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Guilherme Menegon Arantes* and Hernan Chaimovich
Instituto de QUmica, Uniersidade de SaPaulo, A. Lineu Prestes 748, 05508-900,8Raulo, SP, Brasil

Receied: Nawember 4, 2004; In Final Form: March 30, 2005

Phosphate esters are important compounds in living systems. Their biological reactions with alcohol and
thiol nucleophiles are catalyzed by a large superfamily of phosphatase enzymes. However, very little is known
about the intrinsic reactivity of these nucleophiles with phosphorus centers. We have performed ab initio
calculations on the thiolysis and alcoholysis at phosphorus of trimethyl phosphate, dimethyl phenyl phosphate,
methyl phosphate, and phenyl phosphate. Results in the gas phase are a reference for the study of the intrinsic
reactivity of these compounds. Thiolysis of triesters was much slower and less favorable than the corresponding
alcoholysis. Triesters reacted through an associative mechanism. Monoesters can react by both associative
and dissociative mechanisms. The basicity of the attacking and leaving groups and the possibility of proton
transfers can modulate the reaction mechanisms. Intermediates formed along associative reactions did not
follow empirically proposed rules for ligand positioning. Our calculations also allow re-interpretation of some
experimental results, and new experiments are proposed to trace reactions that are normally not observed,

both in the gas phase and in solution.

1. Introduction for the reaction inert-butyl alcohol?° these results are consistent
with the current mechanistic interpretations for phosphate
" hydrolysis, described by an,®, mechanism (Figure 1) with a
dissociative transition state (TS) or & B A, mechanism
Figure 1) where metaphosphate @Dis diffusionally equili-
i’:rated only with a less nucleophilic and sterically crowded
olvent such agert-butyl alcohol!?

Phosphate transfers, essential reactions in living systems
have been investigated extensively in solitidrand in the gas
phas&~7 and computationall§=12 The almost exclusive focus
of attention of these studies has been phosphate ester hydrolysi
because this reaction is related both to energy biotransformation
and to nucleic acid biochemistry. Other phosphate ester reactions® ; L o

The small or nonexistent participation of the nucleophile in

are observed in living systems and, although the reaction o SRR
the rate limiting TS for phosphoester solvolysis implies that

products can be the same as those formed upon reaction o 9 O .
phosphoesters with water acting as the sole nucleophile, otherth® mechanism is essentially independent of solvent nucleophi-

intermediates are formed. Hence, the study of the influence of i€ty and, therefore, that the mechanisms for phosphoester
the nucleophile, in particular thiols and alcohols, in phosphate Nydrolysis are similar to that of solvolysis in an alcoholic
transfers is of relevance. These are important reactions, becausg°!Vent. The monoanion reactiontert-butyl alcohol is slower

a large superfamily of enzymes that catalyze the hydrolysis of Pecause a special pathway, with intramolecularttansfer as
phosphate esters exhibit a phosphocysf@iHeor phospho-  Proposed for the monoprotonated phosphomonoésierin-
serind516 as kinetically competent intermediates formed after NiPited because the sterically hindeted-butyl alcohol cannot

nucleophilic attack of the corresponding thiol or alcohol on the Catalyze H transfer via a six-membered ring as proposed for
phosphorus center of the substrate. the hydrolysis in watét8 and because theKp of the

Few conclusive studies on phosphate ester alcoholysis haveunesterligied oxygen of the phosphate group increases in this
been published 2,4-Dinitrophenyl phosphate (2,4-DNPP) sol- solvent: _ o
volysis was studied in anhydrous methanol and ethanol. Solvent Alcohol and HS' reactions with trimethyl phosphate (TMP)
substitution can occur on phosphorus or carBoFhe activation ~ Were analyzed in the gas phaseNo thiolysis on phosphorus
free energy AGH) for CH;O~ attack on phosphorus in 2,4-DNPP ~ Was detected, in agreement with ab initio calculations that
dianion was estimated as 23 kcal/mol (28).17 In aqueous demonstrate that reaction at the TMP carbon is kinetically and

solution, theAG for 2,4-DNPP dianion hydrolysis is 29.5 kcal/  thermodynamically more favorabié.In addition, only traces
mol and that for the monoanion is ca. 3 kcal/mol higHeFor of alcoholysis at phosphorus were observed (less than 2% of

4-nitrophenyl phosphate (4-NPP), butanolysis in negitbuty! the detected products), but no reaction barriers or energies were

alcohol is ca. 1500 times faster with the dianion when compared Provided>® _ _ _

with the monoanion, because thes* (39 °C) is 24.0+ 0.1 Some computational studies have addressed the alcoholysis

kcal/mol for alcoholysis of the dianion and 28%50.9 kcal/ ~ Of phosphate esters. Chang and Kinstudied the identity

mol for the monoaniof? For the hydrolysis of 4-PNP, on the ~ réaction of CHO™ + TMP (reaction C, Table 1 and Figure 2)

other hand, the monoanion is the most reactive spégies. and found that attack at carbon is thermodynamically more
Together with observations of inversion of configuration upon favorable. The results obtained by these authors contain

reaction of a chiral phosphate in methanol and racemization Vibrational thermal and entropic contributions calculated in the
harmonic oscillator approximation, which may contain severe

* Corresponding author. E-mail: gma@dinamicas.art.br. errors (see ref 22 for a theoretical explanation and 21 for
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Figure 1. Scheme of the proposed mechani&hisr the reactions of phosphate monoesters. Phosphate triesters can ideally react following the
same mechanisms.

TABLE 1: Summary of the Phosphate Ester Reactions different from the phosphoesters of interest here. The only
Studied Here and Previously documented example of phosphoester thiolysis in aqueous
reaction x R2 references solution is the intramolecular reaction of a thionucleof#éi€his
A s CHs this study and ref 21 analogue is a phosphodiester monoanion atpPl Assuming
B S Ph this study that the nucleophile is the thiolate, and correcting the nucleophile
C 0 CH  this study and ref 10 concentration using the measures for the alcohol and the
D o Ph this study corresponding thiol analogue, Dantzman and Kiessling con-
E S Ch this study : N -
F S Ph this study pluded that thlonS{s is 1@imes slower than alcoholysis. Henc_e
G 0 CHs this study and refs 288, 11, 12, 26 it appears that thiolates are extremely reluctant nucleophiles
H o] Ph this study and 23 toward phosphate esters in agueous solution.

aReaction A to D indicate triesters and reactions E to H indicate  In the present study, we extend and complement our previous
monoesters? Indicate the groups X and R in Figure 2Phosphate work?! by first principles computation of reaction profiles for
dianion reaction studied. See text for details. the thiolysis and alcoholysis of a series of phosphate esters
(Figure 2 and Table 1). Reactions of tri- and monoesters were

ﬁ ﬁ computed. Triesters react following a more associative-+{A
CHgX™+ (CH0),— P —OR == RO™ + (CH),— P —XCH, Dy, Figure 1) mechanism and monoesters are believed to react
o o following a more dissociative (P+ An, Figure 1) pathway?
| The study of triester reactions is also valuable because these
CHyXH +HO— P —OR <= ROH + HO — P — XCH, reactions do not involve intramolecular proton transfers that
influence the intrinsic reactivity of neutral phosphate mono- or
o o diesters. On the other hand, monoesters are the natural substrates

