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Abstract: The hydrolysis of methyl 8-dimethylamino-1-naphthyl phosphate 4 and its reactions with a
representative range of nucleophiles are catalyzed by the dimethylammonium group at acidic pH with rate
accelerations of the order of 108. The reaction persists up to pH 7 because the strong intramolecular
hydrogen bond, which is the key to efficient general acid catalysis, is present also in the reactant. The
sensitivity to the basicity of the nucleophile (Bransted fn.c = 0.29) lies between values measured previously
for mono- and triesters. The comparisons suggest that general acid catalyzed reactions of phosphate mono-
or diesters with strongly basic oxyanion nucleophiles (like those derived from a serine oxygen or a bound
water molecule in an enzyme active site) will be fastest when their negative charges are neutralized by
protonation. Reactions with NH,OH and its N-methylated derivatives show an apparent a-effect, but NH,-
OMe reacts no faster than a primary amine of similar basicity. It is suggested that the reaction involving
NH,OH as an oxygen nucleophile proceeds through the pre-equilibrium formation of the tautomer HsN*—O~
as the active nucleophile: ab initio calculations support this idea.

General acietbase catalysis is evidently highly efficient in  Scheme 1. Concerted Dissociative Mechanism for the Hydrolysis
enzyme active sites, but in only a handful of model systems. ©f the Monoester 1=«
The common feature of these efficient (and therefore necessarily @ H0: 750 HOPOS

intramolecular) model systems is the development of a strong o’ P~o NMe2 C P\ (,NMe2 ' NMe2

intramolecular hydrogen bond in the product, and thus in the

transition state leading to it (Scheme 1). Phosphate transfer from

the 8-dimethylammonium-naphthyl-1-phosphate monoathion

to water and to a range of nucleophiles shows general acid

catalysis by the neighboring NHgroup, through a strong acata'y§'s b.y the neighboring N"."QFOUP in this and related systems

. R . discussed in this paper is far too efficient for catalysis by external general
intramolecular hydrogen bond which is in place even in the _i4sto be detectable.

reactant. The substantial acceleration (of the order of-idid

at 39 °C), achieved by the concerted action of an external by the MeNH* group. In the case of the trieste?™) the

nucleophile and an internal general acid, involves little or no intramolecular hydrogen bond is not present in the reactant.
prospect of synerdy(catalysis greater than the sum of the parts)

between the tweas might reasonably be expected for a reaction H,0: /Et}‘ Fl E10., O~

with a low sensitivity to the incoming nucleophile. Eo 0 ('NMez EtO o’H"'NMe
We concluded previoustythat the transition state for the 2

intramolecular general acid catalyzed hydrolysis of the diethyl OO . OO

triester2™ differs significantly from that expected for a simple

triester hydrolyzing at a similar rate, and the same is true for 2" 3

the reaction ofl~ compared with that of a simple phosphate ) .
monoester. The trend is the same in the two caseare bond Displacements at the phosphorus center of a triester may

formation (later TS) from the nucleophile is needed to generate INVOIVé pentacovalent addition intermediates: those at the
the negative charge on the leaving group needed to support aPhosphorus center of a phosphate dianion (&.9.are primarily

e 3
strong hydrogen bond and thus efficient proton transfer catalysis dissociative, and will not? and the concerted mechanism
expected for the latter system has for this reason more potential

T University of Cambridge. for effective synergy between the bond formation and bond

(1) Llj(?r'girid?qel)ﬁﬁgﬂglydﬁ Santa Catarina, ey . breaking processes. In practice the accelerations occasioned by
D.; da Silva, D.; Nome, FJ. Am. Chem. So2005 127, 7033-7040.

(2) Asaad, N.; Kirby, A. JJ. Chem. Soc. Perkin Trans.2d02 1708-1712. (3) Cleland, W. W.; Hengge, A. CChem. Re. 2006 106, 3252-3278.
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Scheme 2. Possible Stepwise Mechanism for the Hydrolysis of
Phosphodiester 4+
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the introduction of the dimethylammonium group are similar

HO. O -
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MeO’
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for triester and monoester, at least in part because of the
significant extent of hydrogen bonding in the reactant monoester.

This is substantial, as shown by the raisé&d pf the dimethyl-
ammonium group ofl~, which is some 4.7 units higher than
that of 2™.1 Our analysis suggested that the expected combina-

tion of lower absolute reactivity, reduced reactant-state hydrogen

bonding, and higher sensitivity to the nucleophile could support

more effective synergy, and thus rate enhancements, in diesters

derived froml—where efficient general acid catalysis of leaving

group departure might tip the balance from a stepwise (Scheme 7.98

2) to a concerted mechanism. We report results for the methyl
diester4, and compare them with those for the reactions of the
mono- and triesteré and 2.

