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(H,0)](PFy), (2 = NH;);?? the products were separated by
FPLC.2®* The singly modified product was characterized by
differential pulse polarography; the heme(Fe**/2*) reduction
potential is 275 mV (NHE); the reduction potential of the
asRu(His62)3*/2* moiety is 75 mV (NHE), as expected.? The
Ru?* — Fe3* (-AG® = 0.2 eV) ET rate was measured by using
the [Ru(bpy);]?*/EDTA flash photolysis technique.?* Electron
transfer was monitored by the increase in absorbance at 550 nm,
attributable to reduction of the heme iron. The kinetics were first
order over three half-lives (¢ = 0.98),2% with ke = 1.7 (1) 571,

A simple exponential edge-edge distance dependence [exp[—8(d
- dg)], with 8 = 0.9 A~ and no correction for difference in
reorganization energy or driving force]® predicts a Ru?* — Fe*
ET rate for the N62H mutant of 0.4-2.0 s! relative to the 30
s-! observed? for a;Ru(His33)cytochrome ¢.26 In the asRu-
(His33) derivative of horse heart cytochrome ¢, the ET pathway
consists only of aliphatic residues.??’ The finding that the rate
for the ruthenated N62H mutant agrees strikingly with that
calculated relative to horse heart cytochrome c suggests that the
mere presence of aromatic residues and/or polarizable sulfur atoms
along the pathway for electron transfer does not necessarily create
conditions for significantly stronger donor—acceptor electronic
coupling through the protein medium.?

Beratan and Onuchic have proposed a theoretical framework
for long-range donor—acceptor coupling involving pathways that
are combinations of covalent-bond, hydrogen-bond, and
through-space interactions.?’ Using this approach, we have
estimated the pathways of strongest coupling between the ru-
thenated histidine and the heme for N62H (mutant, see Figure
1) and for His33 (horse heart cytochrome c).*® A comparison
of the best pathways giVeS kET(HisGZ) =
ket (isys) [ H av(uiss2-Mewsay/ Hav(iis3-prosny] . = 0.4 57! relative to 30
s7! for His33 (horse heart cytochrome ¢).3! This value also agrees
well with the observed rate for the ruthenated N62H mutant.
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Although the formation of chair cyclohexane-1,4-diyl radical
cation intermediates in the oxidation of 1,5-hexadienes'? can be
regarded as the first step in a Cope-like reaction, the subsequent
retrocyclization required to complete the rearrangement is quite
unlikely to occur in degenerate or nearly degenerate systems in
view of the manifestly greater stability of the cyclic intermediate.’
Indeed, this return step was previously calculated to be endo-
thermic by 34 kcal mol™! for the parent 1,5-hexadiene.® The
identification of cycloolefinic and aromatic products in these
oxidations'* also clearly points to this irreversibility. It therefore
seems likely that some,? if not all,® of the previously reported
radical cation induced Cope rearrangements of aryl-substituted
1,5-hexadienes?S actually proceed through back electron transfer?
to form neutral cyclohexane-1,4-diyl precursors which can easily
undergo the necessary cleavage to the rearranged 1,5-hexadienes.*
At any rate, a Cope-type rearrangement has not hitherto been
demonstrated exclusively at the radical cation stage, and here we
report the first direct observation of such a reaction.

Acetylenic Cope processes leading to allenes® provide examples
of extremely nondegenerate systems with an appreciable net
driving force that should be augmented in the radical cation
because of the higher ionization potentials associated with ace-
tylenes.” In studying the radiolytic oxidation of 1,5-hexadiyne
(1) in Freon matrices, we observed an intense and well-defined
ESR pattern (Figure 1a) in several haloethanes (CF;CCls,
CF,CICCl,, CF,CICFCl,, and CFCI,CFCl,) which is readily
analyzed as a quintet (a(4H) = 28.6 G) of triplets (a(2H) = 3.8
G) with a g factor of 2.0024. This is clearly the spectrum of a
symmetrically delocalized species, and since the corresponding
spectrum (b) from 1,6-dideuterio-1,5-hexadiyne is a simple quintet®

