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Computations provide insight to the stability and isomeric
possibilities of thiotropocin, tropodithietic acid, and tropo-
sulfenin. Thiotropocin and tropodithietic acid contain a flat
7-membered ring and delocalizedbonds similar to those
of tropylium ion (GH-*). Troposulfenin is far less stable; it

contains a puckered tropone ring and localized bonds similar
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viability of 1—3.2-16 To take an example, in 2005, an antibiotic
substance was described imprecisely as “the sulfur containing
compound thiotropocin or tropodithietic acid produced by
Roseobactestrain 27-4..."1% In 2006, Laatsck cited unpub-
lished work suggesting that previous structural assignments of
1 and 3?15 were incorrect and that they should instead2i3é

The X-ray structure has been obtained &t although Cane
provided evidence for the detection &ffrom 13C-labeling
experiments in DMSO and CDg$olution??

One problem is that it is unclear whetter 3 rearrange with
each other in solution. Compounds-3 can be regarded as
tautomers and may possess dynamic behavior, possibly influ-
enced by solvent proticity and pH. However, no spectroscopic
evidence exists for the conjugate base. No previous study
postulated a role of the conjugate bdse the equilibration of
1-3. Our computed data show that, aside from isoBbeing
considerably higher in energy thdnor 2, the rearrangement

to 1,3,5-cycloheptatriene. A facile 1,5-hydrogen shift suggests yanveent and 2 is facile.

that thiotropocin and tropodithietic acid exist as a pair of
interconverting tautomers. Loss of an acidic proton from

Computed Structures.Compoundd —4 optimize to minima
at the B3LYP/6-31+G(d) level of theory (Table 1). Compounds

these three tautomers produces the same conjugate base

structure.

(6) Cited as unexamined Japanese patent application by Kawano et al.
(see refs 4 and 5).
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The computational studies presented here indicate partialand Related SubstanceShapman and Hall: New York, 1988; pp 711

tropylium ion character in thiotropocirl), tropodithietic acid
(2), and the conjugate basé)( but not troposulfenin 3)
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debate surrounding the structural identity of the natural tropones

1-3.2716 After a 23-year period, questions remain about the
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TABLE 1. Calculated Stuctural Parameters of 1-42

5
6 &S
7 g 7
Dars 29
11 ¢ Oo, o, 8
012
3
formally single bonds formally double bonds
Cl-C®» Ci1-C? C3-C4 C5-Ce C2-CP¥ C4-C® C6-CP 08-SP S9-S1¢ O011-012 C4-C3-S9 ¢°
1 1.42 1.41 1.44 1.41 1.38 1.39 1.39 1.94 1.51 2.58 108.7 0.0
2 1.46 1.46 1.44 1.43 1.38 1.37 1.37 2.34 2.23 2.53 103.9 0.0
3 1.48 1.48 1.44 1.44 1.38 1.36 1.36 1.69 3.04 2.89 117.0 27.6
4 1.48 1.46 1.48 1.42 1.38 1.38 1.37 1.79 2.69 2.82 109.8 0.0

a Structures optimized at the B3LYP/6-8G(d) level. Distances in A, angles in degThe dihedral angle i = C6—C7—-C1—-C2.

1, 2, and4 each contain a flat 7-membered ring and delocalized
st-bonds. TroposulfeniB, on the other hand, shows puckering
of its 7-membered ring with distortion away from planarity. The
dihedral angle of four carbon atom® € C6—C7—C1—-C2) in
1, 2, and4 is equal to 0.0 but in 3 equals 27.6 The calculated
geometry of3 shows greater bond alternation with more distinct
single and double bonds in the 7-membered ring (e.g., the C4
C5 and C*+C7 bond distances are different from each other,
1.36 and 1.48 A). The bond alternation pattern3obears a
resemblance to 1,3,5-cycloheptatriene, in which the computed
C1—C2 bond is 1.35 A, the C2C3 bond is 1.45 A, and the
C3—C4 bond is 1.37 A. By comparison, the formal single bonds
become shorter and the formal double bonds become longer in
1, 2, and4 [cf. calculated C4C5 bond lengths of 1.39 Al][,
1.37 A ), and 1.38 A §); also compare C+C7 bond lengths
of 1.41 A ), 1.46 A @), and 1.46 A §)]. The formal double
bond C4-C5 distance is 0.020.03 A shorter and the formall
double C1+C7 bond 0.0%0.05 A longer inl, 2, and 4
compared to €C bond of tropylium ion itself (i.e., @;%)
(1.40 A). Thus, tropylium ion character iy 2, and4 is not
complete. Additionally, judging whether delocalizaebonds
and bond alternation exist near the site of the ring fusion (e.g.,
the C2-C3 bond inl1 and3; and the C3-C4 bond in2) cannot
be done easily because the accuracy of the calculations are in
hundredths not thousandths of angstroms. The above analysis
of computed bond alternation is similar to the method used by .
Katritzky et al. to estimate aromatic content in carbocycles and
heterocycled’:18 9 > ]
We also discovered that the HOMO ®fliffers significantly @
from the HOMO of1, 2, and4 (Figure 1). Unlikel, 2, and4, 9
thes orbital of the tropone ring does not contribute significantly . o
to the HOMO of3. The_ HOMO_ofl contains a delocalizenl_ HOMO of 4 LUMO of 4
orbital on the tropone ring that interacts withretype lone pair
molecular orbital on S9. An antibonding interaction also exists FIGURE 1. HOMO and LUMO orbitals of1—4. The molecular
between the tropone ring antttype lone pair MOs on S10  orbitals were obtained from B3LYP/6-315(d)-optimized structures
and O11. The HOMOs o2 and 4 are similar and contain a  With isovalues of surfaces set at 0.02.
delocglizedn orbital on the tropone ring (wit.h a nqdal plane  petween the HOMO ofl and that of2 and 4 is the lack of
that bisects the C2C3 bond and C6) that mixes with the mixing of the tropone ring withr* of COO in 1. In contrast to
of S9-S10. The HOMOs o and4 also contain antibonding 1, 2, and 4, the HOMO of 3 contains overlapping orbitals

