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The reactions of trimethyl phosphate (TMP) have been studied extensively both in the gas phase and in
solution. To complement the experimental studies and to gain insight into the factors influencing the site of
reactivity, which can be either the carbon atom or phosphorus atom of TMP, we have carried out ab initio
calculations to map out the gas-phase activation free energy profiles of the reactions of TMP with three
anions, viz., (OH), (CH;0)~, and F. The calculations reveal a novel activation free energy pathway for
(OH)™ attack of TMP in the gas phase: namely, nucleophilic addition at phosphorus, followed by pseudorotation
and subsequent elimination wigimultaneous intramolecular proton transfefFor the reaction of (OH)

with TMP at 298 K, nucleophilic substitution reaction at phosphorus is found to be competitive with and
slightly faster than @ reaction at carbon. Both reactions yield the same products, (D) MeOH,
consistent with the products observed experimentally. In the case of (&) (CHO), entropy plays a
significant role in addition to enthalpy in determining the site of reactivity of TMP in the gas phase; specifically,

temperature-independent electrostatic forces favor attack at phosphorus, whereas temperature-dependent entropic

factors bias attack toward carbon. Experiments are suggested to test the theoretical predictions.

Introduction to the departing oxygen was found to be important in determin-
ing the lowest activation free energy pathway for endocyclic
cleavage relative to exocyclic cleavage. In this case, the
exocyclic cleavage products are ethylene phosphate anion and
methanol; i.e., the departing methoxyl group abstracts a proton
from an equatorial hydroxyl group of a pentacoordinate
intermediate to generate GBIH instead of methoxid¥:11 These
results suggest that an analogous pathway could be favorable
_ N for the gas-phase (OH)ttack at the phosphorus atom of TMP.
A~ + OP(OCH); —~ O,P(OCHy), + CH,A 1) Due to the ambiguity in the site of nucleophilic attack, which
may be the phosphorus or the carbon, ab initio calculations have
A~ + OP(OCH); —~ OP(A)(OCHy), + CH,O (2) been carried out to map out the gas-phase activation free energy
profiles for the reaction of (OH)with TMP. The gas-phase

Hodgeset al? and Lum and Grabowskihave studied the  reaction profiles for F and (CHO)™ attack of TMP were also
gas-phase reactions of several anions with TMP using the ionobtained to provide results for further calibration against
cyclotron resonance and flowing afterglow techniques, respec-€experimental data. The gas-phase studies are valuable not only
tively. They found products arising from substitution at carbon in clarifying the intrinsic site reactivity of TMP but also in
for all anions that displayed bimolecular reaction pathways and decomposing the various factors governing phospho-ester
concluded that “anion reaction at phosphorus is completely reactivity into intrinsic molecular and environmental components
unimportant, being found as a trace product for the oxygen- (€.9., due to solvent). In particular, the gas-phase (OH)
centered nucleophiles only”.This behavior is in stark contrast ~ TMP reaction profiles provide a crucial starting point in mapping
to the reactivity of TMP in aqueous soluttb® and, more corresponding solution free-energy profiles. Details of the
generally, the reactions of phosphates in enzyésim and calculations are described in the Methods section. The reaction
Grabowsk} suggested that nucleophilic substitution at carbon mechanism and activation free energies of the three reactions
is kinetically more favorable than nucleophilic substitution at Studied are presented in the Results section. In the Discussion,
phosphorus as the former produces a much better leaving groughe reliability of the theoretical results are assessed and the
than the latter; in other words, (DMPJnion is a much better ~ results are compared against known experimental data; the
leaving group than methoxide. factors influencing the intrinsic reactivity of carbon vs phos-

For the gas-phase reaction of hydroxide with TMP, nucleo- Phorus sites of TMP with the three nucleophiles are discussed,
philic substitutions at the carbon and phosphorus sites areand experiments are suggested to verify the predictions of
expected to yield the same products. However, on the basis oftheory.
the observation of (DMP)as the major product, both Hodges
et al2and Lum and Grabowskeoncluded that in the gas phase, Methods
hydroxide reacts with TMP principaRyor almost exclusively
at carbon. In our previous studies of methyl ethylene
phosphaté?-12 the orientation of the hydroxyl group relative

The reactions of trimethyl phosphate (TMP) have been
investigated extensively both in the gas pHa%eand in
solution?~8 In gas-phase studies of nucleophilic attack of TMP,
the reactant anion (A can attack at carbon displacing dimethyl
phosphate anion (DMP)(reaction 1) or attack at phosphorus
leading to transesterification (reaction 2).

