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Abstract: Two imidazole groups act together to catalyze the hydrolysis of the phosphodiester bis(2-
(1-methyl-1H-imidazolyl)phenyl) phosphate (BMIPP). A full investigation involving searching compu-
tational and electrospray ionization (ESI-MS-/MS) and ultra mass spectrometry (LTQ-FT) experiments
made possible a choice between two kinetically equivalent mechanisms. The preferred pathway,
involving intramolecular nucleophilic catalysis by imidazole, assisted by intramolecular general acid
catalysis by the imidazolium group, offers the first simple model for the mechanism used by the extensive

phospholipase D superfamily.

Introduction

Relatively few enzymes are capable of cleaving a P—OR bond
of an unactivated phosphodiester without the aid of a metal. So
those known to do so—and their number is growing—are of
particular interest. The key to a successful substitution reaction
at an unreactive phosphorus center is always the delivery of
the primary nucleophile. In the familiar ribonuclease mechanism
this is the neighboring 2’-OH group of the substrate, but
otherwise, in the absence of a metal cation, this is typically a
nucleophilic group from an active-site amino acid. In enzymes
belonging to the extensive phospholipase D superfamily, the
nucleophile is a histidine imidazole, thought to be assisted by
a second imidazole properly positioned by the extensive
common sequence motif, HisXLys(X)sAsp(X)sGlySerXAsn,
which occurs twice in the (typically dual-domain or dimeric)
holoenzyme.* 2 In the topoisomerases the nucleophile is the
hydroxyl oxygen of a tyrosine, but the hydrolysis of the
intermediate protein-tyrosine phosphate diester thus formed, at
the 3’-terminus of the DNA chain, is itself catalyzed by a
phospholipase D superfamily enzyme.*

The mechanism suggested for this group of enzymes (specif-
ically for the “ubiquitous acid endonuclease” DNase 11°) is
outlined in Scheme 1. It involves a (presumably concerted)
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2 (A) Enzymes of the phospholipase D superfamily use two active site
histidines to catalyze the cleavage of unreactive phosphodiesters by a
nucleophilic mechanism involving a phosphoryl-enzyme intermediate 1. (B)
The intermediate is rapidly hydrolyzed by the reverse of the cleavage
mechanism, with water replacing the departing nucleotide ROH.

Sn2(P) reaction in which nucleophilic attack is assisted by what
is effectively general acid catalysis of the departure of the
leaving group.

No simple model is available for this mechanism. We have
characterized intramolecular general acid catalysis (IGAC) by
the imidazolium group in the hydrolysis of the phosphate
monoester 2 as moderately efficient, by virtue of the intramo-
lecular hydrogen bond stabilizing the product 3 and the transition
state leading to it (Scheme 2).°

We also identified efficient IGAC of the attack of nitrogen
nucleophiles on phosphodiester phosphorus in system 4, which
was designed specifically to generate a strong intramolecular
H-bond in the product 5, and thus also in the transition state
leading to it. The pK, of the general acid in 4 is 7.4, close to
that of imidazole.

(6) Branddo, T. A. S.; Orth, E. S.; Rocha, W. R.; Bortoluzzi, A. J.; Bunton,
C. A;; Nome, F. J. Org. Chem. 2007, 72, 3800-3807.

J. AM. CHEM. SOC. 2010, 132, 8513-8523 m 8513



ARTICLES

Orth et al.

Scheme 2. Mechanism of Intramolecular General Acid Catalysis of
the Hydrolysis of Phosphate Monoester 2°
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Because of the extended, linear geometry of the nucleo-
phile++-P---OR system in the transition state (Scheme 1), the
only way to introduce a neutral imidazole as a second catalytic
group into a simple diester based on 4 is to attach into the second
(“spectator™) ester group (e.g., the OMe in 4). Introducing a
neighboring imidazole in this way into 2 gave the system
BMIPP (bis(2-(1-methyl-1H-imidazolyl)phenyl) phosphate),
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which, like enzyme active sites deploying two histidines, has
two catalytic groups in potentially productive proximity of the
unreactive phosphodiester center. We found” that BMIPP is
hydrolyzed approximately 107 times faster than expected for a
simple diaryl phosphate with leaving groups of similar pK, (~
7.85%), although this value is considerably higher when com-
pared with diphenyl phosphate (vide infra). To account for this
high reactivity we suggested the mechanism shown as path A
in Scheme 3, involving IGAC of intramolecular general base
catalysis (IGBC), and making the reaction formally a model
for the mechanism used by RNase A.”

However, the substantial combined effect of the two catalytic
groups could also be explained in terms of (the kinetically
equivalent) intramolecular nucleophilic catalysis (NUC) by the
neighboring imidazole free base, concerted with the expected
efficient IGAC (Scheme 3, path B). In the absence of a steric
or stereoelectronic barrier, intramolecular nucleophilic catalysis
is reliably more efficient than IGBC, with effective molarities
of up to 10° in conformationally flexible systems, compared
with a limit of about 60 M for IGBC, which has still not been
surpassed.® This limit applies in particular to all known model

Scheme 3. Alternative Mechanisms for the Rapid Hydrolysis of the
Phosphodiester BMIPP, Involving Intramolecular General Acid
Catalysis (IGAC) by the Imidazolium Group of General Base (Path
A) or Nucleophilic Catalysis (Path B) by the Imidazole Free Base
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systems involving water as the primary nucleophile, and the
mechanisms by which enzymes activate water so effectively in
the absence of a metal remain an important challenge for model
design.’® RNA, and successful systems designed to model the
ribonuclease mechanism, has a nucleophilic OH group built in
(with EM ~ 107 M in the reactions of ribose derivatives®).

We report new experimental and computational evidence from
a detailed investigation of the hydrolysis of the diester BM I PP,
which includes the identification of the imidazolium derivative
INT as a short-lived intermediate, thus defining our preferred
mechanism as intramolecular nucleophilic catalysis, concerted
with IGAC of the departure of the leaving group by the second,
imidazolium group (path B in Scheme 3).

