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pH 1 in 9:1 MeOH-H,0 (40:60), pH 2.5in 9:1 HOA¢-H,0
(32:68), neat, crystalline state (20:80).

Deuterium-labeled acid 4, prepared by hydrolysis of 5,10
decomposed neat to afford phenol with complete retention of
deuterium and salicylic acid with 72% retention of deuterium. !
Deuterium retention in the salicylic acid from reaction of 4 in
CF;CO;H and in aqueous solution at pH 7.4 (phosphate
buffer) was 64 and 81%, respectively. The data are consistent
with oxirane ring opening to 7 and 8, the former of which
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undergoes decarboxylation to phenol, and the latter undergoes
migration of deuterium via path a and subsequent enolization
to salicylic acid with observed deuterium retention consistent
with that expected because of the isotope effect.!? The NIH
shift via path b would result in complete loss of deuterium and
appears not to be significant. The possiblity of pathways in-
volving carboxyl participation to form a- or 8-lactone inter-
mediates in the reactions described above can not be ruled
out.

Ester 2 in CF3CO,H rearranges to methyl salicylate in
quantitative yield. Under similar conditions deuterium-labeled
ester 5 affords methyl salicylate with 55% retention of deute-
rium,!! consistent with the established mechanism for the NIH
pathway in which protonated 5 undergoes cleavage of the ox-
irane ring with exclusive formation of the more stable cation
9 rather than 10. Proton loss from 9 with migration of the
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carbomethoxy group affords 11 and 12 (about equivalent
amounts) that isomerize to the observed product.!1:13.14

The results described above support the suggestion that
1,2-oxide of benzoic acids may be intermediates in biological
oxidative decarboxylation reactions and that 1 may be an in-
termediate in the ortho hydroxylation of benzoic acid. The
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aromatization of 2 provides the first case of carboalkoxy mi-
gration in the aromatization of arene oxides.
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Interpretation of the Microwave Dielectric
Relaxation of Iron Pentacarbonyli in Terms of
the Molecule’s Fluxional Nature

Sir:

We have recently obtained results which show that iron
pentacarbonyl, Fe(CO)s, exhibits significant microwave di-
electric absorption in the range of 0.3-5 cm~1. This observation
appears to be quite meaningful particularly in terms of the
dynamic aspect of this molecule’s structure since rotational

absorption involving its “ground” vibrational state is forbidden
by symmetry. The equilibrium configuration of Fe(CO): is the
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Figure 1. Dielectric loss, ¢”, vs. In w for Fe(CO)s: 0, =10 °C; @, 30
°C.
Table L. Critical Wavelengths,? A, Relaxation Times, 7, and
Activation Energy, £,
T4£003°C ~10 0 10 20 30
Am, €M 0.30 0.26 0.23 0.21 0.19
7, ps 1.6 1.4 1.2 1.1 1.0

E.=1.9£0.3 kcal mol~!

4 Resultant average of four independent determinations at the given
temperature, each of which were in agreement to within 3%.

trigonal bipyramid! (D5 point group). The frequency at which
the dispersion appears and the temperature coefficient of its
associated relaxation time indicate that the observed absorp-
tion is most probably connected with some form of facile in-
tramolecular motion(s). 13C NMR studies on Fe(CO); found
only one resonance line down to the lowest possible solution
temperature even though two signals (3:2 ratio) would be an-
ticipated for the trigonal-bipyramidal (TBP) ground-state
geometry, pointing to an unusually rapid exchange of carbonyl
ligands between nonequivalent sites.?