The gas-phase reaction profiles were initially explored using
the Gaussian 94 progra#at the Hartree Fock (HF) level with
a 6-3H-G* basis set, unless stated otherwise. The nature of
" National Tsing-Hua Universiy. each transition state was ver_ified by a single ima}ginary
t Academia Sinica. frequency and an intrinsic reaction coordirt4tés calculation
€ Abstract published ilAdvance ACS Abstract©ctober 1, 1997. leading to the expected ground state and products. The
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TABLE 1: Absolute Energies and Entropies of Reactants
and Products at 298 K

EMPZ; ZPEia ETRV1b STRVyC
species hartrees kcal/mol  kcal/mol  cal/mol/K
Reactants
(OH)~ ¢ —75.587 78 5.67 7.16 41.11
F-e —99.623 85 0.00 0.89 34.77
(CHO) ¢ —114.74273 24.30 26.12 55.04
(CH:O)" ¢  —114.743 62 24.21 26.02 54.80
TMP® —760.326 75 90.27 96.90 101.81
TMPd —760.329 16 91.04 97.54 100.68
Products
CH;OH¢ —115.356 49 34.63 36.69 56.64
ethef —154.513 07 53.93 56.58 62.77
(DMP)—d —720.652 18 63.54 68.69 90.06
HDMPH —721.176 13 71.70 77.26 92.54
FDMPe —745.173 21 63.29 68.71 92.77

azero'pomt enel’gy'? Errv = Etrans t+ Erot + Evib. © Strv = Syrans +
Sot + Siib. 9 Single-point MP2/6-31+G* energy calculation at HF/6-
31+G* geometry.® Single-point MP2/6-3+G* energy calculation at
HF/3-21+G* geometry.

TABLE 2: Relative Energies, Entropies, and Free Energies
for Reactions of (OH)~, (CH3;0)~, and F~ with TMP at 298
K

species AE2  AZPP AER/S TASRWY AGe
OH™ + TMP
TMP + (OH)~ 0.00 0.00 0.00 0.00 0.00
I-2a —36.13 3.38 2.32 —11.76 —19.28
1-2b —37.27 3.27 2.27 —11.59 —-20.73
I-2¢ —34.11 3.05 2.17 —11.05 —-18.44
I-4a —43.70 3.58 2.51 —11.87 —26.34
I-4b —39.84 3.25 2.33 —11.43 —23.43
TS-1 —13.32 0.25 037 —-7.96 —5.34
TS-2 —20.11 1.78 1.08 —10.94 -6.92
TS-Ra —33.44 2.95 1.54 —-12.65 —16.90
TS-Rb —31.95 2.87 1.50 —12.61 —15.57
TS-3 —21.15 1.29 0.63 —10.64 —9.19
TS-4 —37.60 3.32 1.74 —13.29 —19.86
TS-Rc —37.06 2.88 1.59 —-12.19 —20.99
TS-5 —38.48 2.52 1.44 —11.54 —-23.58
(DMP)~ + CH;OH —57.55 1.46 0.68 1.46 —56.88
HDMP + (CH;0)~ —-1.76 —0.80 -—1.42 1.65 —5.63
CH:O™ + TMP
TMP + (CH30)~ 0.00 0.00 0.00 0.00 0.00
TS-6 —-13.11 0.39 1.10 —-8.65 —3.56
TS-7 —-18.74 1.89 1.76 —1258 —3.10
(DMP)~ 4+ CH;OCH; —58.03 2.22 1.71 —-0.79 —53.31
F+ TMP
TMP + F 0.00 0.00 0.00 0.00 0.00
TS-8 —10.80 —0.39 0.57 3.23 —14.44
TS-9 —17.03 0.83 1.06 0.19-15.92
TS-10 —-3.86 —1.31 -—-0.63 2.10 -8.50
FDMP + (CH30)~ 21.75 —2.69 -2.08 13.72 3.26

aFor the reaction of TMP with (OH) and (CHO)", the total
electronic energies correspond to single-point MP2/6-31 energies
at HF/6-31-G* geometry while for F + TMP the values correspond
to single-point MP2/6-31G* energies at HF/3-2tG* geometry.
Energy in kcal/mol relative to reactants separated at infifiBero-
point (ZPE) in kcal/mol relative to reactanfsEyans + Erot + Evip in
kcal/mol relative to reactant8 T*(Srans+ Sot + Siib) in kcal/mol relative
to reactants® AG = AE + AZPE = AErrv + APV — TAStry.

correlation energy is estimated with second-order Mgller
Plesset theory and the 6-8G* basis set using fully optimized

