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Tautomeric Equilibria in 3-Amino-1-(2-aminoimidazol-4-yl)prop-1-ene, a
Central Building Block of Marine Alkaloids
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The tautomers I-IV of the marine metabolite 3-amino-1-(2-
aminoimidazol-4-yl)prop-1-ene (1) were previously sug-
gested to have rather similar stabilities.!''?l Through a series
of DFT and ab initio calculations, their relative stabilities
were investigated in both the gas phase and in water, and
also compared to their Z-isomers V-VIII. The tautomers I
and III have almost identical stability in the gas phase and
in water. The Z-isomer VII is more stable than other tauto-
mers in the gas phase and quite competitive with I and III in

water. The tautomers II and IV are much less stable and un-
likely to coexist in equilibrium with I and III. The calculated
pK, of 1-H* of +10.9 suggests that 1 is fully protonated even
under mildly acidic conditions. Protonation decreases the sta-
bility difference between the most stable tautomer III and
the less stable tautomer IV.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

3-Amino-1-(2-aminoimidazol-4-yl)prop-1-ene (1) is a
metabolite of the 2-aminoimidazole class holding a central
position in the modular synthesis of a large variety of ma-
rine alkaloids.['~®1 The flexible use of this building block in
the biosynthesis of pyrrole-imidazole alkaloids has recently
been suggested to be due to the variable reactivity of 1,
acting as a nucleophile in tautomeric forms I and IIT and
as electrophile in tautomeric forms II and IV. Equilibration
between the respective tautomeric forms thus stands at the
center of a comprehensive biosynthetic scheme proposed by
Al-Mourabit et al.l'l In order to support the participation
of different tautomeric forms of 1 along various biosyn-
thetic pathways, Al-Mourabit et al. have recently described
the results of theoretical studies suggesting the comparable
stability of the four tautomeric forms I-IV of 1 shown in
Figure 1.1 In the light of known stability data for “aro-
matic” and “non-aromatic” tautomers of the imidazole par-
ent system,[’?! the high stability of tautomer IV certainly
comes as a surprise. Using selected theoretical methods
known for their performance in the prediction of thermo-
dynamic stabilities,'*'?l we have therefore revisited the
question of thermodynamic stability of tautomeric forms of
1.
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Figure 1. 2-Aminoimidazole metabolite 1 and its tautomers I-1V.

Results and Discussion

Stabilities of Neutral Tautomers

Initial studies were performed at the RHF/6-31G(d) level
of theory, the same level used by Al-Mourabit et al.
(Table 1).>131 The first entry of Table 1 is taken from Ref.
2 and shows tautomer IV to be more stable than the other
tautomers by around 5 kJ/mol. Carefully searching the con-
formational space of all four systems by rotation around all
rotatable bonds, we identified 18 conformers for tautomers
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I, III, and IV, and 9 conformers for II, respectively (see
Supporting Information). According to this conformational
analysis, the results reported in Ref. 2 are based on the best
conformer for IV, but higher energy conformers of tauto-
mers I-III. Using the best conformers for all four tauto-
mers, the relative energies reported in the second row of
Table 1 are obtained. Accordingly, tautomer III is the most
stable one at the RHF/6-31G(d) level, the other forms being
less stable by, at most, 6 kJ/mol. Including thermal correc-
tions to enthalpies at 298.15 K (AH»9g in Table 1) does not
lead to any significant changes in relative energies. The rela-
tive enthalpies have subsequently been recalculated with
three other theoretical methods known for their perform-
ance in predicting accurate thermochemical data. This in-
cludes calculations for all conformers with Becke’s B98 hy-
brid functionall!*!31in combination with the 6-31G(d) basis
set, the MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level re-
cently identified as a reliable method for the calculation of
proton and methyl cation affinities of N- and P-bases,!'!]
and the G3MP2B3 compound method developed by Cur-
tiss et al.'>1%] The G3MP2B3 level is considered to be the
most accurate in this series of methods.[!6:17]

Table 1. Relative energies [kJ/mol] of the best conformer of tauto-
mers I-1V in Figure 1.

