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optical yield (see Table | for results). The best ratio of 1/BNPPA
is 20/1), with 10/1 giving inferior results. Similarly, naproxen
was obtained in good yield and in up to 91% optical yield.
Let us compare this new asymmetric hydrocarboxylation re-
action with several recent, metal-catalyzed approaches to optically
active ibuprofen or naproxen. A higher degree of optical purity
of (S)-(+)-naproxen was attained by BINAP-ruthenium(II)-
catalyzed hydrogenation of 2-(6-methoxynaphthyl)-2-propenoic
acid.!* Unfortunately, a high pressure of hydrogen (135 atm)
is required, and the acrylic acid derivative has to be synthesized
via several steps. In 1987, Parrinello and Stille!® described the
use of a Pt(11) complex of (25,45)-N-(tert-butoxycarbonyl)-4-
(diphenylphosphino)-2-[(diphenylphosphino)methyl]pyrrolidine
[(-)-BPPM], with SnCl,, for the hydroformylation of 1, 2, and
other olefins. While the percent enantiomeric excess of the formed
aldehyde approaches 80%, the regioselectivity was poor, with an
unfavorable branched/linear ratio (~0.5). Consequently, the
chemical yields of the desired aldehydes were modest. Further-
more, hydroformylation of 1 and 2 required drastic conditions
(2400 psi) and a subsequent oxidation step to produce the acids.
In summary, the hydrocarboxylation of olefins with BNPPA
occurs under exceptionally mild conditions (room temperature,
1 atm), is completely regiospecific (linear acids were not formed),
and affords acid in both high chemical and high optical yields.
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The discrimination of binding between carbon monoxide and
oxygen in heme proteins has inspired the syntheses of porphyrins
with one side hindered by, e.g., a “cap”,! a “pocket”,? a “strap”,’
a “basket handle”,* or some other device for the purpose of ob-
structing the binding of ligands to one side of the porphyrin, but
the properties of these model hemes have not led to a straight-
forward explanation of the natural regulatory mechanism. So
far, there is only one demonstrated example of a model compound
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Table I. ’Fe Nuclear Magnetic Resonance Chemical Shifts of Some
Carbonyl Iron(II) Porphyrin Complexes in Toluene-dg at 25 °C

compd 8, ppm Ad?
FePF(Bulm)(CO) 8110 +14
FeBH12(Bulm)(CO) 8036 +19
FeBH10(Bulm)(CO) 7728 -11
FeBH9(Bulm)(CO) 7500 -12
Fe(PPIX)(py-ds)(CO)® 8205
Fe(meso-PIX)(py-ds)(CO)® 8188
FePF(Bulm)(CO)* 8131

4 Effect on chemical shift of replacing axial Bulm with py. ®Solvent
is D,O. “Solvent is DMF:H,0, 90:10. PF is picket fence; BH is bas-
ket handle; 12, 10, and 9 indicate number of carbon atoms in super-
structure; PPIX is protoporphyrin IX; meso-PIX is mesoporphyrin IX.

that exhibits a tilt of the CO relative to the heme normal in the
solid state, the “pocket” porphyrin.® In the series of hybrid
“basket-handle” porphyrins, for example, the effect of a decrease
in the length of the aliphatic chain spanning one side of the
porphyrin is not to increase the degree of tilt of the bound carbonyl
but rather to increase the degree of ruffling® of the porphyrin core.”
Among the heme proteins, myoglobin-CO exhibits a tilted CO
and an almost flat porphyrin,® but in human carbonyl hemoglobin,?
the tilt is very small and the porphyrin is clearly ruffled. Thus,
the intriguing question of CO regulation still inspires investigations
of heme proteins and heme models.

It follows that spectroscopic tools for the investigation of
structure in these systems are of considerable interest. NMR
techniques are often the natural first choice in such a case but
the 'H and 13C NMR spectra are practically uninformative, with
regard to the subtle details of porphyrin conformation, and the
coupling constant /g, does not vary significantly between the
known complexes. The resonance Raman frequencies and the IR
CO stretching frequency do vary'® but not in an easily interpretable
way, and the observed frequency shifts are very small. The UV /vis
spectra do not provide any detailed structural information. In
particular, the weak d—d transitions are not observable under the
intense w—7* transitions.!!

In this communication, we report that the *’Fe NMR chemical
shifts are extremely sensitive to deformation of the porphyrin
geometry and that novel information about the electronic levels
may be extracted from investigations of substituent effects on the
chemical shift within the simple framework of the Ramsey
equation. In the hybrid “basket-handle” porphyrins, the ruffling
leads to large changes in the iron d-orbital energies that may be
important in understanding ligand binding in heme proteins and
models.

The ’Fe NMR experiments were carried out on a Varian VXR
400 NMR instrument operating at 13.05 MHz, using 15-mm
nonspinning sample tubes and a solenoid coil probe, with a 90°
pulse width of 90 us. The syntheses of “basket-handle” porphyrins
were carried out according to the literature.* After reduction to
the ferrous state, no paramagnetic material could be detected in
the 'H NMR spectra, the S7Fe NMR chemical shift measurements
were reproducible, and at the concentration of ferrous porphyrin
used, 5 mM, the rate of electron transfer from trace amounts of
ferric material would be too slow to affect the chemical shift
measurements.