HF/6-314+G* geometries. To assess the reliability of the MP2/

6-31+G*//HF/6-31+G* calculations, certain transition states
were reoptimized at the MP2/6-3G* level and the correlation

J. Phys. Chem. A, Vol. 101, No. 46, 1999707

To determine the thermodynamic parameters, vibrational
frequencies were computed for the fully optimized structures
of the stationary points along the reaction profile. The HF/6-
31+G* frequencies were scaled by an empirical factor of 0.8929
to correct for any errors that may arise from anharmonicity in
the potential energy surface, inadequate basis sets, and the
neglect of electron correlatiord. The entropy &), zero-point
energy (ZPE), and vibrational enerdy ) were calculated from
the frequencies and geometries according to standard statistical
mechanical formula® The rotational Eo) and translational
(Ewang €nergies and the work terrRY) were treated classically.
Addition of the energetic and entropic corrections to the MP2/
6-31+G*//HF/6-31+G* activation energies gave the gas-phase
free energy barriers at 298 K.

Results

Schemes 1, 2, and 3 summarize the calculated gas-phase
reaction mechanisms for the nucleophilic addition of (OH)
(CHz0)~, and F to TMP, respectively. The gas-phase free-
energy profiles for the three reactions are illustrated in Figures
1-3 and the corresponding thermodynamic data are collected
in Tables 1 and 2. In Table 2, the zero of energy corresponds
to the reactants at infinite separation. The notation TMP(P)
refers to nucleophilic attack at the phosphorus atom of TMP.

OH~ + TMP. Scheme 1 shows that there are three possible
pathways following the initial formation of a long-range ien
dipole complex-1. Pathway a is (OH) attack at carbon via
a §y2 transition stateTS-1) to generate CEDH and (DMPY;
the reaction is exothermic with a free energy-&87 kcal/mol.

Pathways b and ¢ proceed via a long-range transition state
(TS-2), which is formed at a POH distance of 2.56 A. The
TS-2transition state has a distorted trigonal-bipyramidal (TBP)
geometry with average O(axialP—Y, O"—P-Y, and Y—P-Y
(Y = O or O equatorial atoms) angles of 981°, and 118,
respectively. A stable pentacovalent TBP intermedi&taj
is formed, characterized by C(equatoria)—P—O" dihedral
angles of 28°, 20°) (Figure 4). Rotation of one or both
equatorial methoxy group(s) about the ®(Me) bond yields a
lower-energy intermediaté-2b) and a higher-energy intermedi-
ate (-2c) characterized by C(equatorialp—P—O dihedral
angles of (-24°, 174) and (=158, —159), respectively (Table
2 and Figure 4). In analogy to the reversal of (OHittack,
the lowest energy pathway for elimination of methoxide stems
from thel-2c intermediate with both equatoriaHC(Me) bonds
cis with respect to the scissilef(Me) axial bond. Methoxide
elimination via TS-3 leads to another iondipole complex,
(CH30)™...(HO)(CHO),PO (-3) (Scheme 1), which can yield
three different sets of products: (i) (@B)~ and hydrogen
dimethyl phosphate, HDMP, via direct dissociation of (Cht;

(i) CH3OH and (DMPY via intermolecular proton transfer, and
(iif) CH30CH; and ((HO)(CHO)PQ,)~ via nucleophilic sub-
stitution at carbon.

Alternatively, the thred-2 intermediates with the hydroxyl
group axial can undergo pseudorotation to fdrda andl-4b
with the hydroxyl group now in an equatorial position (Figure
4). Thel-4b intermediate with both equatorial<H and O-C
bonds cis to the PO bond of an axial methoxy group is
destabilized (by 2.9 kcal/mol in free energy) relative toltda
intermediate, where the-€H bond is cis but the equatoria-C
bond is trans to an axial FO bond. Bothl-4a and I-4b
intermediates can undergo cleavage of the axiaDmond that
is cis to O-H with simultaneous proton transfer vVies-5 to
yield CH;OH and (DMPJ (pathway c); howevel-4b yields

energy was computed using increasing basis sets and levels of |ower energy pathway thdrda.

theory (see Discussion). The frozen-core approximation (rather

The computed reaction mechanisms in Scheme 1 rule out an

than all electrons) was employed in all MP2 correlation Sy2 reaction at phosphorus since stable pentacovalent TBP

calculations.

intermediates are found (see Scheme 1 and Figure 4). The
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SCHEME 1: Computed (OH)~ + TMP Reaction Pathways Occurring at Carbon (Pathway a) and at Phosphorus
(Pathways b and c}
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aNot all transition states and intermediates along all three pathways are depicted for the sake of lePaatyd I-4 have the lowest energy
among their rotamers (see Figure 4 and Table 23. corresponds to the ierdipole complex, (CHO) ...(HO)(CHO).PO, which can further
undergo reactions as described in text. The black oxygen deti@dabeled (OH).

