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Figure 3. Schematic of average solution structure proposed for Mg, and
Zn; model compounds in the presence of hydroxylic ligands which is
consistent with all NMR data.

4a methylene protons are diastereotopic (AB part of an ABX;
multiplet), with the largest chemical-shift difference in ring
A,'° consistent with their close proximity to two chiral centers
in the reduced pyrrole ring of ring C. The distance from a point
defined by the intersection of a line drawn between the metals
and the C; axis of the A-B fragment and the center of ring C
is estimated to be ~7-8 A.20 Though qualitatively similar the
Mg and Zn compounds exhibit a substantial difference in the
ease with which the folded form yields to displacement by
pyridine. Whereas a 102-fold molar excess of pyridine fully
disrupts the folded Zn model, a (2 X 103)-fold molar excess
is required for the Mg model. We believe that the specificity
of the observed interaction between ring C and the A-B
fragment is stabilized by the transient substitution of a hy-
-drogen bond between the carbonyl oxygen in ring C and the
hydroxyl ligand for the hydrogen bond to the ring-B carbonyl,
in concert with -7 interactions.

In contrast to all other porphyrin-protein interactions, where
strong axial ligation to the central metal or direct covalent
linkages position the macrocycle in combination with nonpolar
interactions, there is no evidence for a covalent linkage between
chlorophyll or pheophytin and reaction center proteins. Pre-
sumably, nonpolar interactions and weak coordination to the
central magnesium atom (for the chlorophylls) play crucial
roles in determining reaction center chromophore structure.?!
Therefore an analysis of ligand-mediated spontaneous self-
assembly among components which are crucial to the primary
photochemistry can provide a useful working model for their
relationship in vivo. These molecules provide a model of defined
structure which is amenable to study, and we are encouraged
by the remarkable strength and specificity of the interactions.
In a forthcoming paper, we will report a detailed analysis of
the photochemistry and photophysics of these molecules?? with
particular emphasis on time-resolved optical absorption,
emission, and ESR spectroscopy, which have been widely ap-
plied to in vivo systems, and extensions of the synthesis to
bacterial chlorophylls and secondary electron acceptors.
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On the Ease of Base-Catalyzed Epimerization of
N-Methylated Peptides and Diketopiperazines

Sir:
N-Methylation of peptides promotes base-catalyzed epi-
merization at the adjacent C, position,! complicating the
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Chart I. CNDO/2 Calculated Deprotonation Energies of Peptide
Model Systems (Kilocalories)
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stepwise stereospecific synthesis of N-alkylated polypeptides.
Furthermore, cyclic dipeptides (diketopiperazines), especially
when N-alkylated, undergo extremely fast epimerization.? For
example, cyclo-L-Phe-L-Pro? (8b) and cyclo-L-Pro-L-His? (8c)
epimerize selectively at the proline « carbon in dilute alkali in
a matter of minutes. Proposed rationalizations of these ob-
servations are not convincing.> We report here CNDO/2
calculations® on model systems which offer a possible expla-
nation of the observed behavior and which illuminate several
of the factors which may govern these epimerizations.

Cisoid and transoid conformers of the substituted acetam-
ides listed in Chart I and their conjugate bases were examined.
The carbanions were studied with sp? and sp? hybridization.
In all cases, the sp3-hybridized form was computed to be more
stable by 3 kcal (for 8a and 9 carbanions) to 24 kcal (for 2).
The predicted small preference for sp® hybridization for
carbanions from 8 and 9 was unexpected and is not supported
by experiment;’ similarly the calculated difference favoring
sp? hybridization for nonconjugated carbanions (e.g., that from
2), while in the expected direction,? is too large.® Inversion
barriers for carbanions are generally overestimated by self-
consistent field calculations owing to electron correlation
difficulties.?

