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southern diols could be reduced by HOAc/HI/H,PO, and con-
verted!® quantitatively back to 3, together with recovered 3 (40%),
for recycling. The yield of 4 was about 6% from 3 each time.

Porphyrinone 4 was metalated with zinc(II) acetate in
CHCIl;/MeOH and the zinc complex'? was oxidized with OsO,.
Following zinc removal by HCI washing, the desired diol 6 was
isolated by chromatography (18% yield), with byproducts being
the ring C (15%) and ring D diols (12%). We reported earlier!?
that analogous zinc(II) porphyrinones substituted with electron-
rich alkyl groups exhibit a differentiation during osmate formation
favoring ring B but against ring D attack; in addition, the ring
C diol would not form at all. In the present case, the electro-
negative acetate side chain apparently has rendered the ring B
attack less favorable, thereby overiding the empirical rule observed
with other compounds. The presence of the acetate substituent
further hindered the second pinacolic rearrangement at ring B
so that the yield of 7 was a disappointing 12% under the best
conditions tested.!* In contrast, the same reaction sequence applied
to the zinc complex of § produced overall nearly 10% yield of 8.

The diastereomeric mixture of 7 was separated on silica gel TLC
plates. The isolated cis and trans isomers each were converted
by OsOy into a ring C diol which was then heated in benzene in
the presence of HCI®!7 to obtain the acrylate 1. TLC and HPLC
confirmed that the slower eluting, presumably cis isomer is indeed
identical with the natural d, tetramethyl ester. The 'H NMR
of the two isomers showed recognizable differences and only the
spectrum of the cis compound is in every respect identical with
that of the natural pigment.!®  Absorption and mass spectra
further confirmed fully what we considered to be the correct
structure of d;. Future work on resolving the racemic mixture
should aid in elucidating the natural molecule’s absolute config-
uration.

The unprecedented structure of dioneheme poses many ques-
tions. Is there a functional role of the oxo groups at the iso-
bacteriochlorin ring? How is this structure produced biosyn-
thetically? To the former question we have observed that the
relatively positive redox potentials!® of porphyrinone and por-
phyrindione distinguish them from chlorin-based heme d% or
isobacteriochlorin-based sircheme?! and render these keto mac-
rocycles perhaps more like porphyrin “quinones”, which may be
of consequence in nitrite binding and reduction.®! To speculate
on the second question, we previously suggested pinacolic rear-
rangements may have been involved in the biosynthesis.” However,
in view of the difficulties experienced in the rearrangement of
porphyrin acetates,!> a porphyrin precursor such as 3 seems less
plausible. An alternative precursor could be protoporphyrin or
its derivative from which a dione structure (9) may undergo
side-chain oxidation to furnish the acetate substituents. This
approach has actually been tried in one of our unsuccessful at-
tempts to synthesize 1. The vinyl porphyrin in the masked form
of chloroethyl porphyrin 11 was processed via exactly the same
steps as described above, only with much better yields, to give 12.
Substitution of the Cl by NaOH and oxidation of the diol 13 by
the Swern?? method afforded the dialdehyde 14. Unfortunately
the macrocycle did not survive the oxidants necessary for con-
verting -CHO into -CO,. This route would have been a success
if milder conditions could be found. Biosynthesis without invoking
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pinacolic rearrangement is also possible. Indeed, the stereo-
chemistry and side-chain substitution patterns suggest that siro-
hydrochlorin or corriphyrin-4 (10)?* could be the progenitor if
suitable avenues exist for cleaving the two northern propionate
side chains. While we are presently short of answers to these
questions, it can be predicted that the striking structural features
uncovered here will not fail to draw attention and to stimulate
further research on this green heme.
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The use of molecular mechanics has increased in recent years
as organic chemists continue to focus on important questions of
stereochemistry.! In dealing with flexible molecules of any size
or complexity, a major difficulty arises which may be described
as the Jocal vs. global minimum problem. If one enters a trial
structure using any standard molecular mechanics program, op-
timization occurs to refine the starting structure toward one of
lower steric energy, converging when a minimum energy structure
is obtained. But how can one know the structure obtained is the
best structure using that force field?

In small molecules, there are few conformations, and we can
predict which are most stable. However, adding substituents or
additional atoms to rings or chains rapidly takes us to situations
where in the words of Allinger,! “The number of conformations
becomes so large that a complete analysis becomes very laborious.
The results depend not so much on the force-field as on the
intuition of the person doing the calculation and which starting
geometries were used for the energy minimizations”.

(1) Burkert, O.; Allinger, N. L. Molecular Mechanics, ACS Monograph
177, American Chemical Society: Washington, DC, 1982.
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In attempting to find all of the conformations (and therefore
also the lowest energy conformation—the global minimum),
computer programs have been written which systematically step
through different values of a dihedral angle in the starting
structure.2® While this works for systems which are small enough,
with increasing complexity, one can miss the best structure because
the step size is too large or because the initial structures for some
angles refine to minima which are not “global minimum” even
for this dihedral angle.