Experimental Section

General. The hydroxylamines (as their hydrochlorides), other
nucleophiles, and inorganic salts were of the highest purity available
and were used as purchased.

IH and®P NMR spectra were recorded on a BRUKER Avance AM

250 spectrometer at 300 K, operating at 250 and 101 MhzHand
31p, and using tetramethylsilane and 85%°8), as internal and external
standards, respectively. Chemical shifts are reported(ppm). ESI-
MS were recorded using a Fisons Instrument VG Platform Il (note
that this is a low resolution instrument). All organic solvents used were
dried very carefully, and all reactions were carried out under strictly
anhydrous conditions, under argon.

Dimethyl-(8-dimethylamino)-1-naphthyl Phosphate.To a stirred
solution of 8-dimethylamino-1-naphthol (2 mmol) in 10 mL of dry
dichloromethane (DCM) were added 1.3 equiv of pentane-washed
sodium hydride in 2 mL of DCM. After 30 min 1.2 equiv of dimethyl
phosphorochloridate in 7 mL of DCM was added dropwise to the
resulted suspension, and the mixture was stirred for a furtheB@0
min until reaction was complete (RP-HPLC, TLC). Then ca. 5 mL of
dry silica gel, for direct preadsorption, was added to the reaction
mixture, which was evaporated and chromatographed (silica; EtOAc/
hexane, 7:3R = 0.25) to yield the phosphate triester in-600% yield.

IH NMR (DMSO-ds, 250 MHz): 7.74 (d, 1HJ = 8.1 Hz), 7.54 (d,
1H,J =8 Hz), 7.44 (q, 2HJ) = 3 and 10.8 Hz), 7.3 (dt, I = 7.6
Hz), 7.12 (d, 1H,J = 6.4 Hz), 3.8 (d, 6HJ = 11.3 Hz, CCHy),
2.74 (s, 6H, NCHs),). ESI-MS (EStH-): calcd. for GaH1gNO4P [M]
295.27; found 295.8 (100%), 317.8 (81.6%Na), and 613.1 (35.7%,
dimer).

Methyl 8-Dimethylamino-1-naphthyl Phosphate 4.A saturated
solution of Nal in acetone (10 mL) was added to the triester prepared
above, and the resulting slightly yellow mixture refluxed for-3m
min until the starting material had disappeared. After evaporation the
solid residue was dry extracted (ultrasonic bath) with dry DCM«(3

Table 1. Rate Constants (s~1) as a Function of pH for the
Hydrolysis of Methyl 8-Dimethylamino-1-naphthyl Phosphate (4) in
Water, at 60 °C and lonic Strength 1.0 M (KCI)

in the pH region in strong acid
kobs [HCl]v kobs/ kebs/

pH? st M HCI DCI
0.30 1.00x 1073 0.5 1.00x 1075 5.11x 1076
0.60 9.27x 1076 1.0 2.83x 107 1.52x 10°°
1.00 8.83x 1076 1.5 2.56x 1075
1.60 8.69x 1076 2.0 6.30x 1075 4.13x 1075
2.05 8.72x 1076 2.5 5.33x 10°°
2.48 8.79x 1076 3.0 1.07x 104 8.59x 10°°
2.97 8.68x 1076 3.5 1.21x 104
3.50 8.66x 1076 4 1.75x 1074
3.99 8.81x 1076 6 3.18x 104
4.50 8.86x 1076 8 4.38x 1074
4.98 8.87x 1076 10 4.20x 1074
5.48 8.73x 1076 12 3.17x 1074
6.10 8.19x 1076
6.5 7.08x 1076
6.75 7.01x 10°6
6.80 6.71x 1076
7.00 5.35x 1076

2.72x 1076

aBuffers, etc., used: for pH (calculated)2, HCI; pH 3.0-4.0, formate;
pH 4.0-5.5, acetate; pH 5:-57.0, bis-Tris; pH 7.5-9.0, TRIS; pH 9.6~
10, borate; pH> 10, NaOH.

1.1 Hz), 3.48 (d, 3HJ = 10.8 Hz, GCHz), 2.76 (s, 6H, NCHz),).) 3P
NMR (DMSO) -1.69. ESI-MS (ESt): calcd for Ci3H:sNNaOP [M~
+ Na] 303.23; found 281.9 (17.6%, M), 303.9 (100%), 585.2 (8.7%,
dimer -Na) and 607.1 (4.4%, dimer). ESI-MS (ESI-): calcd. feiHzs
NO4P [M] 281.24; found 279.9 (100%, N}, 280.8 (16%), and 583.2
(3.6%, dimer).