Level of theory I I m v
AE RHF/6-31G(d) 49 5.0 59 0.0
AE®! RHF/6-31G(d) 0.5 6.0 0.0 1.7
AHyog RHF/6-31G(d) 0.1 49 0.0 0.2
AHyog B98/6-31G(d) 1.2 12.0 0.0 153
AH,og® MP2/6-31+G(2d,p)// 1.4 27.5 0.0 329

B98/6-31G(d)
AH,og G3MP2B3 0.1 21.8 0.0 229

[a] Ref.”] [b] This work. [c] Thermochemical corrections calculated
at B98/6-31G(d) level.

All methods agree in that tautomers I and III, which in-
clude the aromatic imidazole ring system in its standard
tautomeric form, are of almost identical stability, while tau-
tomers II and IV are much less stable. At G3MP2B3 level
tautomers II and IV are predicted to be less favorable than
IIT by 21.8 kJ/mol and 22.9 kJ/mol, respectively. Thus, tau-
tomers II and IV are unlikely to coexist with the other tau-
tomers in the gas phase.['8]

The structures of the energetically most favorable con-
formers at the MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level
of theory for I-1V are shown in Figure 2. All structures
have in common that both amino groups are non-planar in
all four tautomers, and that the side chain attached to the
C4 position assumes an extended conformation.

Conditions favoring tautomeric equilibration between
isomers I-IV will also allow for the E/Z-isomerization of
the C—C double bond in 1. While Z-configured alkenes are
usually considered to be less stable than the corresponding
E-isomers, other effects may compensate these differences
in polyfunctional systems such as 1. We have therefore also
studied tautomers V — VIII (Figure 3) derived from I-1IV
through E/Z isomerization. Conformational searches per-
3812
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Figure 2. Structures of the best conformer of tautomers I-1V at the
MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory.

formed at RHF/6-31G(d) and B98/6-31G(d) level again
identified a large number of different conformers. The ener-
getically most favorable conformer was subsequently used
for comparison to isomer III (Table 2).
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Figure 3. Z-Isomers of tautomers I-1V.

Table 2. Stabilities [kJ/mol] of the best conformer of tautomers V—
VIII (Figure 3) relative to tautomer IIL[

Level of theory A\ VI Vil VIII
AHog RHF/6-31G(d) 10.2 -3.0 -3.8 11.5
AH,o8 B98/6-31G(d) 13.7 4.0 -17.7 225
AHog MP2/6-31+GQ2d,p)// 3.7 19.6 -154 395
B98/6-31G(d)
AHog G3MP2B3 2.5 14.6 -123 297

[a] Using the best conformer of III as the reference.

All methods agree that tautomer VII is more stable than
III. Concentrating on the best (G3MP2B3) results, this sta-
bility difference amounts to —12.3 kJ/mol. Inspection of the
structure of VII (Figure 4) identifies the formation of an
intramolecular hydrogen bond between the terminal NH,
group and the imidazole ring system as the cause for this
enhanced stability. £/Z-isomerization of the other three tau-
tomers I, II, and IV also leads to some changes in their
relative stability, but the effects are smaller than observed
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for III. In conclusion we can thus state that gas phase en-
thalpies predict isomer VII as the only significantly popu-
lated tautomeric/isomeric form of 1 under equilibrating
conditions.

il vil

Figure 4. Structures of the best conformer of tautomers V-VIII at
the MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory.