Results and Discussion

Kinetics. pH—rate profiles for the hydrolysis of the diester
BMIPP and the corresponding monoester 2-(1-methyl-2"-
imidazolium)phenyl phosphate (Me-2) are compared with
previous results for the nonmethylated monoester 2-(2’-imida-
zolium)phenyl phosphate (2)® in Figure 1. The bell-shaped
profile for BMIPP shows a rate maximum at pH 6.6—6.8,
indicating bifunctional catalysis, involving both protonated and
neutral imidazole groups of the zwitterionic species (BM I PP%).
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Figure 1. pH-rate profiles for the hydrolysis of BMIPP (a) and Me-2
(m), at 60 °C, | = 1.0 (KClI). The solid lines for BMIPP and Me-2 represent
fits with eq 1. The bold curve shows the corresponding fit for hydrolysis of
2-(2’-imidazolium)phenyl phosphate (2) at 60 °C, | = 1.0 (KCI).®

Direct titration of BMIPP gave consistent pK, values for the
imidazole groups of pK,, = 6.2 and pK,; = 7.8. (Rate and
dissociation constants are defined in Scheme 4.)

The data for BMIPP and Me-2 in Figure 1 were fitted to eq
1, based in Scheme 4.

Kobs = KiagX1g T Kag + Kaglzg T Kaglag 1)

The rate constants Kyg, Kog, Ksg, and kyqg refer to the hydrolysis
of individual ionic species of BMIPP. The molar fractions yq,
Xa2d» X3d, @Nd y4q represent the dicationic, monocationic, zwitte-
rionic, and anionic BMIPP species, respectively. A similar
equation was used to analyze the results for monoesters 2 and
Me-2, and the subscript for molar fractions and rate constants
is m (Scheme 4). K,; is the dissociation constant for the
phosphoric acid group and is estimated from kinetic data in the
acidic (ho) range as approximately —1.5, consistent with values
assigned by other authors to similar phosphate esters.®* Ko,
and K,s (Scheme 4) are the dissociation constants of the
phosphoryl and imidazole groups of Me-2 and BMIPP,
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Scheme 4. Rate and Equilibrium Constants Accounting for the Hydrolysis of BMIPP over the pH Range®
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2 The dashed arrows represent reactions too slow to be observed in this work.

respectively. The rate constants kpq and ks in the diester
hydrolysis and ksn, and kg in the monoester reactions refer to
extremely slow reactions, which were not detected experimen-
tally, so were neglected in the fitting.

The kinetic parameters obtained by fitting the data in Figure
1 are presented in Table 1, and compared with previous results
reported for 2, all according to eq 1.° The dissociation constants
pKa2 and pK,z are from titration measurements for BM I PP and
2, while pK,, for Me-2 was estimated from the kinetic results.
The result is consistent with the value obtained for 2.

Hydrolysis in Acid. Acid catalysis in the H, region (Ham-
mett’s acidity function, Hy = —log ho)*® corresponds to the
reaction of the dication BMIPP?*. The developing rate maxi-
mum at Hy & —2, and the similar behavior of 2 in the same
region, is observed for the reactions of many aryl and naphthyl
phosphate esters which involve the attack of a water molecule

(7) Orth, E. S.; Brandao, T. A. S.; Milagre, H. M. S.; Eberlin, M. N.;
Nome, F. J. Am. Chem. Soc. 2008, 130, 2436-2437.
(8) Rogers, G. A.; Bruice, T. C. J. Am. Chem. Soc. 1974, 96, 2463-2472.
(9) Kirby, A. J. Adv. Phys. Org. Chem. 1980, 17, 183-278.
(10) Kirby, A. J.; Medeiros, M.; Oliveira, P. S. M.; Brandao, T. A. S;
Nome, F. Chem.—Eur. J. 2009, 15, 8475-8479.
(11) Kirby, A. J.; Lima, M. F.; Silva, D.; Roussex, C. D.; Nome, F. J. Am.
Chem. Soc. 2006, 128, 16944-16952.
(12) Akerlof, G.; Teare, J. W. J. Am. Chem. Soc. 1937, 59, 1855-1869.
(13) Anslyn, E. V.; Dougherty, D. A. Modern Physical Organic Chemistry;
University Science Books: Sausalito, CA, 2006.

Table 1. Kinetic Parameters®® Compared for the Hydrolysis of
Phosphodiester BMIPP and Monoesters 2 and Me-2, at 60 °C

BMIPP 26 Me-2

ki s (152 4 0.11) x 1075 (8.67 4 0.57) x 10° —
kst — (5.83 & 0.18) x 10°¢ (3.65 = 0.06) x 107
ks, st (1.98 4+ 0.13) x 10° — -

PKa  —1.42 £ 0.05° —1.17 4+ 0.16° -
PKs  6.10 =+ 0.04¢ 467 + 0.02¢ 452 + 0.03¢
pKs:s  7.80 + 0.05¢ 7.43 + 0.04¢ -

2 The equations used for fitting BMIPP (eq S3) and Me-2 (eq S4),
are given in full in the Supporting Information. ® ko values in the Hy
region have been corrected for water activity (Kops/aw).*? © Estimated
kinetically at 60 °C. 9 Determined by potentiometric titrations at 25 °C.
The corresponding values calculated from the kinetic fit are pKg, = 6.12
and pKa; = 6.98 for BMIPP and pK., = 4.90 and pK,; = 7.47 for 2.°

in the rate-limiting step. Values of kqs in the Hq region of Figure
1 have been corrected for water activity (Kops/aw).> Further
evaluation of the acid hydrolysis of BMIPP?" gave Bunnett
parameters w and @ (calculated from eq 2 and 3: for data see
Supporting Information) of w = 9.6 (n = 4, R = 0.979) and ®
= 0.98 (n = 4, R = 0.979). These are similar to the values
estimated for the acid hydrolysis of 2 (w = 11.6, ¢ =1.31,n =
7, R = 0.998),° 8-(N,N-dimethylamino)-1-naphthyl phosphates
(w =109, ¢ =1.18, n = 12, R = 0.997),** and other aryl
phosphate esters (w ~ 7, ¢ ~ 1.2)'® where the suggested

J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010 8515
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Table 2. Efficiency of Intramolecular Catalysis of Phosphate Ester Hydrolysis®
Reaction Keatl Knoncat kilko