Figure 2. Scheme of the reactions of thiolysis &XS) and alcoholysis of phosphatasé<:16 Dianionic phosphate monoesters would be
%o:pr?aztge;rgrls(l? = phenyl, Ph) and alkyl (R= methyl, CH) more realistic representations of the enzymatic substtatés,

' but gas-phase calculations with incomplete basis sets in triple
discussion related to another TMP reaction). In addition, or double negative charged species can be inaccth&t@he
necessary data for iermolecule complexes and intermediates influence of the nature of the leaving group was also examined
were not given; hence the calculation of reaction barriers free by computing reactions profiles of alkyl and aryl esters. Some

from thermal and entropic contributions was not possible. We phosphatase subfamilies, namely, the dual-specificity phos-
decided to reinvestigate this reaction (Table 1) The aSSOCiativephataseé‘}ﬁo Cata|yze the reaction of both a|ky| and ary|

reactions of CHOH with dianionic methyl phosphate  phosphate monoesters.
(CH30PQ27) and phenyl phosphate (PhOEO have been
investigated? This may be similar to the associative mechanism
of reactions G and H (Table 1 and Figure 2) studied here.
Differences should appear because calculations of electronic
structure of dianions in the gas phase with incomplete basis . . . . )
sets may contain some erréf#$°and also because the definition catal)_/tlc mechanisms of phosphatases, in particular protein
of a “reference state” used in ref 23 is not unique and may tyrosmg phosphatqsg§ (PTPS)'_ ) )

introduce differences for the reaction in the gas phase A feW Deta”s Of the a.b initio Ca|Cu|atI0nS are deSCI‘Ibed In MethOdS
other studie®!%1226have computed the D+ A, mechanism Reaction energy profiles, structures, and mechanisms are
of the monoanionic methyl phosphate (§MPQ:H-) reactions ~ described in Results as well as a simple basis set study and a
(Table 1 and Figure 2). For the sake of completeness, and ofcomparison between calculated and available experimental data,
trying to obtain a more accurate description, we have also both of which can be used to access the accuracy of the

In light of the limited number of quantitative studies on
thiolysis and alcoholysis of phosphate esters, reactionsi A
(Figure 2 and Table 1) may constitute a reference for the analysis
of the intrinsic reactivity of phosphoesters and of the possible

calculated this reaction. computations. In the Discussion, we analyze the effects of the
Even fewer studies describe phosphoester thiolysis. The different nucleophiles, the alkylation state of the ester, and the
reactivity of O,0-diphenylphosphochlorothioate, (PhBF=S)- nature of the leaving group, compare our findings with other

Cl, with several nucleophiles including thiophenoxide, has been computational and experimental studies, and speculate the
described’ The reactivity of (PhQP(=S)Cl is, however, very conclusions that can be drawn from these model reactions.
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2. Methods closed-shell molecule; i.e., the calculated ionization is vertical

All computations were carried out for isolated molecules in (W'thOUt. nuclear geometry relaxa_1t|on), with contrlbuuons_ of

the gas phase. The pathwavs of the reactions indicated in Fi reelectronlc correlation and relaxation of the molecular orbitals
gasp ) pathway : indi In Figu (see ref 43, p 389). The energy of the open-shell species were

2 %T? T‘;?Ie 1 were Obte;':‘hEd W'tlh th? 64&;.(3)' at_cl)_hmlc bzats]st d obtained using the unrestricted method (see ref 33, p 497), with
set_forine expansion of In€ molecuiar orbitals. 1he restricted o ppinilation of the spin contaminants (see ref 43, p 107).

MP2 levef? (ref 33, Chapter 14) in the frozen-core approxima- . : . )
. . . All the above-mentioned computations were carried out with
tion (ref 33, section 8.3.1) was used to calculate electronic .

the Gaussian 98 program system.

Str#ﬁguregbrili:igelssv\iﬁ gorat(ijrlr?igtesd bv the analvtic aradient The convergence of the MP2 energy with respect to the basis
geor >re op oy yue g set size was studied using the 6-313 set added by polarization

method, using the optimization algorithm developed by Berny functions. The following sets were used: 6-313(d), 6-311 G-

Schlegel et at* All the internal coordinates of minima and TSs (d.p) 6-?;11FG(2d 2p), 6-313G(2df 2p5 6-31%é(2df 2pd)

were optimized. The energy of the stationary points was -
- . . and 6-313%G(3df,3pd). The TZVP and TZVPP basis sets were
recalculated in the MP2 level with the 6-3tG(2df,2p) basis also used. They are composed by the union of the TZV set

P , ; .
set3> The resulting electronic and nuclear repulsion energy was developed by Ahlrichs et 4P with the polarization functions

defined astypz. . of the cc-pVDZ and cc-pVTZ set§ respectively. The TZVPP
Reactions are_lndlcatgd by a Ietter_ aqcordmgly to Table 1 set was the largest one used in this study. Hence, the energies

and the mecréanlsms (_Flgure 1) are |nd|ca_ted by th_e IUPAC obtained with this set represent the closest values to those that

nomenclaturé® usually in parentheses. Stationary points such would be obtained with a complete basis set. The energy

as |(')n—.molecgle complexes (IMC), TSs, and !ntermed|ates (.l) computations in this basis set study were done with the Gaussian
are indicated in the text by a letter corresponding to the reaction 98 and the Turbomofé program systems

(Table 1), followed by the abbreviation of the species. For
example, the intermediate of reaction B is indicated by B:l, and 3. Results

the TS of the first step of reaction D is indicated by D:TS1.

Two mechanisms are possible for the monoesters reactions. The Reaction pathways and relative energies for phosphate ester
species in the dissociative mechanism (PA,) are indicated alcoholysis and thiolysis (Figure 2) were obtained. The associa-
by the letter “d” and, the species in the associative mechanismtive mechanism analyzed here corresponds to the axial confor-
(A, + Dy), by the letter “a”. For example, the TS of the second mation, with the oxygen or sulfur nucleophile, the phosphorus
step of reaction F in the A+ D, mechanism is indicated by  electrophile, and the oxygen from the leaving group in line.
F:TS2a. Associative reaction pathways are presented in theThis conformation is equivalent to the one proposed for the
following sequence: reactants IMC1 — TS1— | — TS2— reaction in the PTP active sité.

