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by AGy4 = 0.80 £ 0.05 eV relative to their energies in polar
liquids.1

Using the Born dielectric continuum model of the solvent,
Weller!® derived eq 3 to calculate the ion-pair destabilization
energy, AGy, in a solvent with a static dielectric constant ¢, if the
redox potentials of the donor and acceptor are measured in a
medium with a high dielectric constant, ¢

AGq = e’[(1/2r) + (1/2r;) = (1/r12)] /€ =
e’/ [(1/2r) + (1/2r))¢/] (3)

where | and r, are the radii of the two ions and the remaining
parameters are defined above. Since ¢, = 2.6 for glassy MTHF
at 77 K18 ¢/ = 20 for butyronitrile at 295 K, rj; = 11 £ 1 A12
7, for the porphyrin = 5 A,'? and , for the quinone = 3 4,2 eq
3 predicts that AG, = 0.78 eV. This calculated value agrees
remarkably well with the value of AGy = 0.8 eV that we measure
directly.

Electron transfer theories beginning with that of Marcus show
that the electron transfer rate constant will be greatest when AG
+ A = 0, where X is the total nuclear reorganization energy for
the electron-transfer reaction.!” This reorganization energy
comprises terms describing both the solvent reorganization energy,
A, and the internal nuclear reorganization of the donor—acceptor
molecule, X\;, where A = A\, + \;. Semiclassical electron-transfer
theory'® is used to fit the data in Figure 2 to a monotonic function
with rate constants increasing as free energy of reaction becomes
increasingly negative. The plot of In ki vs —~AG in Figure 2
reaches a maximum at AG, = -0.6 eV. Since the dielectric
continuum model of the solvent is in reasonable agreement with
our experimental results, we can use the expression of Marcus!®
to calculate the solvent reorganization energy, A

A= e’[(1/2m) + (1/2r) = (1/r)]l(1/€p) = (1/€)]  (4)

where ¢, is the optical dielectric constant of the solvent and the
remaining terms are defined above. Using the parameters given
above with ¢,, = 2, eq 4 yields A, = 0.3 ¢V. Finally, since A =
0.6 eV, the internal nuclear reorganization energy of the por-
phyrin—triptycene—acceptor system is 0.3 eV. This number is
similar to values of \; determined for other organic = donor-
acceptor molecules.?0-!

Our results show that porphyrin—triptycene~acceptor molecules
possess ion-pair states that are destabilized by 0.8 eV in rigid
glasses relative to their energies as determined from electro-
chemical measurements in polar liquids. It is likely that this
number will prove to be somewhat dependent on spacer structure.
This information can be used to design multistep electron transfer
molecules to separate charge efficiently in the solid state. Work
along these lines is already proceeding in our laboratory.??
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The selective formation of duplexes by the pairing of molecules
with complementary patterns of hydrogen-bond donors and ac-
ceptors helps regulate the storage and replication of genetic in-
formation and gives chemists a powerful tool for creating self-
assembling structures useful for other purposes.” Reversible
formation is a fundamental property of these duplexes, but little
information about the dynamics of aggregation is available.S In
this communication, we report that the equilibrium of a simple
heterocyclic monomer and its tautomeric hydrogen-bonded dimer
can be studied directly by low-temperature NMR spectroscopy.

Simple 2-pyridones are slightly less stable than their 2-
hydroxypyridine tautomers in the gas phase, but the more polar
2-pyridone form normally predominates in condensed phases.”®
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Figure 1. Variable-temperature 3C NMR spectra of a nominally 0.093
M solution of 6-(diethylamino)-2-pyridinol (2a) in THF-ds.

Crystalline 2-pyridones typically exist as hydrogen-bonded di-
mers,'? and significant amounts of dimers can also be present in
solution.”® Interconversion of these species is rapid in solution,
and only averaged signals for 2-pyridone and its dimer can be
observed in '"H NMR spectra at —120 °C in tetrahydrofuran-d,
(THF-dy) at concentrations of 0.1 or 0.06 M. Since the monomer
and dimer should have measurably different NH chemical shifts
and since both species should be present under the selected con-
ditions of temperature, solvent, and concentration, the equilibrium
must simply be too rapid to be studied by low-temperature 'H
NMR spectroscopy. This is consistent with the measured ther-
modynamic parameters and a diffusion-controlled association.’®

We reasoned that a substituent at C; might retard association
or dissociation, so we prepared 6-(diethylamino)-2-pyridone (1a)"!
from 6-amino-2-pyridone'? by a repeated sequence of acetylation
(CH,COC], pyridine, DMAP) and reduction (BH; THF). Its

R g ~CHCHs
PN PN PN
| SN
xn N N N
H He. g NF
HaCHNR CHaCHzNR N
CHCHz s CHyCH” R
18 (R=CHCHy) 28 (R=CHCHy) 3a (R=CHCHs)
1 (ReH} 2b (R=H) 3b (R=H)