Bifunctional intramolecular catalysis in the hydrolysis of BM1PP* 10 1.42
Intramolecular general acid catalysis in the hydrolysis of BM|PP?* 107 -
Intramolecular nucleophilic-general acid catalysis in the hydrolysis of 7%° 1010 -
Intramolecular nucleophilic and general acid catalysis in the hydrolysis of 82! 108 1.9
Intramolecular general acid catalysis in the hydrolysis of 26 10° 1.0
Intramolecular general acid catalysis in the hydrolysis of 6* 108 1.46
Intramolecular general acid catalysis in the hydrolysis of 4** 10° 1.72
Bifunctional general acid—base catalysis by j-cyclodextrin bis-imidazole in the 120 2.12

hydrolysis of 4-tert-butylcatechol cyclic phosphate®

2 Efficiency (Kea/Knoncat) Was calculated by comparing with the hydrolysis of diphenyl phosphate (kno = 1.54 x 107 s7* at 60 °C; applying
Arrhenius equation??).2® In the case of B-cyclodextrin bis-imidazole, efficiency was calculated by comparing with the spontaneous hydrolysis reaction of

4-tert-butylcatechol cyclic phosphate.

hydrolysis mechanism involves slow proton transfer concerted
with water attack."®

log k,p,s + Hy = wlog a,, + constant (2)

log ky,s + Hy = ¢(H, + log[HCI]) + constant 3)

obs

The hydrolysis mechanism suggested for BMIPP?" in the
Ho region is shown in Scheme 5, together with that proposed
for the reaction of 2 (from Scheme 2),% where the departure of
the leaving group is assisted by general acid catalysis by the
protonated imidazole group as a water molecule attacks the
phosphorus atom. The same mechanism should apply also to
the hydrolysis of Me-2, although experimental data in the acid
region were not obtained for this ester, which was studied
specifically for comparison with the reaction of the reactive
species BM PP+ at pH > 6. Acid catalysis is also very efficient
in the hydrolysis of BMIPP?*, with an estimated rate enhance-
ment of >10° compared to phosphate esters without the
neighboring general acid.'” Upon comparison of the acid
hydrolysis (k;) constants in Table 1, the diester BMIPP?" is
observed to be approximately 8 times less reactive than
monoester 2, which shows one of the most efficient general
acid catalyzed reactions reported in the literature.® This reduced
reactivity may result from a steric effect of the methyl group in
BMIPP?*, impeding the optimal conformation necessary for
the acid catalysis possible for 2© (Scheme 5). There is no
evidence for the formation of a pentacovalent addition inter-
mediate, proposed for acid hydrolyses of some phosphate
esters,*® perhaps for steric reasons. In fact computational results
for 2 strongly disfavor this mechanism,® a conclusion which
should apply to BMIPP?* also.

Scheme 5. Suggested Mechanism for the Hydrolysis of BMIPP?*
in Strong Acid, Compared with the Similar Reaction of 2° (See the
Text)

Bifunctional Catalysis near pH 7. The most reactive diester
species, BMIPP*, is hydrolyzed over 100 times faster than

(14) Kirby, A. J,; Dutta-Roy, N.; Silva, D.; Goodman, J. M.; Lima, M. F.;
Roussev, C. D.; Nome, F. J. Am. Chem. Soc. 2005, 127, 7033-7040.

(15) Bunton, C. A.; Farber, S. J. J. Org. Chem. 1969, 34, 767-772.

(16) Bunnett, J. F. J. Am. Chem. Soc. 1961, 83, 4956-4967.

(17) Kirby, A. J.; Younas, M. J. Chem. Soc. B 1970, 1165-1172.
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BMIPP2*, This suggests an important catalytic role for the
neutral imidazole, acting as a general base or nucleophile
(Scheme 3). Comparing hydrolysis rate constants (Table 1: k;
for 2 and Me-2; ks for BM 1 PP*) for the zwitterionic species of
the esters shown in Figure 1 shows that Me-2 is a little less
reactive than 2: presumably the N-methyl group decreases the
planarity of the arylimidazole aromatic system and, therefore,
reduces the catalytic efficiency of the imidazolium general acid.
On the other hand, the zwitterionic species BMIPP* is
hydrolyzed appreciably faster, by a factor of up to 540, than
the corresponding monoester Me-2. Phosphate monoesters,
including systems set up for IGAC, are generally more reactive
than the corresponding diesters: thus the monoester (6) derived
from 8-dimethylamino-1-naphthyl phosphate is hydrolyzed 18
times faster at 60 °C than the corresponding diester (4).** The
enhanced reactivity of BM | PP+ compared to M e-2 substantiates
the importance of the additional imidazole free base in what
must therefore be bifunctional catalysis.

O -
Hzo:—-x‘o\ﬁf iy H,0: «.Q\P’O*H
P/ "H+ — P Hx
MeO™ Y0  ‘NMe, 0" 0  'NMe;
4 6

This bifunctional intramolecular catalysis could involve
general acid assistance to either general base or nucleophilic
catalysis, since the two pathways (A and B in Scheme 3) are
kinetically equivalent. To compare the catalytic efficiency of
other intramolecular catalytic systems with that shown by
BMIPP, we adopted as a comparison standard the hydrolysis
reaction of diphenyl phosphate in the absence of catalysis, which
is one of the most common phosphate esters used for comparison
purposes in the literature, Table 2. Bifunctional general acid—base
catalysis by S-cyclodextrin bis-imidazole in the hydrolysis of
4-tert-butylcatechol cyclic phosphate is by far less efficient than
the intramolecular systems and shows a higher isotope effect.*®
Intramolecular catalysis in the case of BM|1PP* stands among
the most efficient: it is hydrolyzed at approximately the same
rate (half-life of 5.83 min at 60 °C) as the two efficient systems
7 and 8, based on two carboxy groups, which are hydrolyzed
with half-lives of 6.42 and 10.2 min at 50 and 39 °C,
respectively. All three phosphodiesters show pH-rate maxima,
but for the dicarboxy compounds 7 and 8 these are near pH
4,921 The balance between the contributions of the two catalytic
groups is expected to change, since the nucleophile is weaker

(18) Bunton, C. A. Acc. Chem. Res. 1970, 3, 257-265.
(19) Breslow, R.; Schmuck, C. J. Am. Chem. Soc. 1996, 118, 6601-6605.
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Table 3. Kinetic Parameters for the Hydrolysis of BMIPP, Derived
from Data for kops Measured between pH 5.5—8.0 (See Supporting
Information)

Conditions ks 1073 571 pKz? pKas?
50 °C, H,0 0.77 6.24 6.99
60 °C, H,0 1.98 6.12 6.98
70 °C, H,0 3.52 5.80 6.83
80 °C, H,0 7.15 5.58 6.79
60 °C, D,O 1.39 6.91 7.51

2 Values of pK,, and pK,3 were estimated from the fit of the kinetic
data at each temperature.

in the case of the less basic carboxylate, but the COOH a
correspondingly stronger general acid. The acyl phosphates
produced by the initial nucleophilic attack have been identified
as intermediates in the reactions of 7 and 82°?' so the
involvement of the stronger, imidazole, nucleophile in a system
with almost identical geometry and closely similar leaving group
would not be surprising.