In order to test the influence of aqueous solvation effects
on this conclusion, we have calculated solvation free ener-
gies in water AG,,, for all conformers of tautomers I-VIII
at the PCM/UAHF/RHF/6-31G(d) level!'>-2% using the pre-
viously optimized gas phase structures. Combination of
these solvation free energies with gas phase enthalpies ob-
tained at either MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) or
G3MP2B3 level yields the relative enthalpies in water AH»og
(water) compiled in Table 3 in columns 3 and 4. Structural
relaxation in aqueous solution can, of course, lead to sig-
nificant changes in relative stabilities. The solvation free en-
ergies AG,,, for all conformers of tautomers I-VIII were
therefore calculated again at the PCM/UAHF/RHF/6-
31G(d) level using the optimized structures in aqueous
solution at PCM/UAHF/B98/6-31G(d) level.?!! In the same
manner, combination of these solvation free energies with
gas phase enthalpies obtained at either MP2(FC)/6-
31+G(2d,p)//B98/6-31G(d) or G3MP2B3 level yields the
relative enthalpies in water AH,o3 (Water) compiled in
Table 3 in columns 5 and 6. The numbers shown for isomers
I-VIII are those for the most stable conformers in water.

Comparison of relative enthalpies in the gas phase AH,og
(gas, G3MP2B3) and in aqueous solution AH,gg (Water,
G3MP2B3) shows the most significant changes for the sta-
bility of isomer VII. From the results obtained at
G3MP2B3 level with relaxed geometries in aqueous solu-
tion (column 6 in Table 3) it is evident that conformer VII
is much less well solvated than all other tautomers, which,
in essence, means that the benefit of the intramolecular hy-
drogen bond is lost in a strongly polar medium such as
water. Z-isomer VII therefore ends up being less stable by
4.5 kJ/mol than E-isomer III under aqueous conditions.
Surveying the results for all other systems in Table 3 we
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Table 3. Relative energies [kJ/mol] of isomers I-VIII in the gas
phase and in water.[?!

Isomer G3MP2B3 MP2 G3MP2B3 MP2 G3MP2B3
AHpos™  AHagll AHpos! AHnos!  AHoq"
(gas) (water)  (water) (water) (water)
gas phase solution phase
geometries geometries
I 0.1 0.5 -0.1 0.4 -0.2
I 21.8 34.5 29.7 36.7 31.8
I 0.0 0.0 0.0 0.0 0.0
v 229 254 15.2 28.3 19.9
\% 2.5 10.8 10.2 10.0 9.5
\%! 14.6 29.9 25.7 31.6 27.4
viI -12.3 -1.7 2.8 0.7 4.5
VIII 29.7 40.0 29.9 42.1 32.1

[a] Using the best conformer of III as the reference. [b] The best
conformer G3MP2B3 gas phase data. [c] Sum of Hjog[gas phase,
MP2/6-31G+(2d,p)//B98/6-31G(d)] and AG,,, calculated at PCM/
UAHF/RHF/6-31G(d)//B98/6-31G(d) level. [d] Sum of H,gg(gas
phase, G3MP2B3) and AG,,, calculated at PCM/UAHF/HF/6-
31G(d)//B98/6-31G(d) level. [e] Sum of H,gg[gas phase, MP2/6-
31G+(2d,p)//B98/6-31G(d)] and AG,,, calculated at PCM/UAHF/
RHF/6-31G(d)//PCM/UAHF/B98/6-31G(d) level. [f] Sum of
H,og(gas phase, G3MP2B3) and AG,,,, calculated at PCM/UAHF/
HF/6-31G(d)//PCM/UAHF/B98/6-31G(d) level.

note that isomer I is predicted to be equally stable as III.
Most importantly we also note that isomers void of the aro-
matic imidazole ring system (II, IV, VI, and VIII) are rather
unstable also under aqueous conditions. Comparison of the
results obtained at MP2 and G3MP2B3 level indicates that
none of these conclusions depends on the particular choice
of gas phase energies. Also, the influence of solution phase
relaxation on the relative stability of tautomers I-VIII is
rather minor.