UV spectrum in THF (0.0096 M) contains a strong band at 309
nm, so the compound exists largely as hydroxypyridine 2a under
these conditions.® Signals in its '"H NMR spectrum in THF-dj
(0.093 M) broaden and split as the temperature is lowered, and
at —118 °C two distinct species can be detected. Similar changes
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occur in the 1*C NMR spectra, which are reproduced in Figure
1. One species gives rise to 'H signals at § 5.68, 6.00, 7.28, and
9.47, while the other gives rise to signals at 6 5.47 (2 H), 7.28,
and 12.7. We propose that the component with the downfield peak
at 6 12.7 is a hydrogen-bonded dimer and that the component with
the less deshielded peak at 6 9.47 is the solvated hydroxypyridine
monomer 2a. As this hypothesis requires, the relative intensities
of the signals assigned to the monomer increase as the concen-
tration decreases.!* The large '*C chemical shift difference
between C; (6 101.3) and Cs (& 86.4) in the dimer is highly
characteristic of pyridones,'’ so we believe that we are observing
the interconversion of a hydroxypyridine monomer and a pyridone
dimer, not a hydroxypyridine dimer. Tautomerization may
precede dimerization, or it may occur within a hydroxypyridine
dimer. Integration indicates that K = 12 £ 1 L/mol at 118 °C
in THF for the equilibrium 22a = 3a, so AG® = -0.77 £ 0.02
kcal/mol under these conditions.'®!™  Furthermore, the downfield
'H signals coalesce at —87 °C, so AG* 4 for the conversion of
monomer into dimer is approximately 6.7 £ 0.1 kcal/mol.!720
Association and dissociation are therefore not diffusion-controlled.

We doubt that electronic factors make this barrier higher than
the one separating 2-pyridone and its dimer, since 2-pyridone and
compound 1a have similar association constants.' Evidence that
the difference has a steric origin comes from a complementary
study of 6-(ethylamino)-2-pyridone (1b),'} prepared as an in-
termediate during the synthesis of (diethylamino)pyridone 1a. At
-120 °C in THF-d; at 0.10 and 0.010 M, 'H NMR spectra of
mixtures of tautomer 2b and its dimer show only averaged signals.
The exocyclic nitrogens of 6-amino-2-pyridones are sp2-hybridized
and fully conjugated with the pyridone ring,?! so dimers 3a and
3b have structures in which all heavy atoms but the methyl carbons
lie near a common plane.2? We argue that ethyl groups directed
toward the hydrogen-bonding atoms impede the formation of
dimer 3a and may also inhibit dissociation by blocking the ap-
proach of solvent. This implies that dissociation is not a simple
separation of hydrogen-bond donor and acceptor, but a more
complex process involving prior association of the new acceptor.

Acknowledgment. This work was financially supported by the
Natural Sciences and Engineering Research Council of Canada
and by the Ministére de I'Education du Québec. We thank Mike

(13) Since the equilibrium is sensitive to concentration, it cannot simply
involve a slow interconversion of pyridone dimers and hydroxypyridine dimers,
or a slow tautomerization of pyridone monomers and hydroxypyridine mo-
nomers.'* Moreover, w-stacking is unlikely to be involved since simple N-
methylpyridones do not form aggregates in dioxane.™

(14) Chevrier, M.; Guillerez, J.; Dubois, J.-E. J. Chem. Soc., Perkin Trans.
2 1983, 979-982. Bensaude, O.; Chevrier, M.; Dubois, J. E. J. Am. Chem.
Soc. 1978, 100, 7055-7060.

(15) Végeli, U.; von Philipsborn, W. Org. Magn. Reson. 1973, 5, 551-559.

(16) A similar association constant has been measured for the dimerization
of 2-pyridone in dioxane at 25 °C.%®"¢ Since AS® in this solvent is small,*®
the association constant in THF at low temperatures should not be dramat-
ically larger.

(17) (a) Low-temperature 'H NMR spectra were recorded at 400 MHz
in THF-dg containing less than 0.04 M water, and probe temperatures were
calibrated by using the chemical shifts of methanol. For the calculation of
concentrations, the density of THF-dg was assumed to vary linearly with
temperature.'* Appropriate pulse delays were used to ensure accurate inte-
grations. (b) Coalescence of the peaks that appear at 6 12.7 and 9.47 in
limiting low-temperature spectra of nearly eq‘uimolar mixtures of hydroxy-
pyridine 2a and pyridone dimer 3a allowed AG* (kcal/mol) at the coalescence
temperature to be estimated by using the equation AG* = aT[10.319 + lo,
(T.[2a]/k)], where T is the coalescence temperature (K), a = 4.575 X 1073,
and k is the pseudo-first-order rate constant given by k = wdv/21/2, where év
is the shift difference (Hz).!® We assume that the ratio of monomer and dimer
at T, is similar to that measured at 155 K.1¢

(18) Bauer, W, Feigel, M.; Miiller, G.; Schleyer, P. v. R. J. Am. Chem.
Soc. 1988, /10, 6033-6046.

(19) Sandstrom, J. Dynamic NMR Spectroscopy; Academic Press: New
York, 1982: p 96.

(20) Ultrasonic studies have shown that dissociation of the dimer of 2-
pyridone in dioxane is faster (AG* = 5.1 kcal/mol).>®

(21) Gallant, M ; Phan Viet, M. T.. Wuest, J. D. J. Org. Chem., submitted
for publication.