2 e 69 \f H-O,
04 \
o—é O,PC ;—; 0

Kinetic | sotope Effect and Thermodynamic Parameters. The
hydrolysis of the zwitterionic species BM|PP* is characterized
by a low deuterium isotope effect, ky,o/kp,o = 1.42 (data from
Table 3), consistent with a single proton transfer in the transition
state for the bifunctional intramolecular catalysis.®** Low values
close to unity are expected for the nucleophilic part of the
mechanism (e.g., ku/kp = 1.10 for the hydrolysis of 2-carbox-
yphenyl-3-nitrophenyl phosphate, which involves nucleophilic
intramolecular catalysis by carboxylate®®) but are observed also
for various reactions involving intramolecular general acid
catalysis of the hydrolysis of phosphate diesters (Table 2). Thus
ku/kp = 1.70 for the hydrolysis of 4, where the dimethylam-
monium center promotes efficient intramolecular acid catalysis,
and ky/kp = 1.9 for the hydrolysis of the anion of 8, which
involves bifunctional nucleophilic-general acid catalysis by the
two carboxy groups.?* The kinetic isotope effect, ky,o/kp,o0 =
1.42, observed for the hydrolysis of BMIPP*, is consistent,
though not uniquely consistent, with the bifunctional nucleo-
philic-general acid catalysis mechanism and so is not of itself
sufficient evidence to rule out the mechanism (path A in Scheme
3) involving two rather than one proton transfers in the rate-
determining transition state.

The activation parameters calculated for the hydrolysis of
BMIPP*, with the rate constants given in Table 3, are AH* =
19.0 &+ 1.2 kcal/mol and AS* = —9.05 + 0.5 e.u., giving a
Gibbs free energy, calculated at 25 °C, of 21.7 & 1.4 kcal mol ™.
In principle, entropy values close to zero are expected for

(20) Kirby, A. J.; Abell, K. W. Y. J. Chem. Soc., Perkin Trans. 2 1983, 8,
1171-1174.

(21) Bruice, T. C.; Blaskd, A.; Arasasingham, R. D.; Kim, J. S. J. Am.
Chem. Soc. 1995, 117, 12070-12077.

(22) Jencks, P. J. Catalysis in Chemistry and Enzymology; Dover Publica-
tions, Inc.: New York, 1987.

(23) Kirby, A. J.; Younas, M. J. Chem. Soc. B 1970, 510-513.

(24) Khan, S. A.; Kirby, A. J. J. Chem. Soc. B 1970, 1172-1182.

(25) Khan, S. A,; Kirby, A. J.; Wakselman, M. J. Chem. Soc. B 1970,
1182-1187.

unimolecular reactions,?® and values close to —25 e.u. are

commonly observed for bimolecular reactions:*® but these are
guidelines rather than rules. Thus AS* values of —3.9 e.u. and
—14.4 e.u. have been observed in relevant unimolecular
intramolecular nucleophilic reactions;??® and the formally
bimolecular reactions of methyl 8-dimethylamino-1-naphthyl
phosphate with water (AS* = —12.0 e.u) and three other
nucleophiles (AS* = 18.8—24.8 e.u.) differ significantly.** Thus
ASt = —9.05 + 0.5 e.u. also is consistent, but not uniquely
consistent, with the bifunctional nucleophilic—general acid
catalysis mechanism for the hydrolysis of BM|PP*. A triester-
like mechanism involving protonation of a nonbridging oxygen®®
can be ruled out in the hydrolysis of BMIPP*, since such
catalysis is known to cause small rate enhancements.?®

Buffer Catalysis. The much higher EMs typically observed
for intramolecular nucleophilic catalysis® mean that reactions
with the limited concentrations of external nucleophiles available
in solution cannot compete. So a simple but reliable test of
mechanism which is the presence or absence of such catalysis
was carried out. The hydrolysis reactions of phosphate esters
are often strongly accelerated in the presence of external
nucleophiles, especially the exceptionally reactive a-nucleo-
philes. For example, cleavage of bis(2,4-dinitrophenyl) phos-
phate is 10*-fold faster,” and the reaction of the triester diethyl
8-(N,N-dimethylamino)-1-naphthyl phosphate is 10°-fold faster
in the presence of 0.5 M hydroxylamine, compared with the
reactions with water.?® We find that the rate of disappearance
of BMIPP is not affected by added 1 M acetate, 1 M imidazole,
or even the a-nucleophile hydroxylamine (also 1M), over the
pH range 4—8 at 60 °C. Fitting the data to eq 1 gives values
for ks identical within experimental error (<1.3 x 107%) to that
obtained previously (Table 1). (For details see Figure S8 and
Tables S9—S10 of the Supporting Information.) This is prima
facie evidence against the IGBC-IGAC mechanism (path A of
Scheme 3), unless the intramolecular general base catalysis
shows unprecedented efficiency.

Product Characterization by NMR. *H and 3P NMR spectra
taken at regular time intervals during the course of BMIPP
hydrolysis in D,O are shown in Figures 10 and 11 in the
Experimental Section. Three species were observed: BMIPP,
which gives the stable phenol product M e-3 plus the monoester
Me-2 as an intermediate, which is itself hydrolyzed more slowly
to a second molecule of Me-3 and inorganic phosphate.

Figure 2 shows relative concentrations of the three compounds
measured by P NMR as they appear or disappear during the
course of the reaction. The solid curves in the figure represent
fits to a consecutive-reaction model. The derived rate constants
(kops) Tor the hydrolysis of BMIPP at pD 7.2 and of Me-2 at
pD 1.5 are 3.0 x 10~* and 2.7 x 1075 s7%, respectively.

Computational Calculations. To better understand the struc-
tures and likely behavior of reactants, transition states, and
possible intermediates in the reaction path leading from BM |-
PP* to Me-2 and Me-3, we performed computational calcula-
tions at the B3LYP level to compare the two mechanisms
described in Scheme 3: intramolecular general base catalysis
of the attack of a water molecule on phosphorus (path A) and
intramolecular nucleophilic attack of the imidazole group on

(26) Anslyn, E. V.; Piatek, A. M.; Gray, M. J. Am. Chem. Soc. 2004, 126,
9878-9879.