Stabilities of Protonated Forms

The low thermodynamic stability of tautomeric forms II
and VI casts some doubt on their proposed involvement
as electrophiles in synthetic and biosynthetic reactions.!-l
Especially under acidic conditions it would seem conceiv-
able that the protonated forms of 1 are much more likely to
act as electrophiles. The actual availability of the cationic
forms depend, of course, on the basicity of 1 in aqueous
solution and we use the thermodynamic cycle shown in Fig-
ure 5 to derive a quantitative estimate for the pK, of the
protonated form of 1 in aqueous solution under standard
conditions. The basicity of 1 is compared here to that of 2-
aminoimidazole 2, whose protonated form is known to have
pK, = +8.5.°81 The reaction free energy in the gas phase
AG i« gas can accurately be calculated using the same meth-
ods as before and a value of —16.4 kJ/mol is obtained at
G3MP2B3 level. Additional consideration of solvation ef-
fects at the PCM/UAHF/RHF/6-31G(d)//PCM/UAHF/
B98/6-31G(d) level leads to a reaction free energy in solu-
tion AGyxy o1 Of —13.8 kJ/mol (see the detailed calculation
procedure in Supporting Information). This implies that
metabolite 1 is more basic than 2-aminoimidazole 2 by 2.4
3813
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Figure 5. The thermodynamic cycle used to calculate relative pK, in aqueous solution.

pK, units with pK,(1-H") = +10.9. Under the, in part,
strongly acidic reaction conditions employed in transforma-
tions of 1 and its derivatives involving either mineral acids
or CH5SO;H (pK, = —0.6 in aqueous solution)!*?”] we can
thus assume that 1 is present quantitatively in its proton-
ated form. The reactivity of 1 under these conditions will
thus be that of I-3H™ or one of its tautomeric forms. In
order to explore the possibility that the energetically unfa-
vorable neutral tautomers II and IV are stabilized at the
protonated stage we have used the same theoretical meth-
ods as before to compare the relative stabilities of the three
tautomers shown in Figure 6. The relative energies of these
systems are compiled in Table 4. As expected the tautomer
I-3H* is the most stable one. The tautomer IV-1H" is less
stable than I-3H* by 7.6 kJ/mol in aqueous solution, which
represents a much smaller energy difference of these tauto-
mers as compared to the neutral stage (19.9 kJ/mol). A sec-
ond tautomer IV-3H* is much less stable than IV-1H" and
therefore most likely not involved in reactions under acidic
conditions.

M NH, NH, NH,
N NN NN
HN—CT | HN— HN—F
N N N
H H

I-3H* IV-1H* IV-3H*

Figure 6. Tautomeric forms of protonated metabolite 1.

One example where occurrence of the unstable neutral
tautomer IV has been suggested concerns the H/D ex-
change reactions in compound 3 in refluxing deuterated tri-
fluoroacetic acid (Figure 7).2! If we assume the basicity of
3 to parallel that of 1 then 3 will be fully protonated under
these conditions. Selective H/D exchange at position C5 as
well as cis/trans isomerization to yield product 4 without H/
D exchange at C7 can be rationalized with the three proton-
ated forms 5, 6 and 7. As already implied by Al-Mourabit
et al. H/D exchange at all heteroatoms can be expected to
be fast under these conditions as compared to cis/trans
isomerization. This latter process can be initiated through
3814
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Table 4. Relative energies [kJ/mol] of cationic tautomers in the gas
phase and in water.[4

Isomer G3MP2B3 MP2 G3MP2B3 MP2 G3MP2B3
AHo™  AHogl  AHoogll AHoegl®  AH,ogl!)
(gas) (water)  (water) (water) (water)
gas phase solution phase
geometries geometries
I-3H* 0.0 0.0 0.0 0.0 0.0
IV-1H* 134 12.8 8.7 12.4 7.6
IV-3H"  68.2 63.5 57.4 61.4 55.4

[a] Using the best conformer of I-3H™ as the reference. [b] The best
conformer G3MP2B3 gas phase data. [c] Sum of Hjgg[gas phase,
MP2/6-31G+(2d,p)//B98/6-31G(d)] and AG,,, calculated at PCM/
UAHF/RHF/6-31G(d)//B98/6-31G(d) level. [d] Sum of Hjeg(gas
phase, G3MP2B3) and AG,,, calculated at PCM/UAHF/HF/6-
31G(d)//B98/6-31G(d) level. [e] Sum of H,gg[gas phase, MP2/6-
31G+(2d,p)//B98/6-31G(d)] and AG,, calculated at PCM/UAHF/
RHF/6-31G(d)//PCM/UAHF/B98/6-31G(d) level. [f] Sum of
Hjog(gas phase, G3MP2B3) and AG,,,, calculated at PCM/UAHF/
HF/6-31G(d)//PCM/UAHF/B98/6-31G(d) level.