interactions between the delocalizedorbital of the tropone localized onto the oxathiolane heterocycle.

ring andzr-type lone pair MOs on S10 and O11. A difference  1he conjugate Base 4The formation of a conjugate base

- was implicated in the reaction of sodium bicarbonate with

61(%)15?3'5';3" A. R.; Karelson, M.; Wells, A. Fl. Org. Chem1996 thiotropocin312 but its structure was not examined. Further
’(18) Katritzkg,’ A.R.: Karelson, M.; Sild, S.: Krygowski, T. M.; Jug, K. experiments to probe the nature of the conjugate base have not

J. Org. Chem1998 63, 5228-5231. been conducted. Our computational results suggest that loss of

HOMO of 3
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TABLE 2. Calculated Proton Affinities (PA)2

compd acidic site PA (kcal/mol) A s
1 011 327.7 d ) o,
2 012 332.0 L7AY, -0 i
- 1.26
3 S10 3150 TS12 (0.0, see text)®
aCalculations at the QCISD(T)/6-31G(d)//B3LYP/6-8&(d) level.? Not
examined for O8.
B

an acidic proton froni, 2, or 3 leads to the same conjugate
base structure4. Conjugate basd shares its negative charge

via heteroatom resonance. It is a unique structure that contains
many resonance contributors. As noted above, our computations
identify some tropylium ion character #y but unlike1—3, 4
contains neither a strained 4-membered dithiete'fithpor an
unstable electrophilic oxathiolane rid§.Conjugate baset c
possesses bond distances 0£540 (2.69 A) and 08S9 (1.79

A) that are within the sum of the van der Waals radius fe1SS

(3.60 A) and for S-O (3.32 A)22 2+H,0 (3.6 5+H,0 (4.1)° TS56+H;0 (16.9)°
Computed Energetics. There are a number of structures N Q * R

located near the energy minima with different conformations &) s‘: — gﬁjﬁnﬁm — S A

of the acidic hydrogens ih—3. In each case, the lowest energy g °‘r,a‘ A o, 63@;"’0\" g, c"aé(?_f;,"‘"

conformer was used. According to QCISD(T)/6-31G(d)//B3LYP/ 2teA W0, O M7t o 220

6-31+G(d) calculations with zero-point energy (ZPE) correc- 6+H,0 (7.8)° TS67+H;0 (44.9)° 7+H;0 (41.6°

tions, the relative energy df is 4.4 kcal/mol,2 is 0.0 kcal/ (217A * o-H.2014

mol, and3 is 14.6 kcal/mol. Tropodithietic acid is the most g'o “‘:%35/: . oﬂu

stable of the three structural isomers. No longer destabilized $5 1634 zg’aiz'sA

by an adjacent thione or thiolate ion group (S101 the 014 4 % O I s

oxathiolane can open up by formation of the-S210 bond in TST34H,0 (4440

2. Troposulfenin3 is far less stable thafh and 2 because of

energy that can be released upon tautomerization in a proces$IGURE 2. Computed hydrogen shifts among the natural product

in which the tropone ring becomes planar. tautomers. Bond distances are given in A; energetics (in parentheses)

o o are in kcal/mol. Compounds in reaction C are relativel4cH,0 in

Proton Affinities. The proton affinities (PA) fol—3 were reaction B.2QCISD(T)/6-31G(d)//B3LYP/6-3+G(d) with ZPE cor-

calculated (Table 2). Some authors suggest the existerg;¥ of  rections."B3LYP/6-314+G(d) with ZPE corrections.

although calculations predict that it contains the most acidic . .

site among the three structural isomers (315.0 kcal/mol, S10 of TS12to produce a small barri?.Next, we examined a water-