(27) Domingos, J. B.; Longhinotti, E.; Bunton, C. A.; Nome, F. J. Org.
Chem. 2003, 68, 7051-7058.

(28) Kirby, A.J.; Tondo, D. W.; Medeiros, M.; Souza, B. S.; Priebe, J. P.;
Lima, M. F.; Nome, F. J. Am. Chem. Soc. 2009, 131, 2023-2028.
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100 Table 4. Selected Distances (A) and Angles (deg) for Optimized
Structures of BMIPP*.w, TS.GB, TS.NUC, and TS.NUC2%
80 BMIPP:.w TS.GB TS.NUC TS.NUC2
03—H1 1.50 2.56 1.68 1.67
04—P 1.70 2.32 2.32 2.32
o 60 04—H1 2.50 1.66 2.26 2.27
3 05-P 4.02 2.20 378 -
g N1-H2 2.19 1.73 2.76 -
0 404 N1-P 4.46 3.94 1.90 1.94
R N2—H1 1.09 1.05 1.05 1.05
01-P-03-02 131.40 —176.67 —162.67 —165.21
20+
@B3LYP calculations with basis sets: O, N, and P (6-31+G*), C
(6-31G*), and H (6-31G). ® Names are defined in Figures 4, 5, and 7.
0-

T 1 ¢ T =ET b L T T T T
0 100 200 300 400 2000 4000 6000 8000 10000 12000
Time (min)

Figure 2. Relative species concentrations, obtained from repeated 3'P NMR
scans over time, for hydrolysis of BMIPP at pD 7.2 and Me-2 at pD 1.5,
in D,O at 60 °C: (O) BMIPP, (®) Me-2, (») P.

phosphorus, also with a water molecule present (path B). Tables
of Cartesian coordinates and thermochemistry data appear in
full in section 3 of the Supporting Information.

In both cases, the first step should be the solvation of the
phosphate zwitterion. Although there is a strong interaction
between O3 and the neighboring imidazolium group, which
partially neutralizes the phosphate negative charge, BM|PP*
interacts favorably with the water molecule through the N1 atom
ofthe imidazole group and O2, to form the organic phosphate—water
complex BMIPP*.w (Figure 3). This interaction has a AGeq of
—2.78 kcal-mol 1, thus BM1PP*.w is taken to be the reacting
species. The use of the gas phase to simplify the computational
calculations is reinforced by the fact that the addition of the
AG*V term, computed by single-point calculations using PCM,
gives very similar results and the free energies differences are
not affected to a large extent (see sections 3.1 and 3.2 of the
Supporting Information). Therefore, all structures and thermo-
dynamic parameters presented here are computed in the gas
phase, without the inclusion of the AG®" term.

A o~

BMIPP

1 ; H.0
& #3 L-"T /D ac.,_‘-;::m. moi’
!

Starting from BIM PP*.w the two pathways of Scheme 3 were
evaluated: activation of the coordinated water, to act as the
nucleophile, and direct nucleophilic attack of N1 on the P atom.
The transition states involved in the two mechanisms are labeled
TS.GB and TS.NUC, respectively, and are shown in Figure 4.
Relevant structural details are given in Table 4.

In TS.GB, the imaginary frequency observed corresponds to
O5—P attack, with simultaneous O4—P bond breaking; N1
modestly activates the water molecule, and H1 strongly stabilizes
the leaving group departure through general acid catalysis, with
an O4—H1 bond length of 1.66 A and a quasi planar arylimi-
dazole aromatic system (O1—-P—03—02 = —176.67°). Fur-
thermore, the strong hydrogen bonding between O3—H1 in
BMIPP*.w is not observed in TS.GB due to the strong O4—H1
hydrogen bond.

For nucleophilic attack, structure TS.NUC shows an advanced
transition state with a higher degree of bond formation between
N1—P (1.90 A) compared with O5—P in TS.GB (2.20 A) and
an O1—P—03-02 dihedral angle of —162.67°. The stabilization
of the leaving phenoxide group by O4—H1 hydrogen bonding
observed in TS.GB is absent in TS.NUC, with a preferred
stabilization of the negative charge at O3, which is hydrogen
bonded to H1 (03—H1 = 1.68 A) as in BM|PP=.w. Aside from
the bond making and breaking at the phosphorus center, the

BMIPP .w

Figure 3. B3LYP gas phase optimized structures of BM | PP* and BM | PP*.w showing the AG, involved in the organic phosphate—water complex formation.

The basis set used is given in the Experimental Section.

75_GB

Figure 4. B3LYP gas phase optimized structures of TS.GB and TS.NUC.
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Table 5. Experimental and B3LYP Gibbs Energy, Enthalpy, and
Entropy of Activation for Structures TS.GB and TS.NUC?* Energies
Relative to BMIPP*.w

AG/kcal - mol ™! AHkeal -mol ™" ASHcal-mol~"-K™'
Experimental 21.7 +£1.4° 19.0+12 —9.0+0.5
TS.GB 28.4 29.2 2.7
TSNUC 18.9 18.6 -1.2

2 All quantities calculated at 298.15 K. B3LYP calculations with the
following basis set: O, N, and P (6-31+G*), C (6-31G*), and H
(6-31G). ° Calculated at 298.15 K.

30 TS.GB
.
v,
20 2 / TSNUC
€ 10 )
© &
Q ;
X — »"
O od ewmPP T/
BMIPP.w _
Me-3+INT ™
AN
-104 e
Me-2+Me-3

Reaction Coordinate

Figure 5. Free energy variation along the reaction coordinates involving
TS.GB and TS.NUC. Energies values relative to BMIPP*.w. Structures
calculated at the B3LYP level with the following basis sets: O, N, and P
(6-31+G*), C (6-31G*), and H (6-31G).

major structural difference between TSNUC and BMIPP*.w
is the twisting of the imidazole ring needed to put N2 in a
reasonable position to attack P.