Kinetics. Reactions were started by adding 1Q0of a stock solution
of the substrate (3.X 102 M) in water to 3 mL of reaction mixture
containing a large excess (up to 1 M) of the nucleophile, assuring
pseudo-first-order conditions. Strict first-order kinetics were observed
for the reactions of the substrate, and reactions with nucleophiles were
first order in both substrate and nucleophile. Reactions were followed
at 60.0°C for at least five half-lives, by monitoring the appearance of
8-dimethylamino-1-naphthol at 320 nm on diode-array spectrophotom-
eters, equipped with thermostated cell holders. The pH (pD) of the
reaction mixture was measured at 60@at the end of each run, using
a digital pH-meter equipped with a combined electrode (with integrated
reference electrode) and a Pt 1000 temperature sensor. (The pH-meter
was calibrated at 60C with the appropriate buffers following the
procedure of Bate§.

Observed first-order rate constarits,{ were calculated by nonlinear
least-squares fitting of the absorbance vs time curve, and correlation
coefficients were always better than 0.999. Second-order rate constants
were obtained by linear regression analysis from slopes of plots of the
observed first-order rate constants against the concentration of the
nucleophile. Solutions of hydroxylamine nucleophiles were self-buffered
between pH 5.5 and 7.0 (standard aqueous NaOH (0.1 M; Merck) was
added to aqueous hydroxylamine hydrochloride). Other buffers used
are detailed in Table 1.

Products of the Reaction.The single detectable organic product
was 8-dimethylamino-1-naphthol, identified by its BVisible absorp-
tion and NMR spectrum. The initial phosphorus-containing product of

15 mL) and centrifuged. The combined supernatants were evaporatedattack by a nucleophile Nu will be Nu(MeO)RO and MeOPQ@ F
and the solid obtained was redissolved in water (5 mL) and passedwas identified as the product of the reactiordofith KF by ESI(H)-

through a short RP(C18) column. Evaporation of the water gave the
diester4 as the sodium salt in almost quantitative yield. (Any remaining
Nal could be extracted with acetonitrile, in which the sodium salt of
the diester is insoluble)H NMR (DMSO-ds, 250 MHz): 7.55 (dt,
1H,J=7.5and 1.2 Hz), 747.2 (m, 4H), 6.86 (dd, 1H) = 7.4 and

MS and ESI{)-MS/MS from the ion atm/z = 115. Hydroxylamine
and its N-methylated derivatives are expected to act as oxygen

(4) Bates, R. GDetermination of pH Theory and Practic#/iley: New York
1973.
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Figure 1. Rate profile for the hydrolysis of diestdrin the pH-region,
compared with profiles for the corresponding mono- and triestensd 2
(data from Table 1, in water at 6C and ionic strength 1.0 M (KCI)). The
points are experimental, the curves calculated.

Scheme 3. Mechanism Proposed for the pH-Independent
Hydrolysis of 4+

0o Ho\P,\oo_
HpO: ™ P ~H_+ P= +
MO O “NMe, MeO  o-Mve,

4t

b

nucleophiles, since hydroxylamine is known to react in this way
with (bis)-2,4-dinitrophenyl phosphate (an ester of similar reactivity
to 4).5

Results and Discussion

Hydrolysis of Methyl 8-Dimethylamino-1-naphthyl Phos-
phate 4.The pH-rate profile for the hydrolysis of the diester
(Figure 1) shows a plateau between pH7l defined by an
apparent §, of 7.06+ 0.06, and the beginnings of an apparent
acid catalyzed reaction at low pH. It is closely similar to that
of the more reactive triest@; with the plateau defined in both

increasing basicity of the bridging (FO—Ar) oxygen. In
particular, the K, of the dimethylammonium group ef* is
similar to that (7.40 at 65C) of the acetab, with a neutral
neighboring group, which is also hydrolyzed with relatively
efficient intramolecular general acid catalysis (acceleration
103~*-fold).*

oH +
MeO” 0" "NMe,

6t

The hydrolysis of4* is only 18 times slower than that of the
monoestefl~. Phosphodiesters are well known to be the least
reactive esters of phosphoric acid; for example, the spontaneous
hydrolysis of 2,4-dinitrophenyl phosphate dianion (hydrolyzed
at a rate similar to that of monoest&r) is over 1000 times
faster than that of the corresponding methyl 2,4-dinitrophenyl
diester®’ Efficient intramolecular general acid catalysis reduces
the difference in rate, because catalysis is more efficient for
the diester. The acceleration due to general acid catalysis by
the dimethylammonium group ef* is 2.56 x 1(f at 60 °C,
greater by an order of magnitude than that (.40 at 60°C)
found for the monoestet—.! The effective [, of the leaving
group is 3.6, similar to the value estimated for the trie&te?