Whatever the relative energies of these two hybridization
states, we were primarily interested in estimating the transition
state for epimerization, which must lie somewhere between sp?
and sp3. Since we find the calculated relative energies for these
systems to fall in the same order for both sp?- and sp3-hy-
bridized carbanions, it is reasonable to assume that the tran-
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sition states should also fall in the same order. The deproton-
ation energies listed in Chart I represent the difference in
binding energy between the neutral molecule and the sp?
carbanion.!0

Three carbanion stabilizing effects have been identified and
related to relative rates of peptide racemization.

(a) One factor affecting epimerization of peptides appears
to be the conformation of the amido carbanion grouping
(O=C—N-—C"), which is isoelectronic with the butadienyl
dianion. Our calculations suggest that the transoid arrange-
ment of this grouping is more stable (by 6~7 kcal) than the
cisoid conformation. Therefore, a cis peptide (e.g., 2), which
gives rise to a transoid amido carbanion, should epimerize more
rapidly than a trans peptide (e.g., 1). In Chart I, each depro-
tonation which leads to a favored transoid amido carbanion
is outlined.

Thus, proton abstraction from &, N-dimethylacetamide (3)
is calculated to occur from the methyl trans to the carbonyl
oxygen more easily (by 6.7 kcal/mol) than from the cis-methyl
group. Similarly, deprotonation of the corresponding cis-N-
methylacetamide (2) requires less energy (7.2 kcal) than that
of the trans conformer (1). For a more typical model of a
polypeptide, N-acetylglycinamide, the cis isomer (5) has a
more stable conjugate base (by 6.4 kcal) than the trans form
(4), while for the N-alkylated analogues the conjugate base
of 7 is more stable (by 5.8 kcal) than that of 6.

The destabilization of cis-butadienes and -heterobutadienes
relative to the trans conformations has been attributed to un-
favorable orbital interactions.!! For these amido carbanions,
electrostatic effects may also be important. As for 1,2 dike-
tones,!!12 bond dipoles are unfavorably aligned for the cis and
favorably opposed for the trans isomer. This is confirmed by
the calculated dipole moments for the carbanions derived from
1(18.0 D) and 2 (8.6 D).

(b) N-Alkylation of a linear peptide increases the proportion
of cis peptide present.!> Our calculations concur with this
observation. Thus, 6 and 7 are computed to be about equal in
energy, while the unalkylated cis peptide 5 is less stable than
trans (4) by 1.6 kcal.!* If more cis peptide is present, depro-
tonation to the more stable transoid amido carbanion is fa-
vored.

(¢) An additional effect of N-alkylation is to stabilize hy-
perconjugatively!*-!8 the amido carbanion by 2 to 6 kcal /mol.
This occurs for all of the model systems. Thus, it is easier to
deprotonate the rrans-methyl of 3 than the methyl of 1 (by 3.6
kcal), and deprotonating the cis-methyl of 3 (outlined) is easier
than the methyl of 2 (by 3.1 keal). Similarly, C, deprotonation
is favored for 6 over 4 (by 2.7 kcal), for 7 over 5 (by 2.2 kcal),
and Pro (outlined) over Ala of 8a (by 6.2 kcal). Our calcula-
tions suggest that, not only may the “versatile methyl group” '6
support anionic and cationic hyperconjugation, but it also may
stabilize hyperconjugatively a negative charge formally located
two atoms away.

The major part of this hyperconjugative stabilization ap-
pears to be due to energy lowering of the highest occupied
molecular orbital (HOMO) for the N-methylated carbanion.
For example, the energy difference between HOMO's for
transoid carbanions derived from 2 and 3 is 5.1 kcal, favoring
3, and the HOMO energies for the Pro carbanion and Ala
carbanion of 8a favor the former by 5.0 kcal.!® A similar orbital
mixing was invoked, based on ab initio studies, for hypercon-
jugative stabilization of a carbanion by methyl.'6

The conclusions of this study are pertinent in spite of the fact
that we have not been able to include solvent effects in our
calculations. Since the calculated trends agree with the ob-
served solution chemistry, the effects found to be important
in vacuo must be considered as possibly important in solution.
Thus, CNDO/2 calculations of conformation, rotational
barriers, dipole moments, and other phenomena,? without
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correction for solvent effect, have often given useful insights
into molecular behavior in solution.