IMC2 — products. The dissociative reaction occurs in two steps.  The relative zero of energy for each reaction corresponds to
In the first step, the nucleophile is infinitely separated, and in the absolute energy for infinitely separated reactants. Thermo-
the second step, the leaving group is infinitely separated. Thedynamic contributions, such as translational, rotational, and

dissociative reaction sequence is: reactant§S1— IMC1 vibrational thermal energie&fry), as well as the corresponding

— | — IMC2 — TS2— products. entropic terms$rry), were calculated and are presented in the
Vibrational harmonic frequencies (see ref 37, Chapter 2) were tables but weraot added to total energie&r.

calculated for all the stationary points in the MP2/6+%3(d) Optimized geometries of all stationary species, presented in

level. Frequencies were obtained analytically for the species in internal coordinates, can be obtained from the corresponding
reactions C, E, F (R+ Ay, G, and H (3 + Ay, and author or from the Internég

numerically, for reactions B, D, F (A+ Dy), and H (A, + 3.1. Phosphate Triestersln this section, results for reactions
Dn). As expected, no imaginary frequency was found for the A—D (Table 1) are presented. Reaction A was described in an
minimum and only one was found for the T®sIn the earlier communication where structures of stationary points were

vibrational frequency analysis of the stationary points, the lowest shown (Figure 4 in ref 21). These will not be presented again
6 real eigenvalues of the atomic mass-weighted Hessian werehere, but only the recalculated energies (Table 2). Stationary
checked and verified to be smaller than 3¢# Vibrational points in reaction B are shown in FigureFHor reactions C and
frequencies were used for calculation of the zero-point energy D, these are shown in Supporting Information Figures 8S and
(ZPE) and vibrational thermodynamic contributions in the 9S, respectively.

harmonic oscillator approximation (see ref 39, section 8.1) for  Phosphate triesters can be attacked by nucleophiles at both
the energy Evir) and the entropy §ip) at T = 298 K. No phosphorus and carbon (alkyl or aryl) centers. Here only attack
empirical scaling was applied to frequenct@slranslational on phosphorus will be presented because our interest is related
(Ewrans @and Srang @nd rotational Eo and Sor) thermodynamic  to the mechanism of PTP catalysis. We have presented previ-
contributions were also obtained in the rigid rotor approximation ously an ab initio comparative study of the thiolysis of trimethyl
(see ref 39, section 8.2). Addition of the ZPE to Eag, resulted phosphate (TMP+ CH3S™, reaction A, Table 1) with sulfur

in the total energykr. attacking on carbon or phosphofS.MP alcoholysis on carbon
The intrinsic reaction coordinate (IR€)was calculatetf has also been described by other grotfs.

from all the TSs in the MP2/6-3#G(d) level. The IRCs The stationary points in reactions— exhibit similar

corresponded to the expected reaction pathway in the directionconformations and reaction coordinates. Reactant and product

of reactants and products. IMCs have distorted trigonal bipyramid (TBP) geometries, with

Electrical dipole moments were calculated by the quantum attacking and leaving groups in axial position (see B:IMC1 and
mechanical dipole operator (see ref 43, pp 150 and 151), appliedB:IMC2 in Figure 7). Both equatorial methyl groups are twisted
to the wave functions obtained at the MP2/6-30Q(2df,2p) in the direction of the making (or breaking) bond. All intermedi-
level. Electronic ionization potentials were obtained from the ates have a TBP configuration. The thiolate and phenoxide
MP2/6-31HG(2df,2p) energy difference between the closed- groups of the B:l species are equatorial and the methoxide
shell and the ionized open-shell species in the geometry of thegroups are axial (Figure 3). ThEr of the pseudorotamer
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TABLE 2: Relative Energies and Entropies in kcal/mol for H H,H

reaction A2 W :'/\ o Mo N
species AEyp? AZPE AEm/ TASw® AEf §/< 0-..,,,4\0 Ho. o
TMP + CH:S- 00 00 00 00 00 -t i A Ny a.oz‘,____"t'«Fl/o\P
A:IMC1 —16.3 0.9 1.8 -3.1 -—154 H H h
ATS1 -0.2 0.9 08 -17.3 0.7 T
All —-4.9 1.2 1.1 -199 —-3.5 B:IMC1 H B:TS1
A TS 171 —-0.6 —-0.5 —16.7 16.5 HH / Ho
ATS3 165 —-0.6 —0.5 —16.7 15.9 H
A:IMC2¢ 12.8 —-0.7 -0.1 —8.7 12.1
A:IMC3¢ 135 —-0.7 -0.1 —10.6 12.8 HH 95
TMDMP"+ CH;0~ 372 27 —2.4 0.1 345 /\ '=—,P/ °
2.151
a Abbreviations for the species names are explained in the third " s/ 725
paragraph of the Methods sectidrElectronic and nuclear repulsion H
energy calculated in the MP2/6-31G(2df,2p) level.t Zero-point Bil H{ M
energy obtained in the MP2/6-35(d) level.9 Eyans + Erot + Evib, H
thermal energies obtained in the MP2/6+33(d) level at 298 K# Syans 7\H

+ Sot + Siib, €ntropies obtained in the MP2/6-8G(d) level at 298
K. " Er = Ewp2 + ZPE.9 A:TS3 and A:IMC3 represent structures with

: 0
/g \ .-~ 0.
P -"2249 \P
A T H / h
sulfur, phosphorus, and leaving group oxygen in line and correspond ' oo “5°9 \Ph \)
to TS3b and IMC3b in Figure 4 of ref 21. A:TS2 and A:IMC2 represent H \0 H
i i i iti "<H B:IMC2 H/\ B:TS2

structures with sulfur in equatorial position and correspond to TS3a
and IMC3a in Figure 4 of ref 21" Thiomethyl dimethyl phosphate.

Figure 4. MP2/6-31G(d) optimized structures for reaction B. Selected
distances are shown in angstroms.

TABLE 3: Relative Energies and Entropies in kcal/mol for

reaction B2
Species AEMPZ AZPE AETRV TAS]'RV AET
DMPP+ CH,S~ 0.0 0.0 0.0 0.0 0.0
B:IMC1 =174 —-0.2 1.0 -7.2 —17.6
B:TS1 -65 —-04 0.1 —11.2 —-6.9
B:l -135 -0.2 0.1 —-12.6 —13.7
B:TS2 -86 —0.6 -0.8 —13.7 —-9.2
& B:IMC2 -174 —-0.8 —-0.2 —-8.1 —18.2
TMDMP + PhO™ -2.0 0.2 0.2 1.1 -1.8

a Abbreviations for the species names are explained in the third
paragraph of the Methods section. See Table 2 for the definition of
Figure 3. MP2/6- 31+G(d) optimized structures for B:l and D:l. Bond  quantities” Dimethyl phenyl phosphate.
distances are shown in &ngstroms. Legend for the atomic types: H
(white), C (gray), P (black), O (diagonal lines), and S (crossed lines). TABLE 4. Relative Energies and Entropies in kcal/mol for

reaction C?
containing equatorial methoxides and axial thiolate and phe- species AEwp2s AZPE AEmy  TASwy  AEr
noxide groups was 3 kcal/mol higher than that of B:l. The TMP + CH:O- 0.0 00 0.0 00 00
phenoxide group in D:l is axial and the methoxide groups ¢ mc1 —225 15 21  -103 —-21.0
occupy equatorial positions (Figure 3). The energy of the c:TS1 -16.9 1.4 1.3 —-12.7 —155
pseudorotamer is also 3 kcal/mol higher than the D:l energy. CIl —32.7 3.2 28 —-139 -295
In reaction C, all ligands are methoxides and no conformers C:TS2 -169 14 13  -127 -155

c:IMC2 —22.5 15 2.1 —-10.3 -21.0

were distinguished. _
The equatorial methyl groups in B:TS1 are twisted, one in TMP + CH,O 0.0 . .0.'0 0'0. . 0.0 0.0

the direction of thiolate and the other in the opposite direction.  ®See Table 2 for the definition of quantities.