formation of C5-protonated tautomer 5 and subsequent cy-
clization to intermediate 6. Ring-opening to intermediate 7
and isomerization between the C5- and Nl-protonated
forms complete the reaction sequence. Other processes, in
which neutral 1 has been suggested to act as electrophile, ™!
may similarly involve the protonated form of 1 instead.

CF5CO,D

H o
R PN
R.
> b N_(\ Ig(\g OEt
t reflux, 4.5h 2 é 5 H
4

H H o
N H N N U
I o__ Z o <X
DZN—Q;.L\[ = D,N—/ L\q /JxADN_(Wm/\ N7 o
o N7 et Bb N” ot N
5 6

7

N

H ‘. 6 H
3N \7 o
HN =] i
5 H OE

1
3

Figure 7. H/D-Exchange and cis/trans isomerization of 3 under
acidic conditions as reported in ref.[’!
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Conclusions

In conclusion, the tautomers II and IV of 2-aminoimid-
azole metabolite 1 reported as energetically favorable be-
forel? are unlikely to coexist with tautomers I and III, in
the gas phase as well as in water. The tautomers I and TII
have almost identical stability in the gas phase and in water,
and thus will both be accessible in solution. The Z-isomer
of III, tautomer VII, should not be ignored because it is
more stable than any other tautomer in the gas phase and
competitive with I and III in water. These conclusions are
independent of the particular theoretical methods chosen
for solution phase calculations. The low thermodynamic
stability of tautomers IT and IV casts some doubt on the
role of these isomers as electrophiles in synthetic and bio-
synthetic reactions.I'l The protonated form of the 2-amino-
imidazole moiety, which is present in many synthetically
used derivatives of 1, may fill this role much more comforta-
bly and with much less thermodynamic effort.* ¢ The cal-
culated pK, of 1-H* of +10.9 in aqueous solution indeed
suggests that 1 is present quantitatively in its protonated
form even under mildly acidic reaction conditions. Proton-
ation also decreases the stability difference between the
most stable tautomer III and the less stable tautomer IV,
offering an explanation for the apparent involvement of this
latter tautomer in H/D exchange experiments.

Computational Details

Geometry optimizations of all systems have been performed at the
RHF/6-31G(d) and the B98/6-31G(d)!'+!* level of theory. Thermo-
chemical corrections to enthalpies at 298.15 K have been calculated
at the same level of theory using the rigid rotor/harmonic oscillator
model. Single point calculations at MP2(FC)/6-31+G(2d,p) level
have been calculated based on the B98/6-31G(d) geometries. Com-
bination of these energies with thermochemical corrections ob-
tained at B98/6-31G(d) level yield enthalpies described as
“H,o3[ MP2(FC)/6-31+G(2d,p)//B98/6-31G(d)]” in the text. For the
four best conformers obtained at MP2(FC)/6-31+G(2d,p)//B98/6-
31G(d) level refined relative enthalpies have been calculated using
the G3(MP2)B3 compound method developed by Curtiss et
al.">"17] For the sake of consistency identical B98/6-31G(d) geome-
tries were used in the MP2(FC)/6-31+G(2d,p) and G3(MP2)B3 cal-
culations. Solvent effects have been calculated using the PCM con-
tinuum solvation model in its IEF-PCM incarnation?%2>24 in
combination with UAHF radii.l'”l All calculations have been per-
formed with Gaussian 03, Revision D.01.12!

Supporting Information (see also the footnote on the first page of
this article): Energies for all conformers of all isomers at different
levels of theories.
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