Although paths A and B (Scheme 3) are kinetically equiva-
lent, the calculated AG* is some 9.5 kcal-mol™* lower for
TS.NUC than for TS.GB as shown in Table 5, a result which
clearly indicates the nucleophilic pathway as the favored route
for the reaction. For reaction via TS.NUC, the calculated AG*
is only 2.79 kcal -mol~* lower than the experimental value and
the agreement of the calculated AH* is even closer, differing
by only 0.44 kcal-mol~* from the experimental value. Although
there is a considerable difference between the experimental and
calculated AS* the theoretical value is in accord with that
expected for an intramolecular reaction and the difference is
most likely associated with reorganization of solvent molecules,
which is not of course addressed by our gas phase calculations.

As shown in Figure 5, the decomposition of TS.GB leads to
arylimidazole (Me-3) + Me-2, while TS.NUC decomposes to
Me-3+ INT. Calculated structures of the reaction products are
given in the Supporting Information. The reaction path involving
TS.NUC is more efficient and results in the formation of Me-2
+ INT, which are 7.16 kcal-mol~* higher in energy than the
actual reaction products ((Me-3) + Me-2). Since the phospho-
rane intermediate was not detected in any of the earlier NMR
experiments, the calculations indicate that INT decomposes
rapidly under mild reaction conditions.

In TS.NUC, the water molecule is not directly involved in
the bond making—breaking process. Thus, we also modeled the
nucleophilic attack of the imidazole group toward P without
the assisting H,O: the results are very similar. Starting from
the BMIPP* zwitterion, AG* for the N1 attack is 19.57
kcal-mol™%, which is also in excellent agreement with the
experimental value (Table 5): the corresponding transition state
structure TS.NUC2 is shown in Figure 6.

Figure 6. B3LYP gas phase optimized of TS.NUC2. The basis set used is
given in the Experimental Section.

] = O4-P
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Figure 7. Variations of bond lengths and energies (A) along the IRC for
the intramolecular nucleophilic attack reaction in BM1PP* via TS.NUC2
(Note that H1 is within strong H-bonding distance of O4).

As shown in Table 4, the main bond lengths and angles of
TS.NUC and TS.NUC2 are very similar, as is the central bond
making—breaking process. Thus (to minimize computational
expense) we performed an IRC analysis on TS.NUC2: Figure
7 shows the changes in bond lengths involving this structure.
The approach of N1 toward P can be seen to be concerted with
O4 departure, while H1 is transferred to N2, stabilizing the
leaving group.

M ass Spectrometric M easurements. Building on our experi-
ence in reaction mechanism studies using MS techniques,?®*°
we applied ESI-MS-(/MS) and LTQ-FT to monitor the course
of the hydrolysis of BM1PP* in aqueous solution. In the ESI-
MS process used here, solvated ions are “fished” directly from
solution and transferred to the gas phase. The data provide
snapshots of the ions present in the reaction solution, which
have been shown in numerous cases to reflect accurately the
actual ionic composition (see the cited references and a recent
Wiley book Reactive Intermediates: MS Inyestigations in
Solution, edited by Leonardo S. Santos). After 25 min (4 half-
lives) of reaction at pH 6.5 and 60 °C, samples of reaction
solution, containing all reagents, intermediates, and products,
were transferred directly to the gas phase and detected by

(29) Domingos, J. B.; Longhinotti, E.; Branddo, T. A. S.; Santos, L. S,;
Eberlin, M. N.; Bunton, C. A.; Nome, F. J. Org. Chem. 2004, 69,
7898-7905.

(30) Orth, E. S.; da Silva, P. L. F.; Mello, R. S.; Bunton, C. A.; Milagre,
H. M. S.; Eberlin, M. N.; Fiedler, H. D.; Nome, F. J. Org. Chem.
2009, 74, 5011-5016.
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Figure 8. ESI(+) FT-ICR MS after 10 min of hydrolysis of BMIPP in aqueous solution at pH 6.5 and 60 °C.

ESI(+)-MS and then the gaseous ionic species transferred to
the gas phase were characterized by ESI(£)-MS/MS. Initially,’
ESI-MS-(/MS) showed a series of the major anions from
Scheme 4, which were identified as: (i), the deprotonated form
of the reactant BM I PP of m/z 409; (ii) the monoester M e-2 of
m/z 253; (iii) the phenolate Me-3 of m/z 17; and (iv) inorganic
P in the form of PO3;~ of m/z 79 and H,PO, of m/z 97. No
cyclic intermediate (INT) could be detected by ESI-MS in either
negative or positive ion modes, which does not rule out its
formation, since this cyclic species could be relatively unstable.
However, some important species could be detected and
characterized via collision-induced dissociation in ESI(—)-MS/
MS experiments, with the resulting spectra supporting the
structural assignments. The ESI(—)-MS/MS of the Me-2 anion
of m/z 253 m/z shows that it dissociates almost exclusively to
POz~ of m/z 79. Deprotonated Me-3, of m/z 173, dissociates
mainly by two routes that lead either to the fragment ion of
m/z 158 by the loss of a methyl radical or the fragment of m/z
118, most likely by losing 1-methyl-1H-azirine (C3HsN) to form

the 2-cyanophenoxy anion.

To address further the possibility of the intramolecular
nucleophilic pathway, ultrahigh resolution and accuracy LTQ
FT-ICR MS data, which combine the most advanced lon Trap
and Fourier Transform lon Cyclotron Resonance technologies,
were acquired in both the negative and positive mode. In the
negative ion mode, the same anions identified by Q-TOF were
detected. In the positive mode (Figure 8), an ion of m/z 237
was intercepted and assigned to the cyclic intermediate (INT).
Indeed, the program Xcalibur 2.0 (Thermo Scientific), which
calculates molecular composition to within 0.4 ppm, identified
C10H2403N;P; as the most probable composition for the ion of
m/z 237.14. Thus, the hydrolysis of BM PP is seen to involve

intramolecular nucleophilic attack by an imidazole group.