The C:TSJ.' (EC:TSZ) anq D:T.Sl exhibit both eqyatorlal methyl TABLE 5: Relative Energies and Entropies in kcal/mol for

groups twisted in the direction of the methoxide nucleophile (eaction D2

(or leaving group for C:TS2). The equatorial groups in B:TS2

and D:TS2 are twisted as in their respective intermediates Species ABwpz AZPE ABrev  TASmv  AEr
(Figure 3). The distances between the atoms participating in DMPP+ CH;O™ 00 00 0.0 0.0 0.0
bond making and breaking, and the imaginary frequencies for D:IMC1 —23.2 0.4 1.1 —9.9 -248
the TSs of the triester reactions are shown in Table 6 D'T51 —235 06 0.6 ~—128 —229
: : _ ' o D:l -46.2 24 23 —135 —438
. Relative energies .for ea}ch stationary point founq are given p:-Ts2 —426 1.8 1.7 —13.1 —408
in Tables 2-5. Reaction A is endothermic and reactions B and D:IMC2 -53.8 1.8 2.6 -7.7 -52.0
D are exothermic. Reaction C is an identity. TMP + PhO —39.2 26 23 05 —36.6

The reaction mechanisms for both thiolysis and alcoholysis  agee Table 2 for the definition of quantities.
of the phosphate triesters studied here are associatiye-(A
Dy), including the formation of a pentacovalent phosphorus 6-31+G(d) level for the breakage of the#® bond of TMP,

intermediate (Figure 3). For completeness, abA, mecha- corresponding to the first step of a,DF An pathway for
nism was also tested. The activation barriers are, at least, 50reactions A or C, is more than 80 kcal/mol (data not shown
kcal/mol higher than those calculated for the A D, mech- here)?® Hence, no TSs or intermediates in the B A,

anism. For example, the relative energy calculated at the HF/ mechanism were obtained for phosphate triesters. The dissocia-
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Figure 5. MP2/6-3H-G(d) optimized structures for the dissociative reactions. Formation of-t&d®nd between thiomethanol and metaphosphate

(panel 1) and breakage of the-® bond of either methyl phosphate (panel 1) or phenyl phosphate (panel Ill). Selected distances are shown in
angstroms.

TABLE 6: Caracterization of the TS in the Studied H H
Phosphate Ester Reactions

. .

TS1 TS2 /< 7\
2011733 639 $ “)\H
d(P—X)? S

reaction

Im(freqP  d(P-X)  Im(freq) uo 2110, 2791 S
1042 ) - R - "
A 2.802 120i 2.756 114i g _© Wi/ 0\)““
B 3.074 100i 2.249 140i p 1004 b0 b P~s0
c 2.742 100i 2.742 100i d e Y as| N
D 2.931 108i 2.337 116i o ’
E(An + D) 2.627 112i 2.213 758i F‘h/ s
E(Dn + An) 2.041 1380i 2.978 1072i F:IMC1a ph F:TS1a Ph Fia
F(An + Dp) 2.791 140i 2.283 126i
F(Dn+ An) 2.383 1047i 2.978 1072i
G(An+ Dp) 2.274 575i 2.274 575i H H
G(Dn + Ar) 2.041 1380i 2.041 1380i T
H(A, + Dy) 2.188 650i 2.303 97i H H/Q
H(Dn + Ar) 2.383 1047i 2.041 1380i ) s
aBond distances in &ngstroms between the phosphorus and the 2~‘32\/o -— Q /
nucleophile or leaving group atom, where=XS or O.P Imaginary P H\ >
frequency in cm™. O 5 ol "Q4 000
R o 2283} _H
. . . . . . . T Hoen 0 1678
tive mechanism is considered to be energetically inaccessible 07016
in the gas phase. , Ph  F:TS2a
3.2. Phosphate Monoesterdn this section, the results for Ph  F:IMC2a

the associative and dissociative mechanisms (Figure 1) calcu-Figure 6. MP2/6-31G(d) optimized structures for reaction F (A
lated for reactions EH (Table 1) are presented. Nucleophiles +Dr). Selected distances are shown in &ngstroms.
and leaving groups in the monoester reaction are protonated
and the phosphate esters are monoanions (Figure 2). These argetween thiomethanol and metaphosphate (panel I, Figure 5)
the protonation states for reactants and products in the gas phasand breakage of the phosphoris<ygen (P-O) bond of either
because the basicity of the nucleophiles and leaving groups ismethyl phosphate (panel Il, Figure 5) or phenyl phosphate (panel
higher than that of the phosphate esfets52 11, Figure 5). Stationary points for reaction F in the associative
The two steps of the dissociative reaction are independentmechanism are shown in Figurehese points for reaction E,
and the overall reaction results from their union. If one step is G, and H are shown in Supporting Information Figures 10S,
the nucleophilic attack on metaphosphate anion yielding a 11S, and 12S, respectively.
monoester, the same reactionthe opposite directiortorre- The associative IMCs exhibit the hydrogen bonded to the
sponds to the breaking of the ester bond, resulting in dissociatednucleophile (or leaving group) coordinated with one of the
metaphosphate and leaving group. Thus, the dissociative mo-ionized phosphate oxygens (see F:IMCla in Figure 6). The
noester reactions studied here result from the union of only threedissociative IMCs show the hydrogen bonded to the nucleophile
reactions: formation of the phosphorusulfur (P-S) bond (or leaving group) coordinated with one of the oxygens of
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Intrinsic reaction coordinate (bohr.amu”)
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0. The reaction from left to right corresponds to the second step in the
reactions E (R +A,) and F (B +An).

metaphosphate (Figure 5). The associative intermediates ar
TBPs with the nucleophile and leaving groups in the axial (in

Arantes and Chaimovich

TABLE 7: Relative Energies and Entropies in kcal/mol for
reaction E

species AEMPQ AZPE AETRV TAS]'RV AET
CH;OPQH™ + CH;SH 0.0 0.0 0.0 0.0 0.0
A, + D, Mechanism
E:IMCla -13.9 0.9 1.8 -—-8.7 —-13.0
E:TSla 11.0 2.4 2.3 —13.0 13.4
E:la 10.9 2.7 3.0 —123 13.6
E:TS2a 25.0 -03 —-0.1 -124 24.7
E:IMC2a —-15.1 3.1 3.7 -10.7 -12.0
D, +a, Mechanism
E:TS1d 333 -2.7 -3.0 -0.8 30.6
E:IMC1d 14.1 04 0.3 2.9 13.7
CHsSH+ CH;OH+ PG~ 29.0 —-1.7 -1.8 11.3 27.3
E:IMC2d 17.4 -0.8 0.0 2.9 16.6
E:TS2d 320 —28 -25 0.5 29.2
CH3SPQH™ + CH;0H 1.9 1.2 1.4 -0.6 3.1

e

a Abbreviations for the species names are explained in the third

||ne) pOS|t|0n and the phosphate group oxygens (protonated andparagraph of the Methods section. See Table 2 for the definition of

non bonding) in the equatorial positions (see F:la in Figure 6).
The dissociative intermediates are composed by three infinitely
separated species: metaphosphate iDz;a symmetry, the
nucleophile, and the leaving group.

As found in the intermediates, the associative TSs are
distorted TBPs with the hydrogen of one of the hydroxides
twisted in the direction of the nucleophile (or leaving group)
and the other hydrogen twisted in the opposite direction (see
F:TSla and F:TS2a in Figure 6). Dissociative TSs (Figure 5)
are complexes with twisted hydrogen bonds and a smaller
phosphorussulfur bond distance [denoted W(P—S)] or a
smaller phosphorusoxygen bond distanced(P—0O)]. The
breaking (or making) bond distances in the TSs are shown in
Table 6.