10

TMP + OH"~
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HDMP +CH30 ¢ [b]
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DMP~+CH3OH [a] DMP™ + CH3OH [c]

60

Reaction Coordinate

Figure 1. Relative MP2/6-33+G*//HF/6-31+G* activation free energies for the gas-phase reaction of (OmM)h TMP. The zero of energy
corresponds to the reactants at infinite separation. The free enelgy;, ofhich was not computed, was assumed to be similar to thial oNote
that pathways a and c lead to the same set of products, which have been displaced in the reaction coordinate diagram for the sake of clarity.

calculated activation free energies indicate thataaljacent —0.72 on the departing oxygen, 0.25 on the hydroxyl proton,
mechanism (pathway c) is kinetically more favorable than an and a distance of 1.78 A between them.

in-line mechanism (where entering and leaving groups are “in-  The rate-limiting transition states for the reaction of (OH)
line”) since bothTS-4andTS-5are lower in free energies than at carbon and phosphorus of TMP afés-1 and TS-2,
TS-3 (by 10.7 and 14.4 kcal/mol, Table 2 and Figure 1); i.e., respectively. Since the products of pathways a and c are
there is no significant barrier to pseudorotation and in contrast identical andTS-2 is only slightly lower in free energy than

to TS-3, TS-5is stabilized by favorable electrostatic interactions TS-1 (by 1.6 kcal/mol at MP2/6-3tG*//HF/6-31+G*), nu-
between the hydroxyl hydrogen and the departing oxygen, ascleophilic substitution at phosphorus is predicted to be kineti-
evidenced by MP2/6-3tG* CHelp'® partial atomic charges of  cally competitive with {2 reaction at carbon (Figure 1).
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SCHEME 2: Computed (CH30)~ + TMP Reaction Pathways Occurring at Carbon (Pathway d) and at Phosphorus
(Pathway c}

CH,0" + TMP
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aNot all transition states and intermediates along both pathways are depicted for the sake of Ehritgn further undergo reactions as
described in text.
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Figure 2. Relative MP2/6-31+G*//HF/6-31+G* activation free energies for the gas-phase reaction of;@Hwith TMP. The zero of energy
corresponds to the reactants at infinite separation.

CH30~ + TMP. In Scheme 2, pathway d isy3 reaction philic addition of (CHO)~ to TMP followed by pseudorotation
at carbon via transition statd $-6) to yield CHtOCH; and will generate products that are identical to those of an in-line
(DMP)~; the reaction is exothermic with a free energy-€63 mechanism.
kcal/mol. Pathway e is nucleophilic substitution at phosphorus  As for gas-phase reaction of (OHWwith TMP, the rate-
via a long-range transition stat€%-7) to form a pentacovalent  limiting transition state for the reaction of (G&)~ at carbon,
TBP intermediatel(6). The latter can undergo an isoidentity TS-6, is higher in energy (by 5.6 kcal/mol) than that at
reaction to yield an iondipole complex k5), which can break phosphorus, TS-7 (Table 2). However, inclusion of ZPE,
down to give (CHO)~ and TMP. Alternatively, the methoxide vibrational energy, and entropy results in a slightly loviree
within the ion—dipole complex £5) can react at carbon to give  energy for TS-6 relative to TS-7. Since the free energy
CH;OCHs and (DMPY. Since the latter products are thermo- difference between the two transition states is only 0.5 kcal/
dynamically much more stable than the products from the mol (see Table 2 and Figure 2), pathways d and e are both
thermoneutral reaction, the fate b6 will be dominated by ~ competitive channels.

Sn2 reaction at carbon; hence pathways d and e are expected F~ + TMP. In Scheme 3, an adjacent mechanism was not
to yield the same products, GEICH; and (DMP). Nucleo- considered since pseudorotationl-& will place the electrone-
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SCHEME 3: Computed F~ + TMP Reaction Pathways Occurring at Carbon (Pathway f) and at Phosphorus (Pathway
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Figure 3. Relative MP2/6-33+G*//HF/3-21+G* activation free energies for the gas-phase reactiorr afith TMP. The zero of energy corresponds
to the reactants at infinite separation. Th®-10 transition state is expected to yield a €M ...(CH:O),PO(F) intermediate, which has not been

computed.