The purpose of the present communication is to demonstrate
that a plausible physical explanation of the microwave losses
exhibited by Fe(CO)s can be given on the basis of the mole-
cule’s well-established fluxional nature. In the context of the
proposed interpretation, the temperature dependence of the
relaxation time is indicative of a very low activation energy,
~2 kcal mol~!, for the ligand exchange process occurring in
FC(CO)5

Static dielectric constants were measured at 2 MHz and
dielectric constants and losses were determined at frequencies
of 135, 24.4, and 9.2 GHz at several temperatures between
—10and 30 °C as previously described.>* Table [ contains the
pertinent end results derived in terms of a single Debye-type
absorption.? To ensure preservation of the chemical integrity
of the system, it was necessary to restrict the present study to
a rather narrow temperature interval.®> For illustrative pur-
poses, the —10 and 30 °C absorption results are depicted in
Figure | on the basis of a Debye exponential decay function.
Taking the 30 °C observations as an example, a contribution
to the static polarization of ~0.4 cm? (corresponding to an
effective moment, 7 of 0.14 D) dispersing according to the
Debye form of the loss curve with a r of 1.0 ps accounts for the
relaxation behavior.® From a least-squares linear fit of the 7
data as a function of temperature, the experimental activation
energy, E,, for the observed relaxation is calculated to be 1.9
+ 0.3 kcal mol~! (95% confidence interval).

Dielectric losses in the microwave region are normally ex-
plained as the relaxation losses of rotating permanent dipoles.
Fe(CO)s, whose instantaneous structure is of D3, symmetry,
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has no permanent dipole moment. In addition to this anomaly,
the wavelength corresponding to maximum loss for a mecha-
nism involving rotation is very unlikely to be below 1.1 ¢m (7,
of ~6 ps) for Fe(CO)s or polar impurities in Fe(CO)s.67 (The
Am observed for toluene® is 1.25 cm—r, of ~7 ps.) Concerning
other alternatives, the following points are pertinent.

The observed absorption does not appear to be connected
with the “collisionally” controlled relaxation mechanism
postulated to account for the microwave dispersion previously
found in other nonpolar liquids®!© (e.g., cyclohexane and
carbon tetrachloride). Not only are the dielectric losses of these
systems smaller than those of Fe(CQ)s but also are believed
to be causally associated with accompanying far infrared
(Poley) absorption!®!! (in the 30-80-cm~! range) which is
almost certainly not due to intramolecular modes.!?

Finally, dielectric loss originating from Fe(CO)s molecules
excited in degenerate vibrational states!? is not a tenable al-
ternative. While such molecules do have effective dipole mo-
ments'4!5 and can couple with uniform electric fields, the
magnitude of the present absorption (associated with a & of
0,1-0.2 D) is too great to be consistent with such an explana-
tion.'6

In view of the foregoing reasons, it would appear justifiable
to consider the possible relation between the pronounced ste-
reochemical nonrigidity of Fe(CO)s? and its microwave di-
electric dispersion. For Fe(CO)s and numerous other penta-
coordinate complexes, the stereoisomerization process alluded
to earlier is in accordance with the Berry pseudorotation (BPR)
mechanism.!” The dielectric losses exhibited by Fe(CO)s may
very well be reflective of such an intramolecular rearrange-
ment. Although Fe(CO)s has no permanent dipole moment,
the Berry exchange pathway is inherently associated with
changes in polarity—the exchanging nonpolar TBP ground-
state form passes through a slightly polar SP configuration
(C4,) on the way to the pseudorotated conformer (D, = Cy,
= Dyy). The observed relaxation times are much too short to
be consistent with a rigid rotational diffusion mechanism in-
volving Fe(CO)s in a polar configuration.®” To account for
this observation it is postulated that (i) the effective moment
(~0.1-0.2 D) originates directly as a result of the intercon-
version, TBP = SP, and (ii) the polytopal transformation is
so rapid that the moment induced changes or vanishes in a time
much shorter than that required for molecular rotation of the
SP form.'® In the context of this rapidly fluctuating model, the
germane polarization (~0.4-0.5 ¢m3) is explained as arising
from the fact that, in the presence of a low frequency mea-
suring field, pseudorotations for which this dipole is aligned
with the field are favored by a Boltzmann factor!® with some
effective temperature2®—*“fluxional” orientation. If the rele-
vant low frequency polarization originates as pictured, the
microwave dielectric dispersion reflects directly the dynamics
of the polytopal rearrangement.!8 For dielectric dispersion
controlled by BPR, relaxation would become apparent when
the period of the measuring field approaches the “pseudoro-
tational” or fluxional relaxation time, v, i.e., the time required
to establish the associated moment specifically via the TBP-SP
interconversion. (It is important to note that, if fluxional re-
orientation is in fact operative, dielectric absorption would
occur at angular frequencies close to that for which wry= 1,
immaterial of the detailed physical motions really involved in
the relaxation or the actual configuration of the transiently
polar state.) Since the rate of fluxional reorientation clearly
depends upon the respective potential barriers, an activation
energy of ~2 kcal mol~! follows for the Fe(CO)s internal ex-
change from this explanation of the observed dynamic be-
havior.