Two intramolecular H transfers are observed for all mo-

noester reactions: one from the phosphate group to the leaving

group and another from the nucleophile to the phosphate group.
In the reaction of the triesters, where nd ktansfer occurs,
TSs with imaginary frequencies at ca. 100idniTable 6) were

quantities.

TABLE 8: Relative Energies and Entropies in kcal/mol for
reaction F2

species AEwp, AZPE AEtry TASwkvy AEr
PhOPQH™ + CH3SH 0.0 0.0 0.0 0.0 0.0
An + Dn Mechanism
F:IMCla —-13.1 0.6 1.0 —-105 -125
F:TSla 12.7 1.1 1.3 —-12.0 13.8
F:la 10.0 1.9 24 -11.7 11.9
F:TS2a 15.2 1.0 1.3 —11.6 16.2
F:IMC2a —-17.4 1.8 2.7 —-8.4 -—15.6
Dy + A, Mechanism
F:TSi1d 323 -29 -29 0.8 29.4
F:IMC1d 10.6 —-0.1 0.3 2.1 10.5
CH3SH+ PhOH+ PG~ 333 —21 -—-2.2 12.7 31.2
F:IMC2d 217 -1.2 -03 4.3 20.5
F:TS2d 36.4 —3.2 -29 1.9 33.2
CH;SPQH~ + PhOH 6.3 0.8 1.0 0.7 7.1

aSee Table 2 for the definition of quantities.

observed. The imaginary frequencies of the monoesters TSs

were in the 1006i1400i cnt! range. Frequencies in the 100i
cm! region indicate TSs with IRC% containing exclusively
P—S or P-0 bond distance¥. Frequencies above 1000i cin
indicate TSs where the IRCs contain only Hansfer without
contribution of formation (or breakage) of the-B (or P-O)
bond. Intermediary frequencies, around 500i ¢nare indicative

of TSs with contributions of both phosphorus bond formation
(or cleavage) and Htransfer (Table 6).

As observed previousi/the IRCs in the TS regions of D
+ A, reactions are dominated by"Hransfers, occurring before
bond cleavage (or formation). In the attack of £&3H toward
metaphosphate (panel I, Figure BJP—S) varies ca. 0.1 A in
the interval—1.0 < IRC < 1.0 bohramu2 (Figure 7). In the
same region, the variation of the coordinates indicating H
transfer d(O—H) andd(S—H), was 0.6 and 0.7 A, respectively
(Figure 7). Thed(S—H) is practically constant before-1.0
bohramu’2. The same is observed fdfO—H) > 1.0 bohramu’2
Therefore, H transfer in the reaction between €%H and
metaphosphate occurs in a limited interval of the IRC. The
behavior of the IRCs for dissociation of GBIPQ;~ and
PhOPQH"™ is similar (not shown.

TABLE 9: Relative Energies and Entropies in kcal/mol for
reaction G2

Species AEMPZ AZPE AETRV TAS]'RV AET
CH3;0PGH™ + CH;OH 0.0 0.0 0.0 0.0 0.0
A, + D, Mechanism
G:IMCla —-17.3 1.4 22 —-8.8 -—15.9
G:TSla 199 -1.0 -11 -126 18.9
G:la 9.6 2.2 19 -135 11.8
G:TS2a 199 -10 -11 -126 18.9
G:IMC2a —-17.3 1.4 22 —-8.8 -—15.9
D, + A, Mechanism
G:TS1d 333 —-27 =30 -0.8 30.6
G:IMC1d 14.1 -04 0.3 2.9 13.7
2CH;OH + PGs™ 29.0 -1.7 -1.8 11.3 27.3
G:IMC2d 14.1 -04 0.3 2.9 13.7
G:TSs2d 333 —-27 =30 —-0.8 30.6
CH30PGH™ + CH3;OH 0.0 0.0 0.0 0.0 0.0

aSee Table 2 for the definition of quantities.

(PES)%3 The Eyp, of E:TS1a was 0.1 kcal/mol higher than the
E:la intermediate, however, addition of ZPE results in a TS with
a lower total energy than the intermediate (Table 7), suggesting

Relative energies for each mechanism and stationary pointthat E:la is not a stable species and that the associative reaction

found are given in Tables—710. Reactions E, F, and H are
endothermic and reaction G is an identity.

E:TS1a and E:la were found to be stationary points of reaction
E in the Borr-Oppenheimer electronic potential energy surface

mechanism is concerted (B, Figure 1), with only one TS
(E:TS2a).

3.3. Basis Set for the Molecular Orbital Expansion.
Stationary points for reactions C, E {A Dy), and F () +
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TABLE 10: Relative Energies and Entropies in kcal/mol for TABLE 12: Comparison between Experimental and
reaction H2 Calculated Properties in the Gas Phase
species AEwpz AZPE AEwry TASwky AET species property calculated experimental
PhOPQH™~ + CH;OH 0.0 0.0 0.0 0.0 0.0 TMP IP 11.8 10.8
An + Dy Mechanism V(Eig)c 1(2)38 %g%&eg
H:IMC1a -169 13 17 -103 -156 () oo oo
H:TS1la 204 -19 -19 -120 18.5 TMDMP ré ) 9.54 9.587
H:la 5.5 1.2 12 -123 6.7 PhOH P 889 8 719
H:TS2a 7.7 0.6 04 —-12.6 8.3 dinole 1'45 1'411
H:IMC2a —22.5 0.8 14 -—-92 -217 CH:OH IPp 11.36 10.98
Dn + An Mechanism dipole 1.87 1.70
H:TS1d 323 -29 -29 0.8 29.4 o—C 1.431 1.425
H:IMC1d 10.6 —0.1 0.3 2.1 10.5 O—H 0.972 0.945
CHzOH + PhOH+ PO;~ 333 —21 -—2.2 12.7 31.2 C—H 1.096 1.094
H:IMC2d 185 -0.8 0.0 4.2 17.7 C—0O—H 108.7 108.5
H:TS2d 377 =31 -33 0.6 34.6 H—C—0 105.9 107.0
CH;OPQH" + PhOH 44 -04 -03 13 40 H-C—H 109.0 108.6
CH3SH IP 9.42 9.4%¢
aSee Table for the definition of quantities. dipole 1.67 1.52
5@ 1.816 1.819
TABLE 11: Hartree —Fock and Second Order Electronic S—H 1.340 1.335
Correlation Relative Energies for Reaction F () + A,) with C—H 1.091 1.091
Respect to the Basis Set C—S—H 96.8 96.5
Eur EQ@ H—C—H 109.8 109.8
basié functions |d INe d INe 2P is the ionization potential in eV, dipole is the dipole moment in
debyesy(X—Y) indicates a vibrational frequency in cthand X—Y
d 130 —0.021  —0.065 0.003  0.015 indicates the bond distances between atoms X and Y in &ngstroms,
d,p 172 —0.024  —0.064 0.005  0.020 and X—Y—Z indicates the angles between bondsYXand Y—Z in
ZS,Zpd 214 —0.022  -0.062 0.003 0019 degress. The error in the experimental measurements ottb.B eV
gd{‘zzp zzgg :88%3 :8825 700(?0014 (?'001179 and the errors in the experimental geometries vary, but they are never
2df’ZBd 576 _0'022 —0.063 _0'001 0'017 higher than the last decimal digit shown. Errors for the experimental
3df'3pd 318 _0'022 —0'062 O 001 O 017 dipole moments were not available. All ionization pot_entials are vertical,
T7vPP 386 0023 —0.062 0.000 0.017 excluding the TMDMP one” See the Methods section.