gative F atom in an unfavorable equatorial position. In contrast Discussion

to (OH)™ reaction at TMP(P), the transition state for methoxide
elimination, TS-10, is significantly higher in free energy (by
7.4 kcal/mol at MP2/6-3tG*//HF/3-21+G*, Table 2) than that
for fluoride addition, TS-9; thus, for the reaction of Fwith
TMP, the rate-limiting step for nucleophilic substitution at
phosphorus is (C§D)~ elimination. Since the rate-limiting
transition state for reaction at phosphor@i§-10, is higher in
free energy than that for reaction at carb®6;8 (by 5.9 kcal/
mol at MP2/6-3%#G*//HF/3-21+G*, Table 2), {2 reaction at
carbon is kinetically favored over nucleophilic substitution at
phosphorus (Figure 3). The former (pathway f) is also
thermodynamically favored over the latter (pathway g).

Assessment of Errors. The activation free energies based
on the MP2/6-3%G*//HF/6-31+G* calculations (see Results)
predict that nucleophilic substitution at phosphorus competes
with Sy2 reaction at carbon for (OH)and (CHO)™ attack of
TMP. To determine the reliability of the MP2/6-3G*//HF/
6-31+G* results, additional calculations were performed to
evaluate the dependence of the MP2/6-&F//HF/6-31+G*
results for (OHy and (CHO)~ attack of TMP on (i) the
geometry optimization protocol, (ii) the size of the basis sets,
and (iii) the level of theory used to estimate electron correlation.
The geometries of the rate-limiting transition states for the
reaction of (OH) and (CHO)™ at the carbon and phosphorus
sites of TMP were reoptimized at the MP2/643&* level. Two
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TABLE 3: Dependence on Geometry Optimization Level,
Basis Set Size, and Treatment of Electron Correlation

theory level E(TS-PY E(TS-C)} AE® AG
OH + TMP
MP2/6-3HG*2 —835.949 00—835.938 17 6.79 1.58
MP2/6-3H-G*P —835.957 63—-835.946 26 7.14 1.93
MP2/6-31H+G(3df,3pdy —836.664 64 —836.653 79 6.80 1.59
MP4(SDQ)/6-33-G*P —836.01089—-835.99994 6.87 1.66
CH;O™ + TMP
MP2/6-3HG*2 —875.102 65—875.093 68 5.63—0.46
MP2/6-3H-G*P —875.11058—-875.102 26 5.22—0.87
MP2/6-3H+G(3df,3pdy —875.869 30—875.961 01 5.20—-0.89
MP4(SDQ)/6-31-G*P —875.176 98—875.168 80 5.13—0.96

aGeometries optimized at the HF/6-8G* level. ® Geometries
optimized at the MP2/6-3&G* level. ¢ Energy of the rate-limiting
transition state for reaction at phosphortiEnergy of the rate-limiting
transition state for reaction at carb6dm\E = E(TS-C) — E(TS-P).
f Assuming ZPEErry, andSry differences listed in Table 2.

single-point calculations were carried out at the MP2/6-
311++G(3df,3pd) and MP4(SDQ)/6-31G* levels using the
MP2/6-3H-G* optimized geometries. The results are sum-
marized in Table 3.

For the (OH) + TMP reaction, the energy differendg(TS-

1) — E(TS-2),is 6.79, 7.14, 6.80, and 6.87 kcal/mol at the MP2/
6-31+G*//HF/6-31+G*, MP2/6-31G*//IMP2/6-31+G*, MP2/
6-311++G(3df,3pd), and MP4(SDQ)/6-31G* levels of theory,
respectively. All three sets of calculations at higher levels of
theory predict a larger positive energy differenE€TS-1) —
E(TS-2), relative to the MP2/6-3tG*//HF/6-31+G* value (by
0.01-0.35 kcal/mol). Assuming similar enthalpic and entropic
corrections to those obtained in Table 2, the activation free
energy difference betweéerS-1 and TS-2 based on the MP4-
(SDQ)/6-3H-G* energies is 1.7 kcal/mol. This verifies the
prediction that nucleophilic substitution at phosphorus is
competitive and slightly more favorable than2Sreaction at
carbon.