" Undergraduate research participant from Indiana University Southeast,
New Albany, IN 47150.
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hexadiene to 1,3,6-triphenyl-1,5-hexadiene is attributed to a radical cation
Cope process. A referee has pointed out that this reaction should have enough
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from the development of the conjugation energy from two styrene-like systems
in the product radical cation compared to only one such system in the reactant
radical cation. The above-referenced study also reports, however, that the
attempted hole catalysis of this rearrangement using the tris(p-bromo-
phenyl)aminium hexachloroantimonate reagent failed to take place although
this reagent is an effective catalyst for radical cation Diels-Alder processes
(Reynolds, D. W.; Bauld, N. L. Tetrahedron 1986, 42, 6189). We conclude
that the precise stage of back electron transfer, and therefore the reaction
pathway, in the photoassisted, zeolite-catalyzed Cope rearrangement of
1,3,4-triphenyl-1,5-hexadiene is conjectural.
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(7) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S.
Handbook of Hel Photoelectron Spectra of Fundamental Organic Molecules;
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(8) The minor spectral components present between the lines of the quintet
in Figure 1b belong to a quartet (a(3H) = 28.6 G) of triplets (a(1D) = 4.4
G) pattern that can be assigned to the isotopic radical cation in which one of
the four strongly coupled hydrogens has been replaced by deuterium. This
species is presumably produced either from a small amount of the corre-
spondingly labeled 1 or from 1-d, as the result of H-D exchange during the
radical cation rearrangement. In the latter case, the expected broadening from
the deuterium hfs may obscure the small hfs to one hydrogen.
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Figure 1. ESR spectra assigned to 1,2,4,5-hexatetraene radical cations
obtained from v-irradiated (dose, ca. 0.25 Mrad) CF;CCl, solutions of
(a) 1,5-hexadiyne, (b) 1,6-dideuterio-1,5-hexadiyne, and (¢) 1,2,4,5-
hexatetraene at 130 K. The concentrations were ca. 1 mol %, and the
samples were irradiated at 77 K. Only reversible spectral changes re-
sulting from line narrowing were observed between 77 K and the matrix
softening point of ca. 150 K. The spectral components denoted by as-
terisks in ¢ originate from other radicals.

with the same hyperfine splitting, the two sets of equivalent hy-
drogens are preserved in forming the radical cation. However,
the very large difference between the observed hydrogen couplings
is totally inconsistent with the 6—12-G range of values to be
expected for the bicyclo[2.2.0]hexa-1,3-diene radical cation, a
cyclobutadiene-like species® of high energy (Table I) that would
result from bonding at the 1,6- and 2,5-positions of a highly
strained 1°*.
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As illustrated in reaction 1, a Cope rearrangement of 1°*
through the cyclic six-membered transition structure 2 would
produce 3, the radical cation of 1,2,4,5-hexatetraene (4). It was
therefore of interest to obtain 3 directly from 4,!° and a comparison
of the dominant patterns in spectra a and c of Figure 1 leaves no
doubt that the same signal carrier is generated in haloethanes'®®
by the oxidation of both 1 and 4. The ESR parameters are as
expected for 3,!! and the assignment is further corroborated by

(9) (a) Courtneidge, J. L.; Davies, A. G. Acc. Chem. Res. 1987, 20, 90.
(b) Shiotani, M. Magn. Reson. Rev. 1987, 12, 333.

(10) (a) Hopf, H. Angew. Chem., Int. Ed. Engl. 1970, 9, 732. Hopf, H.;
Bohm, L; Kleinschroth, J. Org. Synth, 1981, 60, 41. We thank Professor Hopf
for supplementary details regarding the isolation of 4. (b) Whereas 3 is not
produced from 1 in the CFCl; matrix, it is generated from 4 in both the CFCl;
and haloethane matrices. Apparently, either the solubility of 1 in CFCl, is
too low for efficient oxidation to occur, or the greater rigidity of the CFCl,
matrix prevents the Cope rearrangement of 1'%,
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Table I. Heats of Formation of 1,5-Hexadiyne Radical Cation and
Its Possible Isomers at 298 K

point group used
in calen? or exptl AH;,
determinatn® keal mol™!