2Energy values in atomic unitie3Type and quantity of the TP are within 2% of the experimental values, and the dipole
polarization functions added to the 6-31@ set, excluding the TZVPP moments differ by less than 15%. lonization potentials for

set#> ¢Total number of basis functions for each species (F:IMC2d, .
F:TS2d and productsy.E(products)— E(F:IMC2d), whereE is energy. TMDMP, PhOH, and CkSH are close to experimental ones,
e E(products)— E(F:TS2d). but the calculated value for TMP is 1 eV higher. It is noticeable

that the calculated properties for sulfur-containing molecules

A,) were chosen as representative for those studied here (Figuréire closer, sometimes identical, to experimental values.
2 and Table 1) and théyp; of these species was calculated for ) ]
increasingly larger basis sets. The goal of these calculations was#- Discussion
to test the convergence of the electronic energy. 4.1. Ab Initio Methodology. Analysis of the convergence
The size of the basis set in the calculations presented hereof the electronic energy as a function of the size of the basis
quadruplicate. For the species in reaction C, there are 179set should be performed with consistently larger sets (see ref
functions in the 6-312G(d) set and 752 in the TZVPP set (the 33, section 8.3) such as the cc¥¥.46 The computational cost,
largest one used in this study). The smallest set, 6+&(H), however, for calculating the electronic structure of compounds
is similar to 6-31-G(d), used for geometry optimization. such as those used here is very highif 3. For this reason
For the three reactions studied (Tables 11, 13S, and 14S),we fixed the quality of the sets in triple-for the valence
the smallest set with a Hartre&ock (HF) relative energy  electrons (6-31%G set) and tested the effect of adding functions
differing less than 1 kcal/mol from that calculated with the of higher angular momentum. In the absence of significant
TZVPP set was 6-3HG(2d,2p). For the electronic correlation  experimental data for gas-phase alcoholysis or thiolysis of
energy in second-order perturbati®nE®), the difference is  phosphate esters (see above), the energy values obtained using
smaller than 1 kcal/mol in the 6-3315(2df,2p) set. Thér's the TZVPP set were taken as references.
obtained using the 6-3#G(2df,2p), 6-313%G(2df,2pd), and For reactions C, E (A+ Dy), and F (Qy + A,), the 6-31#G-
6-311+G(3df,3pd) sets differ from that calculated with the (2df,2p) was the smallest basis in which the relative HF and
TZVPP setin less than 1.2 kcal/mol. This difference was higher E@) energies differed less than 1 kcal/mol from those calculated
than 2.5 kcal/mol using smaller sets. using the TZVPP set. The 6-31+5G(2df,2p) basis is also used
3.4. Comparison with Experimental Data. As far as we for MP2 energy calculations in the G2 extrapolation schéme.
know, no kinetic or thermodynamic experimental data for the  In the region of P-O and P-S bond formation (or breaking)
gas-phase reactions studied here are avaifeble. the PES is relatively rugged; therefore the disposition of
Table 12 shows available experimental data and calculatedequatorial groups influences the geometry optimization of the
values in the gas phase for electronic ionization potentials, dipole TSs. For example, in the geometry optimization for reaction
moments, geometries, and vibrational frequencies of some of A, dihedral angles conditioning equatorial group torsions were
the reactants and products studied here. The calculated structuratombined to the reaction coordindfeSmall variations in
properties for CHOH and CHSH are very close to the dihedral angles and in distances of the forming3bond
experimental data. The vibrational frequencies calculated for resulted in large energy variations, with several local minima
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in the PES. We suggested that the observed PES ruggedness A, mechanism has the smallest total barrier. For reaction F,
was caused by the lack df-electronic flexibility in the wave activation of F:TS1d may be competitive with activation of
function expansiof! Recent work'® including multiconfigu- F:TS2a. However, the A+ Dy, pathway should be preferred
rational calculations (ref 33, Chapter 12), natural orbital because its total barrier is 4.5 kcal/mol lower than thetb
population?® breaking symmetry of an unrestricted electronic A,. For reaction G, the barrier for G:TS1a activation is 5 kcal/
wave functior?® geometry reoptimizations and IRC calculations mol higher than the rate-limiting step in the, B- A, pathway.
with an enlarged basis set indicated that the PES ruggednesdherefore, the A + D, pathway, and G:la should not be
was determined by the lack of flexibility of the 1-electron basis observed in the gas phase. For reaction H, the-A,, and D,
set, in particular by the absence of diffuse functions in the heavy + A, pathways exhibited similar total barriers and should be
atoms. This analysis also indicated that one electronic config- competitive. In summary, the rate-limiting step of monoester
uration (one Slater determinant) was sufficient to describe the reactions is nucleophile addition for reaction H and leaving
wave functions of the reaction species. We therefore used thegroup dissociation for reactions—.
6-31+G(d) set to optimize the geometries in all reactions. We  For the triesters, calculations indicate that all reactions
also concluded that inclusion of electronic correlation, at least proceed via A + D, pathways and that the formation of
in second order, must be considered because the calculated HFdissociative intermediates is energetically forbidden. The rate
level activation energies were up to 18 kcal/mol higher than |imiting step is the nucleophilic attack in reaction B and the
those obtained at the MP2 levéfz! leaving group dissociation in reactions A, C, and D. The barriers
Comparison of calculated properties with available experi- for nucleophilic attack are significantly different for alcoholysis
mental data was favorable (Table ¥2kuggesting that the ab  and thiolysis, with smaller barriers by—41 kcal/mol for
initio method employed here for electronic structure calculations, alcoholysis.
i.e., MP2/6-31%G(2df,2p)//MP2/6-3%+G(d), can reproduce The main factor determining the mechanism is the phos-
eXperimental observations and has the desired accuracy an%hate group a|ky|ati0n state. However, monoesters do not
capacity for predictions. react exclusively by dissociative mechanisms, as currently
As discussed previousf#, vibrational thermodynamic con-  accepted42° Florian and Warshel used electronic structure
tributions calculated using the harmonic oscillator approximation calculations to propose that monoesters could also react by
can introduce considerable errors in the calculatf@dmstably associative pathways in solutit?
for the low-frequency vibrational modes. Thus, the computed  Nycleophile and leaving group basicity is the second factor
Er contain only nuclear repulsion and electronic contributions getermining the mechanism. Hence the interpretation of linear
(Evp2) and ZPE. Accurate values of total enerdd may be  free energy relationships (LFER) of monoester reactions must
more useful than including imprecise thermal and entropic pe taken with caution. The height of the calculated barriers for
contributions. CH3OH attack or dissociation are always related to the energy
No basis set superposition error (BSSE) corrections were usedcost of H" transfer due to the basicity of methoxide. Therefore,
for the reactions studied hete.For reaction A, using the  the mechanism of monoester reactions where the attacking or
6-311H+G(d,p) basis set, the BSSE of the reactant and product leaving group is CHOH will correspond to that minimizing
complexation was estimated to be 1/8 of the energy values. Wethe energy in the Htransfer step. Reaction F does not involve
expect that complexation energies should have a BSSE evenCH;OH and exhibits the lowest activation barrier among the
smaller when the 6-31G(2df,2p) set is used. Errors of such  monoester reactions studied here. Experimental results obtained
magnitude should not affect the conclusions. for dianionic monoester hydrolysis in several solvents also
4.2. Factors Determining the Reaction Energies, Barriers indicate that the reaction mechanism can depend on the basicity
and Mechanisms.Energies for triester intermediate formation of the leaving grouf>8 as well as a possible intramolecular
vary from —19 to +12 kcal/mol. Energies for monoester HT transfertl.12.18
intermediates formation are relatively higher, varying from 24 All reactions involving monoesters contain twd ltansfers
to 28 kcal/mol for A, + D, mechanisms and from 27 to 31  along the pathway. These steps significantly alter reaction
kcal/mol for D, + A, pathways. Hence, intermediate formation thermodynamics and kinetics when a comparison is made with
in monoesters, and therefore, two-step mechanisms, are nothe triester reactions. In solution, the presence of a catalyst for
favored. We note that the formation energies for dissociative H* transfer (e.g., water) can lower the barrier for LHQH~
intermediates were calculated by taking as reference the isolateddissociation by ca. 10 kcal/mé}12Furthermore, the formation
reactants whereas those for associative intermediates took thef a six-membered ring containing a water molecule facilitates
previous IMC as reference. These two (different) calculation H+ transfer in monoanion reactio#’s1218This catalytic mech-
schemes were used to eliminate, as far as possible, the influenceinism is not observed for associative pathways i@QPOsH~
of species complexation and the BSSE! hydrolysis!! Hence, it is likely that the P+ A, pathway,
For the triesters reactions, the reaction energy dependsalready favoured in the gas phase forOPQH ™ alcoholysis
strongly on the leaving group and nucleophile. Reaction energiesand thiolysis, should be observed in aqueous solufidn.
for dissociation of methoxide requires ca. 36 kcal/mol more than  4.3. Relation to Experimental Observations.Structures
dissociation of phenoxide. Thiolysis reaction energies are ca. formed along the associative reaction pathways exhibit the
35 kcal/mol higher than alcoholysis energies. For the mo- phosphorus ligand atoms coordinated at the positions of a TBP
noesters, H transfer to or from phosphate neutralizes the charge (Figure 3). The phosphorus and the equatorial ligands are
being formed in the reactive groups. Hence, reaction energiesapproximately coplanar in the intermediates and exactly coplanar
are rather insensitive to the nature of the leaving group and thein C:l and G:la, because these reactions are symmetrical. The
nucleophile. spatial arrangement of the TBPs are typical of previously
Two types of mechanisms were calculated for monoester proposed intermediates for phosphate ester reaétiéhand
reactions (Figure 1). The differences between barrier heightshave been observed experimentally in pentacoordinated and
calculated for the A+ Dn and D, + A, pathways are, at most,  hypervalent phosphoru¥Y compounds called phosphorarfé8.
7 kcal/mol, as observed for reaction E. In this reaction the D The position of the groups in some of the optimized intermedi-
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ates did not obey the (empirically proposed) rules for group reaction should be observed experimentally because the barrier
arrangement in the TBf0According to Pearson (ref 61, Table for the competitive alcoholysis on the alkyl carbon can be