For the (CHO)~ + TMP reaction, the energy difference,
E(TS-6) — E(TS-7), is 5.63, 5.22, 5.20, and 5.13 kcal/mol at
the MP2/6-3%G*/[HF/6-31+G*, MP2/6-3H-G*//IMP2/6-31+G*,
MP2/6-31H+G(3df,3pd), and MP4(SDQ)/6-31G* levels of
theory, respectively. Thus, increasing the level of theory
decreases the energy differen&fTS-6) — E(TS-7), so that
inclusion of the vibrational energy and entropy in Table 2 results
in a lower activatiorfree energy forTS-6 relative toTS-7 (by
—0.96 kcal/mol at MP2(SDQ)/6-31G*). This verifies the
prediction (see Results) that (@Bl)~ reacts at both the carbon
and phosphorus sites of TMP although nucleophilic substitution
at carbon is slightly favored kinetically over that at phosphorus,
in contrast to the gas-phase reaction of (OMjith TMP.
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In the ensuing discussion, our conclusions are based on
relative rather than “absolute” energy or free energy differences.
For example, in elucidating the factors governing the site of
reactivity of a given nucleophile toward TMP, the rate-limiting
transition state for @ reaction at carbon is compared with that
for nucleophilic substitution at phosphorus. Any systematic
errors in the relative gas-phase free energies (arising from the
basis set employed and treatment of electron correlation) are
likely to cancel. Hence, emphasis is placed on relative free
energy differences (as opposed to “absolute” values) in inter-
preting the results (see below).

Effects of Conformational Entropy. Apart from a loss in
translational, rotational, and vibrational entropy upon addition
of a nucleophile to TMP, there is also a conformational entropy
loss in going from the ground state to the rate-limiting transition
state. This is because in the ground state the three methoxyl
groups in TMP are free to rotate about their respectiveOP
bonds, whereas in the transition state the rotation of at least
one of the methoxyl groups becomes restricted.

In the case of (OH) and (CHO)™ attack of TMP, the
conformational entropy difference between the rate-limiting
transition states for nucleophilic substitution at carbon and at
phosphorus can be estimated from

Sont = _Rzpi In P ©))

wherep;, the fractional population of each rotamer statés
given by

exp—E/RT)

- 4)
Zexp(— E/RT)

Ris the gas constant, is the temperature, artg is the energy

of rotameri. Since the three carbon and three methoxy oxygen
atoms are indistinguishable, a nucleophile can attack at each of
the three carbon atoms giving rise to three isomeric TSE1

or TS-6) transition states. Similarly, it can attack the phosphorus
atom resulting in three isomeric TS-PS-2 or TS-7) transition
states with each of three methoxy oxygen atoms in the axial
position.

In the rate-limiting transition state for reaction at phosphorus
(TS-2 or TS-7), the two equatorial methoxyl groups are
constrained in the “down” conformation with the methyl groups
pointing toward the anion in order to minimize electrostatic
repulsion between the incoming nucleophile and the negative
charge equatorial oxygens; no transition state with different
orientations of the equatorial methoxy groups could be found.
Only the methoxyl group in the axial position can undergo
rotation about the axial PO bond to yield three isomeric
transition states with the axial-0 bond either gauche, trans,
or -gauche with respect to the equatoris=® bond. Thus,
there is a total of 3x 3 = 9 transition state isomers. In the
rate-limiting transition state forN® reaction at carbonTS-1
or TS-6), the methoxyl group involved in bond formation with
the nucleophile is constrained whereas each of the other two
methoxyl groups has three local rotational minima, yielding a
total of 3 x 3 x 3 = 27 transition state rotamers.

Assuming that each rotamer is populated equallyypper
bound of the conformational entropy difference between the
carbon and phosphorus rate-limiting transition states is estimated
from eqs 3 and 4 to be R[(27 x Y27In Y27) — (9 x YgIn Yg)]
= 2.2 cal/mol/K. ThusTASons = 0.65 kcal/mol at 298 K; the
actual value will be less than 0.65 kcal/mol since the various
isomers are likely to differ in energy. Thus qualitatively, the
effect of conformational entropy is to bias the attack toward
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TABLE 4: Enthalpic vs Entropic Factors Governing Site for (CH30)~ attack of 1.6 kcal/mol at MP4(SDQ)/6-315*
Reactivity® including conformational entropy (Table 4).
anion AE AZPE AEwry AH TASwry TASon AG The TMP + (OH)~ reaction profile in Figure 1 shows that

(OH) 6.87 —153 —0.70 4.64 2.98 0.65 1.01 hydroxide reacts with TMP in the gas phds#hat carbon and
(CH:O0)~ 5.13 —-1.49 -0.67 297 3.96 0.65 —1.61 phosphorus to yield (DMP)and CHOH, consistent with the

a Differences in activation energies and entropies (in kcal/mol) of ,prOdUCts found experimentally (Table 5,)' In previous whrk,
the rate-limiting transition states for reaction at carbon and phosphorus. intramolecular proton transfer, as depictedTi§-5, was not