Cy; (anti, planar) 328.4
C,, (syn, planar) 3275

radical cation isomer
1,5-hexadiyne (1'%)

exptl 329 & 2¢
bicyclo[2.2.0] hexa-1,3-diene Cy, 348.6
3,4-dimethylenecyclobutene (6) C,, 294.7
5,6-dihydro-1,4-benzyne (2) Cy, 319.6¢
312.0¢
C, 3119
1,2,4,5-hexatetraene (3) C,, (s-cis) 282.2
exptl 295 + She

9 AM1-UHF method (ref 11). ¢From AH; of neutral molecule and
gas-phase ionization potential: Rosenstock, H. M.; McCulloh, K. E,;
Lossing, F. P. Adv. Mass Spectrom. 1978, 7B, 1260. °Symmetrical
charge distribution. 4Unsymmetrical charge distribution. ¢Based on
estimated AH; for neutral molecule.

our finding that this spectrum grows in with high intensity upon
the photolysis of the 3,4-dimethylenecyclobutene radical cation
(6) with visible light (Scheme I), the transformation of 6 to 3 being
precisely analogous to the radical cation photoconversion of cy-
clobutene to butadiene.?

In keeping with our opening remarks, a necessary corollary to
the occurrence of reaction 1 is that it should be progressively
exothermic. This is shown to be the case by AM1 calculations
and gas-phase data on the heats of formation of the isomeric C¢Hg
radical cations (Table I). Even allowing that radical cations are
involved, the finding of a Cope-type transformation at 77 K is
remarkable'® and reflects the great reactivity of ionized bis-
(acetylenes). A natural extension would be to study radical cations
from ene—diyne systems!* of considerable current interest.'s

(11) AM1-UHF (Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart,
J.J.P.J. Am. Chem. Soc. 1985, 107, 3902) calculations on 3 in C,, symmetry
gave hydrogen s spin densities of 0.0503 (4H) and 0.0013 (2H) corresponding
to couplings of 25.5 and 0.7 G based on the atomic value of 506.7 G for
hydrogen. Using the AM1 optimized geometry for 3, INDO (Pople, J. A.;
Beveridge, D. L. Approximate Molecular Orbital Theory; McGraw-Hill:
New York, 1970) calculations also predict the expected a,(x) SOMO
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of 44.8 (4H) and -1.6 G (2H), the INDO conversion factor from spin density
being 540 G.
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The epoxidation of squalene to (3.5)-2,3-oxidosqualene by
squalene epoxidase (SE) and its subsequent cyclization by ver-
tebrate oxidosqualene cyclase (OSC) to lanosterol are the key steps
in cholesterol biosynthesis.! The best hypocholesteremic drugs
available at present (e.g., mevinolin and its congeners) decrease
steroid levels by reducing mevalonate production via the inhibition
of HMG-CoA reductase.? In contrast, our strategy has been the
development of inhibitors of SE and OSC.> Recently, we* and
others® described the inhibition of SE by compounds derived from
modification of the terminal isopropylidene group of squalene.
We now report the first example of a cyclopropylamine-containing
squalene analogue which acts as a highly selective, slow tight-
binding inhibitor® of pig liver squalene epoxidase.