The simplest mechanism consistent with the pH-rate profile
in the region pH %8 is outlined in Scheme 3. We have no
evidence to implicate the involvement of a pentacovalent
addition intermediate, and any such species would be very short-
lived. The solvent deuterium isotope effdgio/kp2o for the
spontaneous hydrolysis df* at pH 5.1 on the plateau (Figure
1) is 1.72+ 0.14. Values in this region are typical for general
acid catalysis in these systems; relevant examples are the
following: for the hydrolysis of the monoestér, 1.46+ 0.041
for the hydrolysis of the triesteg", >1.612 and for that of the
acetalé™ 1.698 The simplest explanation is that neither bonding
to nucleophilic water nor proton transfer from the general acid
is far advanced in the transition state. (An alternative possibility

cases by a single ionization in the pH-independent region. The is that the contribution from the in-flight proton (of the general

corresponding plateau in the pH-rate profile for the hydrolysis
of the monoestet is defined by two apparentfs of 3.94 and
9.31. These were identifiédas the (substantially shifted)
ionizations of the phosphate group Bf and the dimethylam-
monium group ofL~, respectively. Careful spectrophotometric
titration of 4 shows a single g, of 6.96 + 0.06 at 60°C and
ionic strength 1.0 M, which we can assign unambiguously to
the dimethylammonium group oft. (Measurements at 25.0
°C give K, values of 7.48t 0.01 (potentiometric) and 7.44
0.02 (spectrophotometric).)

The K, of this group shifts remarkably (Figure 1) with the
changing state of ionization of the neighboring phosphate
group: from 4.63, a figure normal for a tertiary naphthylamine,
for the triester, to 9.31 for the monoesier. The figure for the
diester4 lies in between. We have discussed previousliy
we consider that this variation depends primarily not on

acid) is actually inverse, if, as we believe, the intramolecular
hydrogen bond is actually stronger in the transition state than
in the reactant in these systems.)

Hydrolysis in Strong Acid. Hydrolysis under strongly acidic
solutions, from 0.5 to 12 M HCI or DCI, shows a rate profile
guantitatively similar, as might be expected, to that for the
hydrolysis of the monoestédt and qualitatively similar to those
observed for the acid hydrolyzes of many esters and amides.
Rate constants increase with acid concentration up to a
maximum at abou8 M HCI or DCI (Table 1), before falling in
very strong acid. This is expected behavior for a substrate which
is reactive as the conjugate acid, but becomes fully protonated
at high acid concentrations. The decrease in rate in very strong
acid is accounted for by the decreasing activity of water, which
acts as a nucleophile in the reaction.

Consistent with this picture, the data in the tegion fit eq

electrostatic interactions but on the strength of the intramolecularj with k; = 9.90x 1074 s™1and a K, of —1.93 (corresponding

O--*H—N* hydrogen bond inl~, which increases with the

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

16946 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

(6) Kirby, A. J.; Varvoglis, A. G.J. Am. Chem. Sod.967, 89, 415-423.
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Figure 2. Full Ho/pH-rate profile for the hydrolysis of diestdr at 60°C.
Data in theHo region are corrected for the activity of watdeddan); see
the text. The first g, corresponds to half-protonation at 5.6 M HCI.

Scheme 4. Suggested Common Mechanism for the Hydrolysis of
the Cognate Cations 4%, 1%, and 2* under Strongly Acidic
Conditions?

HO_ 0 HO\P/,OOH
H o = P/x + P=
z oM NMe, MeO NMe,
HO O EtO O
HyO: 2 P:/"H"' HO/_\P/“«H_‘*'
HO" O 'NMe, Et0° O NMe,
1t +

a Compounds, the non-phosphorus containing product in each case, will
be protonated instantly under the conditions.

to half-protonation in 5.6 M HCI). Activities for water and HCI
are based on the data (at 25) of Randall and Youn§.
Kobs = K+ = kiaay/(ay + Ky 0]
Figure 2 shows the completeotdH-rate profile for the
hydrolysis of4, corrected for the activity of water in strong
acid. Plateaus beloW, = —3 and from pH *-7 correspond to
the spontaneous hydrolyzes of the two ionic spedieand4*,
with ionizations atHy = —1.93 and pH= 7.06, assigned

unambiguously to the PO(OMe)}D and MeNH™ groups,
respectively. Both Kas are shifted by some 2.5 units, down

and up, respectively, with respect to comparable free phosphoric
acid ester and tertiary ammonium groups: a consequence, a

discussed above, of the stabilization of the zwitteribnby
the rather strong hydrogen bond.