The above interpretation of the dielectric data is credible
on several counts. The unusually high frequency dispersion and
low activation energy can, in principle, be qualitatively ra-
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tionalized with a fluxional process wherein rotational diffusion
proceeds more slowly than the intramolecular rearrangement
occurring.!8 This rate condition may very well be satisfied by
stereoisomerizations involving limiting polytopal forms for
which the degree of deformation required for interconversion
is extremely small. On intuitive grounds, Berry pseudorotation
is the most attractive mechanism to invoke in this regard since,
for TBP molecules having equivalent ligands, it would be an-
ticipated to occur at a very fast rate and does involve a very
slightly polar intermediate configuration.2! Finally, the fore-
going explanation given for the origin of the relaxation ab-
sorption is also quantitatively consistent with ancillary physical
evidence and theoretical expectations relating to this problem;
i.e., the Fe(CO)s axial-equatorial exchange is extremely
fast2:22 (no temperature coalescence of NMR spectral lines
can be observed), it is thought to occur down to at least 100
K23, and is believed to be associated with a barrier certainly
<5 keal mol~1.

In summary, it is realized that the dielectric evidence, con-
sidered in isolation, is in no way conclusive. However, the re-
sults of this investigation, when contemplated in the light of
previous nondielectric studies, appear to be best explained at
present by the fluxional mechanism proposed.

Studies dealing with the possible application of microwave
dielectric relaxation to the elucidation of extremely rapid po-
lytopal rearrangements are continuing in this laboratory.
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Solvent Effects on Protomeric Equilibria:
Quantitative Correlation with an Electrostatic
Hydrogen-Bonding Model

Sir:

The possibility of developing a quantitative model! for the
effect of molecular environment on protomeric equilibria is
offered by our recent work which provides the energy differ-
ence between isolated heterocyclic protomers in the gas phase
and in solution.!:2 The energy of transfer of such an equilibrium
from the gas phase to solution may be discussed in terms of the
energies of (1) the interaction of the electrostatic reaction field
of the solvent with the different dipoles of the protomeric iso-
mers (AE..), (2) hydrogen-bond acceptance by and donation
to the solute from the solvent (AEy, and AEy, ), (3) solvent
cavitation (AE.y), and (4) van der Waals interactions
(AEqw).>* Previous analyses of protomeric equilibrium
constants have focused on AE¢.,'* a combination of AEy,,
and AEy,, 8 AE 7 or on correlation with empirical Z values.®
We wish to report that solvent effects on the protomeric
equilibrium of 6-chloro-2-hydroxypyridine (1a)-6-chloro-
2-pyridone (1b), 2-hydroxypyridine (2a)-2-pyridone (2b).
4-hydroxypyridine (3a)-4-pyridone (3b), 2,6-di-rert-butyl-
4-hydroxypyridine (4a)-2,6-di-tert-butyl-4-pyridone (4b),
6-chloro-2-thiolpyridine (5a)-6-chloro-2-thiopyridone (5b),
2-thiopyridine (6a)-2-thiopyridone (6b), and 4-thiolpyridine
(7a)-4-thiopyridone (7b) can be quantitatively analyzed in

R YH R |

a H

b

la-1b,R=Cl; Y =0
2a-2b,R=H;Y=0
5a-5b, R=H:Y =8
6a—6b, R=Cl; Y =S
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