Squalene analogues containing the cyclopropylamine moiety
were synthesized as follows. Analogue 1 was prepared from
trisnorsqualene aldehyde* and cyclopropylamine, by the procedure
of Borch et al.” Reductive amination of 1 with aqueous form-
aldehyde, followed by hydrogen peroxide oxidation,?® provided
cyclopropylamine analogues 2 and 2b. Cyclopropylamine 3 was
prepared by reductive amination of tetranorsqualene aldehyde.®

Cyclopropylamine analogues 1-3 could function in three ways.
First, in their protonated forms, the amines could simply interact
ionically with either of the two enzymes. Second, the amines could
undergo oxidation to the corresponding N-oxides, thus acting as
prodrugs for a functionality known to be a transition-state mimic
of OSC epoxide opening.'® Third, the amines could be oxidized
by a one-electron process and thus act as mechanism-based in-
activators'! to irreversibly inactivate SE or OSC. A variety of

tPresent address: Department of Molecular Biology, Scripps Clinic and
Research Foundation, La Jolla, CA 92307.
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Figure 1. Time dependency of inactivation of trisnorsqualene cyclo-
propylamine (1). Incubations of 0.5, 5, 7, and 10 min were performed
with inhibitor concentrations of 0, 0.4, 1, and 2 uM.

Table I. ICy, Values of SE and OSC Inhibition for Compounds 1-87

N X X x x X
ICs, (SE), 1Cs (OSC),
compd X uM uM
1 CH,NH-c-C;H; 2 ni
2 CH,N(CH3)-c-C3H; 100 ni
2b CH,N(O)(CHj)-¢c-C3H; 200 40
3 NH-c-C;H; 4 ni
4 CH,NHEt 200 ni
5 CH,NH(i-Pr) ni ni
6 CH,N(CH,), 20 ni
7 CH,OH 4 ni
8 CH,NH, 200 ni

9 The abbreviation ni represents no inhibition at {I] = 400 pM. 1Cy
values for OSC were calculated by subtracting SE inhibitory effects
from inhibition in mixed OSC + SE assays. 2-Aza-23-dihydro-
squalene (6), trisnorsqualene alcohol (7), and trisnorsqualene amine
(8) were previously reported as SE inhibitors (see ref 4a and 14).

cyclopropylamines are potent mechanism-based inactivators of
mitochondrial monoamine oxidase, plasma amine oxidase, and
cytochrome P-450 enzymes.'? Although SE is believed to be an
external flavoprotein monooxygenase,'? the mechanism by which
the delivery of one oxygen atom to squalene occurs is poorly
understood. Squalenoid cyclopropylamines may address these
mechanistic questions.

Because oxidation of squalene might be initiated at either the
C-2 or C-3 position, both the N-2 (trisnorsqualene) analogue 1
and the N-3 (tetranorsqualene) cyclopropylamine analogue 3 were
required. The N-methyl analogue 2 and N-methyl N-oxide 2b
test for procyclase inhibitory activity (secondary amines 1 and
3 would be converted to hydroxylamines).

Compounds 1-3 and 2b were tested for pig liver SE and OSC
inhibition. The results are presented in Table I. Secondary amine
1 is one of the most potent inhibitors of vertebrate SE known, with
ICsy=2uM.!* Interestingly, amine 3, bearing one less methylene

(11) Silverman, R. B. Mechanism-Based Enzyme Inactivation. Chemistry
and Enzymology; CRC Press: Boca Raton, 1988; Vol. 2.

(12) In each case, one-electron oxidation of the nitrogen center can produce
a cyclopropylamine radical cation which rapidly rearranges to give a homoallyl
iminium radical. See: (a) Hanzlik, R. P.; Tullman, R. H. J. Am. Chem. Soc.
1982, 104, 2048-2050. (b) Macdonald, T. L.; Zirvi, K.; Burka, L. T.; Peyman,
P.; Guengerich, F. P. J. Am. Chem. Soc. 1982, 104, 2050-2052. (c) Silver-
man, R. B.; Hoffman, S. J.; Catus W. B, IIl J. Am. Chem. Soc. 1980, 102,
7126-7128. (d) Silverman, R. B. J. Biol. Chem. 1983, 208, 14766—14769.

(13) Ono, T.; Ozasa, S.; Hasegawa, F.; Imai, Y. Biochim. Biophys. Acta
1977, 486, 401-407.
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