid catalysis of the rearrangement. We have pointed
out beforé that acid catalysis appears conceivable for this type
of reaction since the closely related [1,3]-acyloxy rearrangement
is known to show general acid cataly&s.

The most extreme way of modeling the effects of acid
catalysis is by inclusion of a proton in the system. One must,
of course, keep in mind that free protons are not available in
aqueous solution and that the effects of acid catalysis will
accordingly be smaller in solution than calculated here in the
gas phase. Protonation bfleads to structurd8 as the most
favorable conformer (Figure 4). Protonation causes elongation
of the carbonyl G-O double bond and considerable shortening
of the C-0O bond between the carbonyl group and the ether
oxygen atom. The most noticeable change in bond length can,
however, be observed for the—<©® bond between the ether
oxygen and the ethylene moiety, which is much longei&n
(1.640 A) than inl (1.478 A) or16 (1.486 A). These changes
in bond lengths actually suggest that structli8ecan also be
hought of as the adduct between formic acid and ethylene

adical cation. It is not surprising then that the rearrangement
pathway forl8is rather similar to that of other distonic radical

(22) (a) Braude, E. A.; Turner, D. W.; Waight, E.B5.Chem. Socl958

the same (small!) variation in transition state structure as does2396. (b) Pocker, YJ. Chem. Sac1958 4318.
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cations formed by addition of neutral nucleophiles to ethylene considerably smaller than observed experimentally. This can
radical cationg® The only pathway found here leads through in principle be due either to deficiencies in computational
transition statel9, which moves the formic acid moiety from  methodology or to the fact that the experiment proceeds through
one end of the ethylene subunit to the other. In structural terms,a pathway not studied here. In aqueous solution this can
19is most closely related to transition struct&ref the parent potentially be the reaction through an ion-pair intermediate. One
system. The barrier for the proton-catalyzed process amountswould then, of course, expect exchange processes of the ions
to +3.6 kcal/mol at the Becke3LYP/6-31G(e) AZPE level formed in such an intermediate with ions present in solution.
of theory, 10.1 kcal/mol lessthan for the most favorable In light of the known dependence of the rate of the closed shell
rearrangement pathway in the neutral parent system. Two[3,3]-acyloxy shift on the concentration of acitfspne has to
conclusions can immediately be drawn from this result. First, wonder, however, whether the open shell [3,2]-acyloxy rear-
given the enormous effect observed in the protonated modelrangement is also prone to acid catalysis. A dramatic lowering
system and the rather small effect obtained from explicitly of the rearrangement barrier can indeed be found for the [1,2]-
including two water molecules, one must conclude that acid formyloxy rearrangement upon protonation. It therefore appears
catalysis will be at least as important as solvation, even for rather desirable that future experimental investigations of acyloxy
weak acids. Second, if the acid-catalyzed pathway preferentially rearrangements pay attention to the effects of solution pH and

follows through transition structures lik&9, then the acid- buffer concentration.

catalyzed pathway will be at least in part responsible for the

scrambling observed in isotopically labeled acyloxy groups. Acknowledgment. This work was supported by the Fonds
der Chemischen Industrie and the Deutsche Forschungsgemein-

Conclusions schaft. Computational resources were provided by the Zentra-

) o ] ] leinrichtung Rechenzentrum Technische Univét®erlin and
From the various mechanistic scenarios studied here, theihe Konrad-zuse-Zentrurifunformationstechnik Berlin. | am
concerted [3,2]-acyloxy shift is the most favorable in all cases. ingebted to Professors A. Beckwith and D. Crich for thorough

Rearrangement of the (trifluoroacetyl)oxy group faces the lowest giscussion of the subject. Thanks are also due to Professor H.
and rearrangement of the acetyl group faces the largest barriergcpwarz for continuing support of our research.

All solvent models utilized here agree in predicting the [3,2]-
acyloxy shift to proceed more readily in aqueous solution than  Supporting Information Available: Tables with absolute
in the gas phase. Despite the fact that all these results are inenergies as well as structures for all stationary points (8 pages).
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