The factors affecting the ’Fe NMR chemical shift (Table I)
in iron porphyrins can be derived from a simple ligand-field ar-
gument.!2 A more electron releasing group on the porphyrin
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periphery will give a shift to higher field, in analogy with 3*Co
chemical shifts.!? An increase in basicity of the axial base will
give roughly a 10 ppm shift to higher field"® per pK, unit. A
change in solvent polarity from that of DMF-H,0, 90:10, to
toluene gives rise to a 20 ppm upfield shift for FePF(Bulm)(CO),
Table 1. The effect of tilting the carbonyl relative to the heme
normal can then be estimated from the chemical shifts of MbCO,
8234 ppm,'* and Fe(PPIX)(1-Melm)(CO), 8151 ppm.!* In
MbCO, the porphyrin is flat and the CO is tilted by about 15°.°
In Fe(PPIX)(1-MeIm)(CO), the plane is nearly flat and the CO
is linear.' The chemical shift difference must be due to a
difference in coordination of the imidazole residues, a medium
effect, and the effect of forcing the carbonyl off axis. The effect
of restricted vinyl rotation can be estimated from a comparison
between Fe(PP1X)(py-ds)(CO) and Fe(meso-PIX)(py-ds)(CO)
and should introduce a small upfield shift. A nonideal coordination
from histidine to iron in MbCO would suggest a downfield shift
by 20-50 ppm.'* The medium effect on going from aqueous
solution to the nonpolar interior of the heme pocket would roughly
cancel that, leaving a downfield shift of 50-80 ppm as the effect
of tilting the carbonyl.

The magnitudes of all of these shifts are substantially smaller
than the ones encountered as an effect of perturbations of the
porphyrin core. In Table 1, the chemical shifts are given for the
picket-fence porphyrin and a series of sterically hindered iron
porphyrins, derivatives of the hybrid “basket-handle” porphyrins
by Momenteau and co-workers.* From the crystal structures of
some of these, it is clear that the carbonyl lies along the heme
normal and that the porphyrin is clearly ruffled; the shorter the
aliphatic chain, the more it is ruffled.” The chemical shift varies
by more than 600 ppm between the two extremes and in a
seemingly regular fashion, giving a high-field shift with increased
ruffling. The magnitude of the shifts is such that they can be
interpreted. An upfield shift of more than 100 ppm relative to
some reference compound can only be caused by perturbations
of the porphyrin residue. Considering the large number of heme
proteins and protein mutants under study, this should be a very
helpful tool for the investigation of detailed structure. Also, we
conclude from the difference in magnitude of the chemical shifts
that the perturbation of the d-orbital energies are much larger
than what is observed upon changing the ligands in a strictly
octahedral complex.

Further information can be extracted from the substituent
effects on the chemical shifts when the axial base is varied in the
series of carbonyl complexes. As reported previously,!? the $’Fe
NMR resonance is shifted to higher field as the electron-donating
ability of the axial base is increased, in a series of Fe(PPIX)-
(B)(CO) complexes, completely in accordance with prediction.
This is true also for the picket-fence and the “largest™ basket-
handle complex, but for the more tightly packed superstructures,
the reverse is true, Table I. Within the framework of the Ramsey
equation,!? the high-field shift of FePF(Bulm)(CO) and
FeBH12(Bulm){CO) can be viewed as originating from an in-
creased repulsion of the d,z orbital giving rise to an increase in
AFE and a decrease in the chemical shift. With FeBH10-
(Bulm)(CO) and FeBH9(Bulm)(CO), the data suggest that an
increase in the electron-donating ability of the axial base causes
a repulsion of the same orbital but that this leads to a decrease
in AE. This is deduced from the fact that the chemical shift is
downfield. This is only possible if the d,2 orbital is no longer
unoccupied and one of the previously occupied orbitals has in-
creased its energy so much as to become unoccupied; in other
words, there has been an energy level crossover. This requires,
of course, that the Ramsay equation is valid under these conditions.
An unequivocal proof of an energy level crossover would be to
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observe a paramagnetic iron(11) porphyrin complex for a certain
amount of superstructure tightness, and a reversal of substituent
effects for a more pronounced tightness. We were not able to
observe a paramagnetic state, but in a similar class of compounds,
such an observation has been made. Ellis et al.!6 reported several
years ago that they observed paramagnetism in a “capped” por-
phyrin. They attributed this paramagnetism to nonlinear coor-
dination of one of the axial bases. An alternative explanation is
that the porphyrin core is ruffied. In the present case, it is clear
that both axial ligands bind in a linear way.

The relevance of this observation is obvious when one considers
the importance of spin state for ligand binding in heme proteins.
Since the ruffied porphyrins are clearly biologically significant,
this should be of considerable interest.
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Recent interest in the chemistry of simple enols! has led to the
prediction that a-silyl substitution should stabilize enols relative
to their keto isomers markedly, and that has produced the synthesis
of the first stable a-silyl enol, 8,5-dimesityl-a-(trimethylsilyl)vinyl
alcohol (1) (Mes = mesityl = 2,4,6-trimethylphenyl).? This enol

OH OH (o} OH
/ /
Mes,C==C CH,==C CH3 — C\ CH3 — C{
SiMe; SiMes SiMe; SiMe;
1 2 3 4

could not be converted to its keto isomer under conditions much
more drastic than required for ketonization of silicon-free ana-
logues; it therefore certainly does possess unusual kinetic stability.
However, because equilibration with the keto isomer could not
be achieved, its thermodynamic stability could not be assessed
and the effect of silyl substitution on keto—enol equilibria could
not be determined. We report that we have now generated another
a-silyl enol, the prototype substance a-(trimethylsilyl)vinyl alcohol
(2), under conditions where this enol is converted to its keto isomer,
acetyltrimethylsilane (3);? this has enabled us to evaluate the
keto—enol equilibrium constant for this system as well as acidity
constants of the keto and enol forms.

We produced this enol by photooxidation* of the corresponding
aleohol, a-(trimethylsilyl)ethanol (4), using acetone as the oxidant.
The two ketyl radicals formed in this reaction, eq 1, may dis-
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