The AE are MP4(SDQ)/6-32G* values taken from Table 3AZPE, taken into consideration. Even though Lum and Grabowski
AErrv, andTASrry are taken from Table 2. See text for estimation of  consideredintermolecular proton transfer between the hy-
TASon. AH = AE + AZPE + AEmy. AG = AH — TASky — droxyl hydrogen and the departing methoxide within the
TASont (CH30)...(HO)(CHO),PO ion—dipole complex and stated that
TABLE 5: Experimentally Observed Product Distribution they “cannot unequivocally disti.nguish between reaction at the
for Reaction of Anions with TMP in Vacuum at 298 K2 carbon and phosphorus sites since both reactions are expected
anion product % product yield to yie_ld the same pr_oduct_s,” they predicted t_hat “predominant
reaction at carbon with a tiny amount of reaction at phosphorus
(OH) (CoHeO4P)” 93.1 seems most likely for (OH)” based on the observation that
(CaHeOP) 6.9 (CDsO)- ly 1.5% prod lting f K
(CH:0) (C:HeOP) 100 3 gave only 1.5% products resulting from attack at
(CDsO)" (CaHeO4P) 98.5 phosphorus of TMP. In contrast, the small (1 kcal/mol)
(C:D3H304P)" 1.5 difference in the computed free energiesT®-1 and TS-2
F (CaHeO4P)™ 100 suggests roughly equal amounts of reaction at phosphorus and
2 Data taken fromd. Am Chem Soc 1992 114, 8622, Table 1° This carbon. Specifically, the estimated free energy difference,
product results from elimination across a-O bond at carbon, a  G(TS-1) — G(TS-2), of 1 kcal/mol (Table 4) would predict the
pathway that has not been considered in this work. nucleophilic substitution rate at phosphorus to be roughly five

) o ) ) ] times that at carbon. (Note that the accuracy of the latter relies
the carbon site; quantitatively, inclusion of th&S.onestimate  ypon cancellation of systematic errors in the two different types
of 0.65 kcal/mol to the relative MP4(SDQ)/6-3G* energies of transition states, see above).
in Table 3 and the relative enthalpy and entropy values in Table The predicted product distribution for the TMP F- gas-

2 yields a free energy differencg(TS-1) — G(TS-2), of 1.0 L : : :
g phase reaction is also in accord with the experimental product
kcal/mol andG(TS-7) — G(TS-6) of 1.6 kcal/mol (Table 4). distributionZ2 Intramolecular proton transfer cannot take place

Thus, taking into account the (quantitative) effects of confor- and methoxide is formed wherr fattacks at the phosphorus of
mational entropy does not appear to change our key finding TMP. Since nucleophilic substitution at TMP(P) is both
that nucleophilic substitution at phosphorus can effectively thermodynamically and kinetically unfavorable (Figure 3)
compete with {2 reaction at carbon for the gas-phase reaction (DMP)- resulting from 2 reaction at carbon is predicted to'

of (OH)™ with TMP. be the only product in the gas-phase reaction ofsith TMP,

_C(_)mp_arlson with _Expenment. Table 5 summarizes the in accord with the products seen experimentally (Table 5).
distribution of experimentally observed product ions for the . : .
The calculations also predict the absence of methoxide for

reactions of the three nucleophiles studied here ((QH) . : ;
(CH:0)~, and F) with TMP in the gas phase at 298 K. The all three reactions studied here. Thus, our calculations support

TMP + (CHs0)" reaction profile in Figure 2 shows that the results of Lum and Grabowskiyho found no methoxide

phosphorus attack is kinetically competitive with carbon attack. for all anions studied that react with TMP, in contrast to the
However, (DMPY, a product of the carbon attack channel, is a methoxide observed by Asubiojo and co-workexsd Hodges

far better leaving group than (GB)-, a product of the  and co-workers.

phosphorus attack pathway, as evidenced by a significantly ~Factors Controlling the Site of Reactivity (C or P) of TMP
lower reaction free energy relative to the thermoneutral |dent|ty in Vacuum. The reaction mechanisms revealed for the reactions
reaction (Table 2). Thus, the methoxide within the-iatipole studied show that the nature of the nucleophile does not dictate
complex (-5) will likely react at carbon again to yield the more  the site of reactivity. This is evident in the case of the-F
stable productsy C#OCH; and (DMP)‘ (see also Resu"s). TMP reaction, where the rate-limiting transition state for reaction
Consequently, the reaction of (GB)~ with TMP will yield at phosphorus is not addition of the nucleophile,, ut
predominantly §2(C) nucleophilic substitution products as the €limination of methoxide. Instead, both thermodynamic and/
reaction proceeds to equilibrium; this is consistent with the Or kinetic factors control the type of reaction and thus, site of
observation of 100% ((C4#D),POy)~ for the TMP+ (CHz0)~ reactivity, as revealed by the present set of calculations.
reaction (Table 5). The prediction that there are two kinetically =~ Thermodynamic Control In the gas phase, (DMP)anion
competitive pathways, nucleophilic substitution at phosphorus is a better leaving group than (G8)~; thus, the reaction
and at carbon, is supported by the observed product distributionpathway that produces (DMP)as product will be thermody-