F.3), ligand electronegativity] follows the orderno > xchio estimated in ca. 8.5 kcal/m8t.The reaction barrier for DMPP
> ypho > Xchss Intermediates D:l, E:la, F:la, G:la, and H:la thiolysis (reaction B, Table 3) is small, and this reaction also
have ligands of lower electronegativity, e.g., Ph&hd CHS, should be observed experimentally. The calculated barrier for

in axial positions, whereas the above-mentioned rules would CHzS™ attack on the alkyl carbon is 12.6 kcal/n#ITherefore,
suggest that this position should be occupied by the more substitution on carbon and phosphorus should be competitive.
electronegative groups. Phenoxide in D:l occupies an axial Nucleophilic attack on aromatic carbon is less probable in both
position in the TBP, contrary to the rule that suggests that alcoholysis and thiolysis. We suggest that significant attack on
m-electron donor groups should be equatorial. In reaction A, phosphorus should be observed in the gas phase if phosphate
barriers for methoxide dissociation were similar, with 4$SH triesters with an aryl-derived leaving group react with40H
occupying either the axial (A:TS3) or equatorial (A:TS2, Table or CHsS™, differently from what has been described for alkyl
2)?! positions, suggesting that the relative position of the triesters>®

nonreacting groups in the TBP does not influence reaction  The reaction of HS + TMP, experimentally studied in the
barriers. In conclusion, the calculations suggest that the empiricalgas phase, is totally regioselective and the nucleophile only
rules for ||ga.nd pOSitioning are not followed for the intermediates attacks at carbohThe calculated energy prof”e for reaction A
formed in alcoholysis or thiolysis of phosphate esters in the (Table 2) suggests that thiolysis on phosphorus is not observable
gas phase. because the reaction is thermodynamically unfavorabieb.

It has been proposed that energetic barriers are involved in> 30 kcal/mol), shows a high barrier for elimination of the
the pseudorotation for conformer interconversion and may leaving group and a low barrier for decomposition of the
preclude intermediate decomposition (or formation) of phosphate intermediate back to reactants (4.2 kcal/mol, Table 2). Lum and
esters:60.62 pseudorotations were observed in the associative Grabowski and Chang and Lif proposed that the rate limiting
reactions (for example, in reaction A, between species A:TS1 step for attack at the phosphorus center in triesters is nucleophile
and A:11)? but no appreciable activation barriers were detected. addition. That is the case only for reaction B. Therefore,
We did not search for reaction pathways or TSs for pseudor- nucleophilic attack may be rate limiting in some cases, but
otamer interconversion; however, if the heights of these barriersleaving group dissociation usually presents the highest barrier.
are similar to the energy difference between pseudorotamers, 3 No rate constants have been reported for nucleophilic attack
kcal/mol for the triester reactions (see Results), the intercon- on phosphorus using TMP as a substrate in the gas phase.
version should not be energy costly. The pseudorotation barrierThe only experimental value that can be compared with the
for the pentacoordinated intermediate of the reactiomGH  barrier heights calculated here is the relationship between rate
TMP, obtained by electronic structure calculationss skcal/ constants for attack on phosphorus and carbon in the reaction
mol.l? Taken together these data show that pseudorotamerof CD,0- + TMP. This relationship is equivalent to an energy
interconversion is not a mechanistically important process and difference of 2.2 kcal/mol, where reaction at carbon is fdster.
should not present barriers for phosphorane reactions in alco-The estimated barrier for G~ attack on the TMP carbon is
holysis or thiolysis. 8.5 kcal/mof? and that for attack on phosphorus is 14.0 kcal/