Conclusions

We have now studied the hydrolysis of BMIPP* in consider-

other as the conjugate acid (paths A and B of Scheme 3). The
imidazolium group clearly acts as a general acid to assist the
departure of the leaving group, but the neutral imidazole could
be involved either as a general base, catalyzing the attack of
water, or directly as a nucleophile, in which case the initial
product must be the cyclic phosphoimidazole INT. There is no
kinetic evidence for the presence of INT during the course of
the reaction. There are good reasons based on the overall
efficiency of catalysis to interpret the Kinetic evidence in terms
of the nucleophilic mechanism, but these are not sufficient to
rule out the general base mechanism pathway (A in Scheme 3)
completely. The general base catalysis mechanism was preferred
initially because it is consistent with the kinetic parameters and
because no cyclic intermediate was detected by ESI-MS (in
either positive or negative mode) or by NMR (*H and 3'P).
However, the phosphoryl-imidazolium (P—N¥) bond is un-
stable,3! so that the nondetection of the intermediate could be
the result of its short lifetime, before breaking down to products,
which are the same from either mechanism. New calculations
strongly favor the nucleophilic mechanism and encouraged us
to investigate the possible presence in the reaction mixture of
low concentrations of INT, using more sensitive ES-MS
techniques. The positive result obtained using LTQ-FT (+)
(Figure 8), showing that INT is indeed present during the course
of the reaction, provides unambiguous support for the nucleo-
philic-IGBC mechanism (path B of Scheme 3). Encouraged by
the positive identification of INT and to obtain positive evidence
in the aqueous phase, we are currently studying the stability of
a series of phosphoryl-imidazolium (P—N*) derivatives, to
obtain better estimates of the expected reactivities of N-
phosphoryl imidazolium systems. Though we cannot rule out
the possibility of a small contribution from the IGBC pathway,
the application of Occam’s razor®? is well justified by the general
arguments from catalytic efficiency and the unambiguous
indications from our calculations.

able depth and have gathered enough evidence to assign the

mechanism with some confidence. The kinetic evidence indi-
cates bifunctional catalysis of the hydrolysis of BMIPP*
involving the two imidazole groups, one as the free base, the

8520 J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010

(31) Attwood, P. V.; Piggott, M. J.; Zu, X. L.; Besant, P. G. Amino Acids
2007, 32, 145-156.
(32) Bergson, G.; Linderberg, J. J. Phys. Chem. A 2008, 112, 4235-4240.
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Figure 9. pH-—rate profile for the hydrolysis of BMIPP in (A) H,O (-M-) and D,O (-0-); (B) at 50 °C (-O-), 60 °C (-a-), 70 °C (-@-), and 80 °C (-H-).
The curves show the fits using eq 1, and the parameters obtained are presented in Table 3. The points in H,O at 60 °C, shown for comparison, are from
Figure 1.
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Figure 10. Progressive 'H NMR spectra of the hydrolysis reaction of BMIPP. (a) Hydrolysis of BMIPP at pD 7.2 and (b) hydrolysis of the intermediate
monoester Me-2 at pD 1.5, in D,0, at 60 °C. Signals are identified in Table 6.

Experimental Section hydroxyphenyl)imidazole (500 mg, 2.87 mmol in 15 mL) in an
ice—water bath, under argon. The mixture was stirred at room
without further purification. Liquid reagents were purified by temperature for 120 min. Water was then added (0.25 mL), and

distillation. 1-Methyl-2-(2’-hydroxyphenyl)imidazole (Me-3) was the mixture was left to react overnight. The solvent was removed
prepared by the method of Rogers and Bruice.? under reduced pressure, and methanol (5 mL) and water (3 mL)

Synthesis of Big(2-(1-methyl-1H-imidazolyl)phenyl)phosphate were added to the resulting crude oil. Fine white crystals (370 mg,
(BMIPP). A solution of PCls (600 mg, 2,87 mmol) in CHCl; (15 51%) of BM1PP were obtained immediately. **C NMR (100 MHz,
mL) was added dropwise to a CHCI; solution of 1-methyl-2-(2’- D,0, internal reference TSP) 6 149.91, 141.57, 134.49, 131.74,

Materials. Inorganic salts were of analytical grade and were used

J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010 8521
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Table 6. NMR Spectra of the Species in the Hydrolysis Reaction
of BMIPP, in D,O at 60 °C

Compound 1H NMR 31;P NMR
o (ppm) o (ppm)

BMIPP 0 3.79 (s, 6H, Me), 7.5—7.6 (m, 8H, Ar), —10.38
(pD =7.2) 7.70 (d, 2H, Ar), 7.81 (t, 2H, Ar)
Me-2 0 4.03 (s, 3H, Me), 7.5—7.8 (m, 5H, Ar), 1.22
(pD =7.2) 7.88 (t, 1H, Ar)
Me-2 0 3.62 (s, 3H, Me), 7.5—7.8 (m, 5H, Ar), —4.30
(pD = 1.5) 7.56 (t, 1H, Ar)

Me-3 0 3.97 (s, 3H, Me), 7.3—7.4 (m, 2H, Ar),
(pD =17.2) 7.5—7.8 (m, 4H, Ar)

Me-3 0 3.62 (s, 3H, Me), 6.9—7.0 (m, 2H, Ar),
(pD = 1.5) 7.30 (d, 1H, Ar), 7.34 (s, 2H, Ar), 7.41

(t, 1H, Ar)
P; 0.57

125.28, 124.02, 120.56, 119.22, 114.41, 34.99; *H NMR (400 MHz,
D,0, internal reference TSP) 6 3.48 (s, 6H, CH3), 6 7.13 (d, 2H,
Jag = 8.4 HZ), 0 7.23 (dt, 2H, Jcg = 7.6 and Jop = 7.6 HZ), o
7.30 (dd, 4H, Jgg = 5.2 and Jgr = 5.2 Hz), 0 7.37 (d, 2H, Jpc =
7.6 Hz), 0 7.48 (dt, 2H, Jgc = 7.6 and Jga = 8.4 Hz). 3P NMR
(81 MHz, D,0, external reference HsPO, 85%) 6 —10.38 ppm, S;
m/z (ESI-MS) 409,1720 CyH1gN4O4P requires 409.1066

Potentiometric Titrations. The pK, values of BMIPP were
determined using a digital pH meter and a combined glass electrode,
equipped with an automatic buret. Titrations were performed in a
150 mL thermostatted cell, under N, at 25.0 °C, at ionic strength
0.1 M KCI, and [BMIPP] = 1.0 mM (initial). The solution was
titrated with small increments of 0.1008 M CO,-free KOH. All
precautions were taken to eliminate carbonate and CO, during the
titration. The program BEST7°® was used to calculate the dissocia-
tion constants, using the value —13.78 for pK,,.