Although the calculated energy differences are small (2-7
kcal), we note that the actual energy differences are also small.
Furthermore we make the usual assumption?! that, when only
small perturbations (such as addition of a methyl group) are
made to the system, errors of the CNDQ/2 method will tend
to cancel.

For linear polypeptides, then, N-alkylation enhances epi-
merization because of a higher concentration of cis peptide
(effect b), which is more easily deprotonated (effect a), and
because of hyperconjugative stabilization of the 8 carbanion
(effect ¢).22 For diketopiperazines, the incipient carbanion is
held in the more favorable transoid conformation (effect a),
as shown by the outline in 8. N-Alkylation of diketopiperazine
speeds epimerization further by hyperconjugation (effect
c).

Diketopiperazine carbanions are calculated to be substan-
tially more easily formed than those from the peptide models
1-7. This is primarily due to carbanion stabilization by the C,
substituent, as shown by the comparable deprotonation energy
computed for a representative conformation of the N-methy-
lalanine derivative (9).

In conclusion, it appears that CNDO/2 calculations not only
reproduce the observed relative ease of epimerization of N-
alkylated polypeptides and cyclic dipeptides, but also help
identify some effects which govern this reaction.
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Conformations of Cyclododecyne.

Evidence from Dynamic Nuclear Magnetic Resonance
Spectroscopy and Iterative Force-Field Calculations
Sir:

The structural and conformational information available
on cyclic acetylenes and their derivatives is rather limited,!-3
and in the homologous cycloalkynes only the structure of cy-
clooctyne is known.? We now show that the major conforma-
tional features of cyclododecyne (I) can be determined by
dynamic nuclear magnetic resonance spectroscopy and itera-
tive force-field calculations.

The a-CH> resonance in the 251-MHz 'H NMR spec-
trum** of | broadens strongly below about —100 °C and is
observed as a complex pattern spread over at least 160 Hz
below —140 °C. Since all proton-proton coupling constants
should be <20 Hz, this pattern must represent more than two
chemical shifts. The “coalescence temperature” is about —107
°C and thus some conformational process with a AG™ of ~7.8
+ 0.3 kcal /mol must be present.$

In the '3C NMR spectra® of I, the acetylenic carbon reso-
nance, which is a sharp single line above about —60 °C,
broadens as the temperature is lowered, reaches a maximum
broadening at about —95 °C, and finally gives rise to three
sharp lines with intensity ratios of ~1:4:1.2 at =133 °C.7 These
results can be rationalized in terms of two conformations, one
symmetrical and the other unsymmetrical (idealized intensity
ratio for the acetylenic carbons of 1:4:1 for a conformational
ratio of 2:1; i.e., AG® =~ 0.2 kcal/mol at —133 °C). The major
conformation is symmetrical and is immediately consistent
with a [3ync333]8 structure (Figure 1), which can be thought
of as derived from the lowest energy conformation of cyclo-
dodecane, i.e., the [3333] or “square” conformation.” The
minor conformation of 1 lacks symmetry and is difficult to
identify without further information such as that provided by
force-field calculations.

Boyd’s iterative force-field program,'® with modified par-
ameters,3® has been used to calculate the strain energies and
geometries of the conformations of I shown in Table 1. The
initial geometries required for the calculations have been ob-
tained by replacing CH,CH, by C=C groups in molecular
models of the known low-energy conformations of cyclodo-
decane.® Because of its linear (or nearly linear) geometry, the
acetylenic unit (~C=C-) cannot reside at.corner positions, and
this greatly limits the number of available conformations.
Vibrational frequencies have been calculated in all cases to
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