The only phosphorane that could be observed experimentallymol (Table 3). Consequently, the calculated barrier difference
is C:1, because its decomposition barrier is high and its formation is 3.3 kcal/mol above the experimental one. This proximity
is exothermic (Table 4). The methodology used in an experi- demonstrates that the calculations presented here have semi-
mental study of the reaction of TMP with several nucleophiles quantitative prediction properties. The disagreement can be
in the gas phase allows anionic intermediate(s) detection and,attributed to the following sources: lack of accurate thermal
because no phosphorane was repofttedcleophile addition to (AErry) and entropical ASrry) contributions in the calculated
TMP was proposed to be rate limitif@euterated €DsHz04P~, values; experimental error, because the observation of the
a measure of CED~ attack on phosphorus, was detected in very products for attack on phosphorus is close to the detectionflimit;
small amounts (only 1.5% of the total detected product). Lum assumption that the reaction mechanism isDA used to
and GrabowskKinote that phosphorane formation would result calculate the ratio between the rate constants from the measured
in a higher incorporation of C§D~ into the products, because product distributiorf, level of the electronic energy calculation
the intermediate could decompose to TMPand be attacked  [MP2/6-31+-G(d)//HF/6-3H-G(d)] used in the determination of
again by CRO™, yielding GDgO4P~, which was not detected.  the relative energy of the TS for attack on carB&ithe error
The calculated energy profile for reaction C suggests anotherassociated with the computationAEr in the barrier for attack
interpretation for these experimental results. The barrier for the on phosphorus should be smaller than the mentioned sources.
total reaction corresponds to that for intermediate decomposition. This comparison involves differences between relative values
CD;O™ addition to TMP is ca. 10times faster than the rate of  (AAE). Thus, the final uncertainty is the sum of the individual
leaving group dissociation (Table 4). The low quantity of uncertainties for each of the values used.
experimentally detected product may be attributed to the fact In agueous So|ution' some restricted data for Comparing
that the total barrier for attack on phOSphOfUS in TMP is hlgher a|C0ho|ysiS and thio]ysis of phosphoesters are availEiee
than that for attack on carbon. Moreover, attack on carbon is rate constant for intramolecular alcoholysis of aryl phosphate
thermodynamically favore¥. Observing the formation of the  diester in aqueous solution is Lmes higher than that for
doubly deuterated product is unlikely because the barrier for thiolysis of a related compound, corresponding tAAG* =
reaction on phosphorus has to be crossette with no 9.5 kcal/mol at 25°C.2 When these reactions are compared,
concurrent attack on carbon or @D dissociation. The quantity  the effect of the solvent in the relative free energy differences
of C;DsO4P™ formed in this way may be below the experimental (AAG) should largely cancel, because the reaction is intramo-
detection limit (0.2% of the total reaction prod®ct lecular and the solvent structure around both derivatives (alcohol

From all the reactions studied here, the lowest barrier was and thiol) should be similar. Given the limits of this comparison,
calculated for DMPP alcoholysis (reaction D, Table 5). This we found good agreement between experiment and the calcu-
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lated difference in barrier height for reactions B and D in the of methyl phosphate, an identity reaction, follows a B A,

gas phasehAAEr = 7.7 kcal/mol. Both alcoholysis and thiolysis  mechanism that has a barrier ca. 4.2 kcal/mol lower than the
of phosphate di- and triesters should follow a similar (associa- associative pathway whereas, for methanolysis of phenyl
tive) reaction mechanisfr® phosphate, both pathways are energetically equivalent.

The low decomposition barriers, and consequently the reduced Stable intermediates with TBP geometry can be formed in
half-life of the intermediates formed, in the associative reactions associative mechanisms in phosphate esters reactions. However,
D—F and H suggest that the kinetic observables of these the empirically proposed rules for ligand positiorfifigare not
reactions that follow an A+ D, pathway should be equivalent respected and pseudorotations are not important for these
to a concerted mechanism By, Figure 1). Itis noticeable that  reactions.
experimental measurements of solution reactions of phosphate The main factors controlling thermodynamics, kinetics, and
di- and triesters with activated leaving groups (e.g., phenol mechanisms are, in order of relative importance, the esterifi-
derivatives) such as LFER or kinetic isotope effects are cation of the phosphate group, nucleophile and leaving group
traditionally taken as evidences forBy, pathways with “partial” basicity, and the possibility of H transfer during reaction.
bond formation between the nucleophile and phosphorus in theBarriers and reaction energies calculated for phosphate tri- and
rate-limiting TS2%34.29.64 monoesters are significantly different. Monoester reactions are

The calculated barrier for water attack on metaphosphate always endothermic. For triesters, reaction energies vary
yielding H,PQO,~ in aqueous solution is 4-%.5 kcal/molt112 significantly (70 kcal/mol) with leaving group and nucleophile.
To this value has to be addeeR.4 kcal/mol to correct for the ~ With the exception of reaction A, barriers for triester reactions
difference in standard state (1 M in the calculation) and the are lower than 16 kcal/mol and are smaller than the barriers
molar concentration of liquid water. The calculated barrier for calculated for monoesters, which exceed 28 kcal/mol.

CH;OH attack on metaphosphate yielding §HPOH™ in The geometries and energy profiles are altered when meth-
aqueous solution is-68 kcal/mot12(compare with the 17 kcal/  oxide or methanol are a reactant (or product) because of their
mol barrier in the gas phase, Table 9). The barrier fop&H basicity. Phenol, which is less basic, distorts the geometry to a
attack toward metaphosphate yielding {SIRQH~ in aqueous  lesser extent and, as expected, is a better leaving group.
solution can be estimated as 7 kcal/mol on the basis of the The reactions described here can be analyzed as possible
activation energy in the gas phase (13 kcal/mol, Table 7) and amodels for PTP catalysis. A decrease in the electrostatic
lower solvation energy for species derived from 4$SH in repulsion between the ionized nucleophile in the active site and
comparison to those derived from @PH. Therefore, water  the dianionic substratéis a possible source of catalysis by
addition to metaphosphate should be faster than addition ¢f CH PTPs. This effect can be estimated in ca. 10 kcalfhol.
OH or CH;SH, and P@- diffusion in aqueous solutio?.Also, Formation of a stable intermediate, phosphorane or metaphos-
neither alcoholysis nor thiolysis of phosphate monoesters shouldphate, must be catalyzed by PTPs, because these intermediates
be observable in aqueous solutions because metaphosphate can monoester reactions exhibited formation energies higher than
be rapidly, and selectively, captured by a water molecule of 24 kcal/mol. It is possible, therefore, that the enzyme catalytic
the hydration spher&. mechanism is AD, and thiolysis at the active site occurs in a

It is attractive to speculate, however, that monoester thiolysis Single step without the formation of stable intermediates.
should be observed in a sterically crowded nonagqueous solventAnother possible catalytic source, which has been identified
such astert-butyl alcohol. Solvolysis of a chiral phosphomo- experimentally in PTPs is the protonation of the leaving gréup.
noester intert-butyl alcohol results in racemization, indicating  This is related to the present findings for monoester reactions,
that the half-life of metaphosphate is sufficiently long to allow particularly when CHOH is the leaving group.

diffusion and equilibration before reaction with the solv&ht. Because alcoholysis and thiolysis of phosphate esters are not
Under these conditions it is likely that a better nucleophile, such easily observable in agqueous solution, the set of reactions
as CHSH, could react with Pg. analyzed here is a reference for studying phosphate reactivity

with these nucleophiles.
5. Conclusions
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