One can improve the odds of finding the global minimum by
stepping through all combination of values several dihedral angles.
However, one must decide which dihedral angles to vary and by
what steps. Too few angles or steps which are too large rapidly
increase the chances of missing the best structure. An undesirable
feature of this approach is that it must be skillfully customized
for each structure examined.

“Walking” along the softest mode or modes is an attractive idea
for going from one minimum to another, but, in general, this will
not find all the minima. One might consider pseudorotation. For
example, boat cyclohexane would go to twist-boat and then to
another boat, etc., without the chair ever being found.

An automatic procedure which efficiently locates all of the
readily accessible conformations (and therefore also the global
minimum) is highly desirable. I describe here a new method which
(potentially) can accomplish this through a stochastic (Monte
Carlo like) approach. The incorporation of randomness has been
useful in many areas of science. The Monte Carlo technique has
been used’ to accelerate the approach to Boltzmann equilibrium
in proteins, but these authors did not seek all the low-energy
conformations.

One might well be dismayed at the idea of a random method
to attack this problem. If one chose even a few values for each
of the 3N~ 6 coordinates in the hyperspace of molecular structures,
one finds an intimidating number of points even for a small
molecule. Locating the (relatively few) important minima in this
hyperspace seems impossible. However, two factors can be applied
to make a stochastic method practical. First, one can start from
a reasonable structure; therefore one is near a local minimum.
Second, using any molecular mechanics program one can (fairly
rapidly) improve an initial trial structure, obtaining a local
minimum.

The new method, presented here, for attacking this problem
is simple. One begins with a trial structure and refines it to a
local minimum. One than applies a random “kick”. One uses
a random number generator to compute an independent random
increment or decrement to each coordinate of each atom. One
must choose points randomly within an hypersphere (not an hy-
percube) surrounding the starting point in structure space. Then
one rerefines the perturbed structure. There are two possible
results. One can return to the initial conformation, or one can
obtain another conformation. One must remember all of the
different (minimum energy) conformations previously found in
order to be able to recognize a new one. This is conveniently done
by computing the nonbonded interatomic distances and storing
all of the different distance matrices. This eliminates the effect
of any translation or rotation on comparison of structures.

If one uses small random kicks (a very small hypersphere), one
finds no transitions. Increasing the size of the hypersphere leads
to transitions to different conformations with low probability. Still
larger random kicks increase the probability of conformational
transitions. A topological view is useful. We can “color” a map
of hyperspace with a color depending on which local minimum
any structure will refine to with the particular molecular mechanics
we are using. The first transitions begin to appear when we expand
our random hypersphere enough to touch differently colored
regions. As the size of the hypersphere increases, it starts to
include more and more volume outside the locally colored region.

(2) Wiberg, K. B.; Boyd, R. H. J. Am. Chem. Soc. 1972, 94, 8426.
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The probability of transition approaches unity when most of the
volume lies outside the local region. Still bigger hyperspheres
include distant as well as adjacent regions.

A maximum step between 1.5 and 3 A gives substantial tran-
sition probabilities (~50%). One can thus rapidly obtain the set
of available conformations. When many trials yield no additional
conformations, one can conclude that one has probably found all
of the conformations accessible by using a particular size of
random hypersphere. The central feature of this new method is
that one is not randomly exploring structure hyperspace but is
stepping, by means of random kicks followed by optimization, from
one discrete (local minimum) conformation to another (mainly
among ones which are adjacent). One is therefore exploring only
a (finite) set of local minima in hyperspace.

It is reasonable (and also confirmed by the results) that one
can rapidly obtain all of the different minima known to exist for
medium-sized flexible molecules. I have used our recently reported
new two-body force field® followed by the MM?2 force field and
optimization method in the above procedure to explore the pre-
viously studied cycloheptane,” methylcycloheptane,® cyclooctane,’
cyclononane,! cyclodecane,'! cycloundecane,'? cyclododecane,'?
cyclotridecane,’? cyclotetradecane, and cyclopentadecane!?
molecules. Beginning with planar starting structures, every
previously reported low-energy conformation for each of them was
obtained in a short time on a MicroVax Il and many more which
had not been described.

The best conformation found for cyclopentadecane I is predicted
by MM2 to be 2.0 kcal more stable than the previously described
structure IT ([33333] by using Dale’s nomenclature). In addition
to all five structures previously described, 20 new conformations
were found in the same energy range!'? Over 1000 distinct
conformations no more than 12 kcal above the lowest energy
conformation were found.

Aside from the observation that one obtains all previously
reported conformations in all the cases studied, there is another
check on the efficiency of this new method. Because of the way
the structures are compared, each different conformation is ob-
tained more than once. Therefore, a useful means of discovering
whether one has allowed the process to proceed long enough is
to see if one has obtained the required set of equivalent structures.
For example, cycloundecane yielded 22 copies of the best structure
in 2 days. (Since this structure has no symmetry, each different
starting atom and each direction of progress around the ring are
recorded separately.) Out of the possible 22 structures, 21 of the
next best structures were obtained, making it seem unlikely that
any still better structure was missed entirely.