3). Protonation oft at S10 is not favored. Instead, protonation assisted proton transfer connecting thiotropocin to tropodithietic

of 4 at 08, 011, or 012 is favored and leads to the formation acid [noted ad+H,0 and2+H0 (reaction B, Figure 2)] with
of 1 and 2. An assessment of the activation barriers for B3LYP/6-314+G(d) calculations with ZPE corrections. Here, the

tautomerizations o1—3 was conducted to further help under- SPecific water interaction for conversion of thiotropocin to
stand the isomeric possibilities. tropodithietic acid led toT512+H2_O with a barrier height of
o ) . 8.2 kcal/mol.TS12+H,0 has a slightly longer OH (1.32
Tautomerization. We examined the hydrogen shift pathways R) and O12-H bond (1.30 A) compared ©S12[011—H (1.17
among1-3. At the QCISD(T)/6-31G(d)//B3LYP/6-3tG(d) A) and 012-H (1.26 A)]. A path was computed for converting
level, a 2.6 kcal/mol saddle poinT$12) connectsl and 2, tropodithietic acid2 to troposulfenin3 (reaction C, Figure 2).
which represents a proton shift from O11 to O12 in a concerted Reaction C is high in energy compared to reactions A and B.
unimolecular reaction (reaction A, Figure 2). Inclusion of zero- The reorientation of water fror@+H,0 to 5+H,0 is endo-
point energy correction reduces this barrier to 0.0 kcal/mol, thermic by 7.7 kcal/mol. The barrier height 8556+H,0 is
suggesting a barrierless process in the gas phase. We anticipat#2.8 kcal/mol and connectstH,O with 6+H>0. The barrier
that in aqueous solutioh and 2 will be stabilized relative to  height of TS67+H-0 is 37.1 kcal/mol and reach@s-H20 in
a reaction that is endothermic by 33.8 kcal/mol. Transition state
— TS73+H,0 is 2.8 kcal/mol abover+H:0, and transfers a
28‘(&9) Nakayama, J.; Ishii, Ahdv. Heterocycl. Chem200Q 77, 221~ proton in the water-assisted reaction from S9 to S10 to reach
(20) Ishii, A.; Nakayama, JRev. Heteroatom Cheml998 19, 1—34. 3+Hz20 in an exothermic process-@3.6 kcal/mol). Here,
(21) Considering the literature on oxathiolane intermediates in biological TS73+H,0 has S9-H and S10-H bond distances of 1.63 A and

reactions, surprisingly little is known about the possible chemical reactions 217 A respectively. We sought, but were unable to find a
of the oxathiolane irl. For example, oxathiolanes react rapidly with thiol ’ ’ ’ !

given the electrophilic sulfur atom within the ring, e.g.: Breydo, L.; Gates,

34+H,0 (18.1 keal/mol)°

K. S.J. Org. Chem2002 67, 9054-9060; Gates, K. SChem. Res. Toxicol. (23) Gilli et al. described #-diketone enol system, in which the ZPE is
200Q 13, 953-956. near the top of the TS barrier for an intramolecular H-transfer in the gas-

(22) (a) Rasvit, A.; Steel, P. J.; Kleinpeter, E.; MarkdyiR. Tetrahedron phase, but in aqueous solution a small barrier emerges: Gilli, P.; Bertolasi,
2007, 63, 1937-1945. (b) lwaoka, M.; Takemoto, S.; Tomoda,JSAm. V.; Pretto, L.; Ferretti, V.; Gilli, GJ. Am. Chem. SoQ004 126, 3845~
Chem. Soc2002 124, 10613. 3855.
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concerted H-transfer route from S9 to S10 (to conveid 3) not account for long-range correlation effects, single point
in the absence of a water molecule; we believe that this is QCISD(T)/6-31G(d) calculations have been conducted on
because the C3C4—S10-H torsion angle of3 is 71.4, and B3LYP/6-314+G(d) optimized structures fat—3. Vibrational
the proton is situated out of plane. We note that reaction C (asfrequencies have been calculated in order to include ZPE
written) may not represent the sequence of proton transfer tocorrections. The molecular orbitals were viewed with the
reach3 in solution; instead, protonatierdeprotonation of the GaussView prograrff Standard computational notations were
intermediates with solvent can take place. used?”28 Previous B3LYP studies have been successful in

Considering the mechanisms for the hydrogen migration in predicting experimental thiocarbonyl-thiol tautomeristhis!
reactions A-C (Figure 2), it is possible the unimolecular Our B3LYP/6-3H1-G(d) computations performed well in pre-
reaction, reaction A, is responsible for the facile conversion of dicting the relative energetics of dithiete (gHZS;) and dithione
1 to 2 in a slightly exothermic reaction—4.4 kcal/mol). (CzH2S,), which is an important indicator regarding the quality
Tautomersl and 2 have similar energetics and PAs, and the of the calcualtion§?=3* The compounds optimize to minima
rearrangement of and2 is easy. Thus, calculations suggest or maxima on the potential energy surface. The calculations of
that they are essentially one and the same compound, andhe compounds with a coordinated water molecule were not very
probably should never have been named as two separatgrone to basis set superposition errors (BSSE). We observed
compounds. By analogy, the ketenol forms of acetoacetic = BSSEs of ~1.5 kcal/mol in the water assisted reactions
ester do not receive different names. We have resisted terming(reactions B and C, Figure 2).
tropodithietic acid to thiotropocin a tautomerase activity.
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