Kinetics. Reactions of BMIPP and Me-2 were followed spec-
trophotometrically by monitoring the appearance of 1-methyl-2-
(2’-hydroxyphenyl)imidazole (Me-3) at 290 nm. Reactions were
started by adding 20 L of 10 mM stock solutions of the substrate
in water (pH = 10: stored in a refrigerator to minimize hydrolysis)
to 3 mL of aqueous solution in quartz cuvettes, to give a final
concentration of the substrate of 66.7 «M. The temperatures of the
reaction solutions in the cuvettes were controlled with a thermo-
statted water-jacketed cell holder, and ionic strengths were kept
constant at 1.0 M with KCI. Absorbance versus time data were

e A A A A A Ay "I! A A A i
A AAANIATEAAD AP, m‘l' W«va’umvw

AN A AN A A .II' ARt oAt

stored directly on a microcomputer, and observed first-order rate
constants, kops, were calculated from linear plots of In(A. — A)
against time for at least 90% of the reaction using an iterative least-
squares program; correlation coefficients were better than 0.999
for all kinetic runs. The pH was maintained with 0.01 M buffers
of CH,CICOOH (pH 2—3), HCOOH (pH 3—4.5), CH;COOH (pH
4-5.5), and NaH,PO, (pH 5.5—6.0). In solutions where [HCI] >
0.5 M, the reactions were self-buffered with no ionic strength
correction. Reactions at pD 7.2 and pD 1.5 were also followed by
NMR to follow the appearance of products and disappearance of
reagents.

Since the pH—rate profile for the hydrolysis of BM PP+ is bell
shaped (at all temperatures investigated and in both H,O and D,0),
the solvent deuterium kinetic isotope effect and activation param-
eters were calculated from the rate constants ksq obtained by fitting
experimental data in the range of pH 5.5—8.0, as shown in Figure
9A and B. The values obtained (including the acid dissociation
constants pK,, and pKs,3) are shown in Table 3. The kinetic isotope
effect is defined by ksn,o/ksp,0, and activation parameters were
calculated by plotting In(ks¢/T) vs 1/T, according to Eyrings’
equation.*®

M ass Spectrometric M easur ements. To identify intermediates
and reaction products of BMIPP hydrolysis, direct infusion
electrospray ionization mass spectrometry was performed using a
hydrid triple quadrupole linear ion-trap mass spectrometer.®® The
typical electrospray ionization (ESI-MS) experiment involved 1 mL
of aqueous 1 x 107® M BMIPP solution at pH 6.5. A microsyringe
pump delivered the reagent solution into the ESI source at a flow
rate of 10 uL/min. ESI and the QqQ (linear trap) mass spectrometer
were operated in the negative-ion mode. Main conditions: curtain
gas nitrogen flow of 5 mL min~%; capillary voltage of —3500 eV;
cone voltage of —30 eV. Some of the main anionic species detected
by ESI-MS were subjected to ESI-MS/MS by using collision-
induced dissociation (CID) with nitrogen, with collision energies
ranging from 5 to 45 eV for the best dissociation yields. For accurate
mass measurements of possible intermediates, direct infusion
automated chip-based nano-ESI-MS were performed on a Triversa
NanoMate 100 system in both the positive and negative ion modes.
Samples were loaded into 96-well plates (total volume of 100 uL
in each well) and analyzed by a 7.2T LTQ FT Ultra mass
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Figure 11. Progressive 3'P NMR spectra for hydrolyses of BMIPP (pD 7.2, 5 min to 5.5 h) and Me-2 (pD 1.5, 5.5 h to 7.5 days), in D,O at 60 °C. Signals

are identified in Table 6.
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spectrometer. ESI general conditions were as follow: gas pressure
of 0.3 psi, capillary voltage of 1.55 kV, and a flow rate of 250 nl
min~2,

NMR Spectra. *H and 3P NMR spectra taken at regular time
intervals were recorded on a spectrometer (300 MHz for *H) using
D,0 as solvent. The pD values of the solutions were corrected
considering pD = pHyeq + 0.4 at 25 °C. Spectra were recorded at
regular intervals at 60 °C during BM PP hydrolysis at pD 7.2, while
the spectroscopic data for the much slower hydrolysis of the Me-2
intermediate at 60 °C and pD 1.5 were collected at 25 °C. 'H and
31p chemical shifts are referred to sodium 3-(trimethylsilyl) pro-
pionate (TSP, internal) and H3PO, 85% (external reference),
respectively. The relaxation delay was 1 s for all acquisitions.

Significant changes in the *H NMR spectra are observed in the
N-methyl region (Figure 10). At pD 7.2 the disappearance of the
BMIPP peak at 3.79 ppm is accompanied by the appearance of
two new signals at 4.03 and 3.97 ppm, which are assigned to Me-2
and Me-3, respectively. At pD 1.5 these two peaks are displaced
upfield to approximately 3.62 ppm and the hydrolysis of Me-2
affords a single peak of product Me-3. The assignments for the
aromatic region are less obvious, but the spectra at pD 7.2 clearly
show the appearance of peaks at 7.88 and 7.34 ppm for Me-2 and
Me-3, respectively. As in the aliphatic region, these peaks are also
displaced upfield at pD 1.5, where the hydrolysis of Me-2 is
observed as the disappearance of the peak at 7.56 ppm and the
appearance of the product of Me-3 at 6.99 ppm.

The 3P NMR spectra offer a clearer view of BM PP hydrolysis
(Figure 11). At pD 7.2, the BMIPP peak at —10.4 ppm disappears
over time, giving the Me-2 monoester at 1.22 ppm. This peak is
displaced at pD 1.5 to —4.30 ppm, and hydrolysis of Me-2 gives
inorganic phosphate (P;: chemical shift 0.57 ppm under the
conditions).

Computational Methods. All computational calculations were
performed using Gaussian 03** at the DFT level employing the
hybrid B3LYP**"*® functional. The P, N, and O atoms were
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and 6-31G basis sets, respectively. The geometry optimizations were
carried out in the gas phase, and water solvation free energies
(AG*") were estimated using PCM34° on single-point calculations,
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using the UFF radius.** Tables of Cartesian coordinates and
thermochemistry data are presented in sections 3.1 to 3.9 of the
Supporting Information.

All reactants and transition states were properly characterized
in force constant calculations by the absence or presence of a single
negative eigenvalue, respectively, and all thermodynamic parameters
were converted from a 1 atm standard state into the standard state
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For the unassisted nucleophilic attack pathway (Path B, Scheme
3) intrinsic reaction coordinate (IRC) computations** were per-
formed, at the same level of theory described above, starting from
the optimized transition state structure (TS.NUC), using a step
length of 0.10 (a.m.u)Y? bohr.
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