for the TMP + (CD3O)~ reaction, which resulted in 98.5% namically favored over that yielding (GB)~ as product. This
((CH30)PO,)~ and 1.5% ((CRO)(CH:O)PGy)~. The appear- is the case for the reaction of (GB)~ and F with TMP, and,
ance of ((CRO)(CH:O)PQy)~ can only be explained if (CiD)~, in the latter, the site of reactivity is governed by the reaction
besides reacting at carbon, also attacks the phosphorus of TMRhermodynamics: attack at phosphorus does not occur at 298
yielding a (CHO)...(CD;0)(CHzO),PO ion—dipole complex K since the reaction free energy F TMP — (CHzO)~ +

(like 1-5), and the (CHO)~ within this complex subsequently  (F)(CH;O),PO is positive (Table 2). For the reaction of (OH)
reacts at carbon to form ((GD)(CH;O)PQ)~, the observed  with TMP(P), intramolecular proton transfer plays an important
product, and CEOCHs. For the reaction of (CED)~ with role since its generates (DMPinstead of (CHO)™ as product,
TMP, the relative rate for nucleophilic substitution at carbon making nucleophilic substitution at phosphorus and at carbon
vs nucleophilic substitution at phosphorus is experimentally equally favorable from a thermodynamic standpoint. Note that
estimated to be 433.Using transition-state theory, this yields previous worR reasoned that attack at phosphorus was insig-
a free energy differenc&(TS-P)— G(TS-C), of 2.2 kcal/mol, nificant in the gas phase since “if the nucleophile were to attack
which compares well with the corresponding computed value the phosphorus, it must extrude methoxide as the leaving group.”
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TABLE 6: Partial Atomic Charges on P and C Atoms of of configuration (Scheme 1). SuéfO-labeled (OH) experi-

T™P ments had been planned by Lum and Grabowski to confirm
method basis set q(P) G(C)3 their expectation that hydroxide reacts predominantly at carbon
Mulliken HF/6-311+G(3df,3pd) 13 05 with a tiny amount of reaction at phosphorus, but no results
Mulliken MP2/6-31-G* 21 —04 have been published to date (to our knowledge). Thus, for
NBO MP2/6-31-G* 2.6 -0.3 (OH)~ attack of TMP at 298 K, if nucleophilic substitution at
CHELP MP2/6-3%G* 17 0.5 phosphorus occurs in addition tgq&reaction at carbon, then
CHELPG MP2/6-3%G* 1.2 0.1

180-enriched and notO-enriched (DMP) would be observed.
Second, vibrational entropy and, to a lesser extent, vibrational
energy influence the site of reactivity. This can be tested
experimentally by performingfO-labeled (OH) and (CHO)~
temperature-dependent experiments. For example, #{@hl)~

a Charge averaged over the three methoxy carbon atoms.

Kinetic Control In contrast to the F+ TMP reaction, the
site of reactivity for (CHO)~ and (OH) attack of TMP is
kinetically controlled and the rate-limiting barrier for the reaction reaction with TMP, the amount é#O-enriched (DMP) would
of (CH30)~ or (OH)~ at TMP(P) is nucleophilic addition rather ~ increase with decreasing temperature such tfatenriched
than elimination (or pseudorotation/OMe rotation). Table 4 (DMP)~ would be the major product at temperature298 K.
shows that both enthalpic and entropic terms contribute to the
relative reactivity of nucleophilic substitution at phosphorus vs
S\2 reaction at carbon. For the (OHand (CHO)™ reactions Biomedical Sciences, Academia Sinica, Taiwan. This work was
with TMP, AE(0 K) = E(TS-C) — E(TS-P) is positive, supported by the Institute of Biomedical Sciences, Academia
indicating that anion attack at phosphorus is favored over carbon.Sinica, Academia Sinica Computing Center, the National Center
Since ZPE favors formation of the “looser” TS-C transition state, for High Performance Computing in Taiwan, and the National
the dominant force favoring attack at phosphorus is electrostatic, Science Council, Taiwan.
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