This new method is not limited to rings. Starting with the
extended form of heptane, the program generated conformations
with different arrangements of gauche bonds. It was interesting
that many conformatins with gauche+ gauche— segments were
found. These are usually rejected in considering polymer structure
because of nonbonded strain.'* In most of the g+g— cases found
here, one gauche dihedral angle increased to ~95° to relieve
nonbonded strain, while the other was normal. In one case, two
angles of 80° were found, but this conformation was 0.5 kcal
higher. It is interesting that the unsymmetrical g+g— arrangement
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appears to be very common in the medium rings studied.

Since this method efficiently finds additional conformations
from any starting geometry, it should be a valuable adjunct to
any molecular mechanics program.
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The reductive coupling of aldehydes or ketones leading to vicinal
diols or olefins is promoted by a variety of reductants including
low-valent early transition metals,! Among these, the most widely
used are a series of titanium reagents derived from the reduction
of titanjum(III or IV) chloride.? Similar reactions involving
carbon-nitrogen functions (e.g., imines) are less common. For
example, unlike their carbonyl analogues, N-alkyl (or aryl) imines
show little or no reactivity with low-valent titanium reagents.’
This is an unfortunate result in view of the fact that very few
general routes to vicinal diamines are known in the literature and
the majority of these rely on olefin addition reactions that require
several steps to arrive at the desired diamine products.* Car-
bon-carbon bond-forming routes to diamines are especially rare
and are typically limited to the synthesis of N,N-disubstituted
amines.> Herein we report a convenient one-pot synthesis of
unsubstituted vicinal diamines from either N-(trimethylsilyl)imines
or nitriles employing the d' niobium reagent, NbCl,(THF),.

The approach toward vicinal diamine synthesis presented in
this paper originated from considering the resonance structure
one can write for a simple d! N-metal imine derivative (A and
B). When M is an early transition metal, resonance structure

R R
. M——AN=<R, =N—<R,
B

B represents a metal-imido function.® Dimerization of this
metal-protected a-amino radical would lead to the diimido com-
pound shown in eq 1. Hydrolysis would then give the unsub-
stituted vicinal diamine. Related to this reaction are examples
from low-valent metal alkoxide chemistry where homolytic car-
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bon-oxygen bond cleavage leads to metal-oxo formation and the
generation of free radicals.”

To examine this hypothesis we chose the d! niobium complex
NbCl,(THF), for two reasons, the first of which is related to its
availability on large scales (>100 g) from commercially inex-
pensive niobium pentachloride.! The second reason pertains to
the well-documented existence of niobium—imido complexes (the
proposed product in this reaction).

Reaction of NbCl,(THF), with the trimethylsilyl imine of
benzaldehyde in dimethoxyethane (DME) (eq 2) gives a yellow

NTMS

2 NoCI,(THF), + 2 ____DME
) 2 Ph)kH -2TMSCl
Ph
N=NbCl3 (DME)
(DME)Cl3Nb=N

@
Ph

crystalline product (60% isolated yield) that has been charac-
terized® as the diimido complex shown in eq 2. Hydrolysis of this
material with 10% potassium hydroxide provided a quantitative
yield of d,/-1,2-diphenylethylene-1,2-diamine, confirmed by
comparison with an authentic sample.'® Hydrolysis of the entire
reaction mixture (i.e., prior to crystal isolation) afforded a 69%
yield of the same diamine as a 19:1 (d,//meso) mixture of dia-
stereomers. Five other examples of N-(trimethylsilyl)imines that
have been coupled are shown in Table I.

A limiting feature of this reaction is the lack of general methods
available for synthesizing N-(trimethylsilyl)imines. Those in Table
I were prepared by the addition of LiN(SiMe,), to the appropriate
aldehyde followed by quenching with trimethylsilyl chloride and
distillation.!! This method is limited to nonenolizable aldehydes
or ketones.

The generation of niobium imines directly from nitrile insertion
into a niobium(IV) hydride would provide a practical route to
diamines (eq 3). Such insertion reactions have been reported

R
"ClyNb-H" + RCN ——m Cl3Nb—-—N=< @)
H

for a few well-characterized early-transition-metal hydrides.'> The
absence of any simple d' niobium halo hydrides!” in the literature

(8) Manzer, L. E. Inorg. Chem. 1977, 16, 525. For a more convenient
synthesis of NbCl,(THF),, see the supplementary material.
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4.39; N, 3.56. Found: C, 33.33; H, 4.14; N, 3.52,
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1266.
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9, 539.
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Davies, D. L.; Wolczanski, P. T. Organometallics 1986, 5, 443 and references
therein.
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1982, 21, 4179.
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