(22) For conformational studies of N-ethylamides, see: Berg, U.;
Sandstrém, J. Adv. Phys. Org. Chem. 1989, 25, 1-97. Berg, U.; Grimaud,
M.; Sandstrém, J. Nouv. J. Chim. 1979, 3, 175-181.



J. Am. Chem. Soc. 1991, 113, 723-725 723

Evans and Christine Johnson for recording our mass spectra, and
we are grateful to Dr. Nga Hoduc for helping us with osmometric
measurements. We are also indebted to various reviewers for their
perceptive comments.

Supplementary Material Available: Spectroscopic and analytical
data for aminopyridones 1a and 1b (1 page). Ordering information
is given on any current masthead page.

Solution and Solid-State Structure of the
“Wittig-Furukawa” Cyclopropanation Reagent'

Scott E. Denmark,* James P. Edwards, and Scott R. Wilson?

Roger Adams Laboratory, Department of Chemistry
University of llinois, Urbana, Illinois 61801

Received August 24, 1990

The Simmons—Smith cyclopropanation of olefins is arguably
the most important application of organozinc reagents in organic
synthesis.! The reaction proceeds under mild conditions? and is
characterized by broad generality, olefin stereospecificity,'? and
a high degree of relative stereoselectivity [with allylic alcohols
(ethers),*™ acetals,® and enol ethers’]. Indeed, the strong directing
effect of hydroxyl groups was recognized early on® and has both
preparative® and mechanistic significance.’ Despite the synthetic
importance of this reaction, a detailed mechanistic understanding
and a structural characterization of the cyclopropanating species
are lacking. Early studies by Simmons provided indirect evidence
for the existence of a “ZnCH,1” moiety in the active cyclo-
propanation agent.!'? Wittig came to similar conclusions from
extensive investigations with the reagents prepared from
CH,N,/ZnX,.2 Since then, much effort has been expended in
the development of new synthetic modifications but the structure
of the reagents remains unclear.!® Continued current interest

! Dedicated to Professor Dr. Albert Eschenmoser on the occasion of his 65th
birthday.
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Figure 1. ORTEP view of the two independent molecules of 4 (35%
probability ellipsoids).
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Table I. Selected Bond Lengths and Angles for 4

Bond Lengths, A
Zn(1)-0O(1) 2.103 (10) Zn(1)-C(13) 192 (2) KI1)-C(13) 2.21(2)
Zn(1)-0(2) 220 (1)  Zn(1)-C(14) 1.98 (2) 1(2)-C(14) 2.16 (2)
Zn(2)-0(21) 2.20 (1) Zn(2)-C(33) 2.01 (2) I(3)-C(33) 2.15(2)
Zn(2)-0(22) 2.231 (10) Zn(2)-C(34) 2.02(2) I(4)-C(34) 2.13(2)

Bond Angles, deg

O(1)-Zn(1)-C(13) 109.5 (6) O(21)-Zn(2)-C(33)  106.5 (6)
0(2)-Zn(1)-C(14) 104.3 (5)  O(22)-Zn(2)-C(34) 106.3 (5)
O(1)-Zn(1)-0(2) 727 (4)  O(21)-Zn(2)-0(22) 71.7 4)
O(1)-Zn(1)-C(14) 104.6 (6) O(21)-Zn(2)-C(34) 107.4 (5)
O(2)-Zn(1)-C(13) 107.9 (6) 0(22)-Zn(2)-C(33)  108.2 (5)
C(13)-Zn(1)-C(14) 1384 (7)  C(33)-Zn(2)-C(34) 137.5 (6)
1(1)-C(13)-Zn(1) 116.4 (9)  1(3)-C(33)-Zn(2) 115.8 (7)
1(2)-C(14)-Zn(1) 107.9 (8)  1(4)-C(34)-Zn(2) 106.9 (7)

Nonbonded Distances, A
Zn(1)-1(4) 3.929 (2) Zn(1)-I(1) 3.513 2) Zn(2)-1(3) 3.525(2)
Zn(2)-1(2) 4342 (3) Zn(1)-1(2) 3.350 (3) Zn(2)-K(4) 3.329(2)

in cyclopropanes'® combined with the burgeoning field of catalytic
asymmetric synthesis using organozinc reagents!! prompted us
to study the structure of (halomethyl)zinc compounds. We report
herein spectroscopic studies of the bis(halomethyl)zinc cyclo-
propanation reagents as well as the first X-ray crystal structure
analysis of an (iodomethyl)zinc compound.

We chose to study bis(halomethyl)zinc reagents (ICH,),Zn (1)
and (CICH,),Zn (2) (prepared by the method of Furukawa!? from
Et,Zn and CH,I, or ICH,CI") for three reasons: (1) the reaction
mixtures were expected to be homogeneous, (2) the amount of
each educt could be precisely controlled, and (3) generation of
(ICH,),Zn from Et,Zn avoids potential “Schlenk-type” equilibria
(with ICH,Znl and Znl,) thought to be important in the reagent
derived from Zn(Cu) and CH,I,.!
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