It seems certain that the apparent acid catalyzed hydrolysis

of the zwitterionic diested* actually represents the kinetically
equivalent spontaneous hydrolysis of the catibn by the
mechanism shown in Scheme 4. Compodnds not expected

to undergo further protonation on the neutral phosphoric acid

group (next to the positively charged group in thei-position)

in any but very strong acid (acid catalysis of the hydrolysis of

(9) Randall, M. R.; Young, L. EJ. Am. Chem. S0d.928 50, 989-1004.

S

Table 2. Second-Order Rate Constants for the Reactions of 4+
with Nucleophiles, at 60 °C and lonic Strength 1.0 M

kNu

nucleophile pKa pH dm®mol~ts~?
water -1.74 5.5 1.60< 1077
fluoride 3.17 6.3 1.16< 104
formate 3.75 6.3 1.3% 105
NH>OMe 4.62 5.5 1.7k 1075
acetate 4.81 6.3 1.2010°°
NH>CH,CFs 4.86 55,6.5 2.29% 1075
MesN*T-O~ 4.9 5.9 3.52x 1075
NMe,OH 5.20 6.8 4.11x 104
NH.OH 5.64 55 9.17x 104
NHMeOH 6.18 6.8 1.43 1073
phosphate 6.51 6.3 4.2210°°

apKzs measured at 68C and ionic strength 1.0 M.

the triester2* is not observed above pH 0). So the appropriate
comparison is with the spontaneous rather than the acid
catalyzed hydrolysis of a typical phosphodiester. For neutral
diester acids this reaction is normally masked by the acid
catalyzed reaction, so the more convenient comparison is with
analogous phosphotriesters, where the spontaneous reaction can
be observed well into the pH region (Figure 2).

In terms of reactivityd™ is effectively an activated triester,
and it is interesting to compare the reactivities of the three
different specieg™, 1*, and2*, all of which we believe react
by the same mechanism (Scheme 4). We noted previbtiely
the pH-independent hydrolysis of the diethyl trieéris 33.6
times slower than that of the phosphoric atig and this was
attributed to “a combination of electronic and steric effects
resulting from the replacement of the two OH protond oby
ethyl groups.” The data fo4*, which reacts 3.16 times more
slowly thanl™, are consistent with this assignment and suggest
that steric effects (Et>= Me > H) are probably the more
important. The gs of the PO(OMe)® and PO(®), groups
of 4" and1" are similar, with ionizations atlp = —1.93 and
—1.48, respectively. These values fall in the expected re-
gion for aryl phosphoric acid mono- and diesters, when the
stabilization of the (zwitterionic) conjugate base by the hydrogen
bond to the dimethylammonium group is taken into account.
(For comparison, the first Ky of phenyl phosphoric acid
is 0.4810)

Reactions with Nucleophiles.We have investigated the
reactions of4* with a representative range of nucleophiles and
report more detailed study of the reaction with theeffect
nucleophile hydroxylamine.

Data for the full set of nucleophiles studied (Table 2) are
displayed in the form of a Brgnsted plot in Figure 3. Fluoride
shows its usual rate enhanceniént® compared with oxygen
nucleophiles, reacting as fast as expected for a hydroxylamine
of similar pKa. The point for formate also shows a (smaller)
positive deviation from the line correlating reaction of oxygen
nucleophiles. This is not unusual for attack on phosphate
phosphorug;:3it is the result (we suggée$} of a combination
of steric and electrostatic effects specific to nucleophilic attack
(as opposed to general base catalysis).

Bourne, N.; Williams, AJ. Am. Chem. S0d.984 106, 7591-7596.
Herschlag D Jencks W. P. Am. Chem. S0d.99Q 112, 1951-1956.
Khan, S. A.; Klrby, A. JJ Chem. Soc., Sect. ®7Q 1172-1182.
Kirby, A. J.; Younas, MJ. Chem. Soc., Sect. 970 1165-1172.
Kirby, A. J.; Gesser, J. C.; Hollfelder, F Priebe, J. P.; Nome&an. J.
Chem 2005 83, 1629-1636.

(10
(11)
(12)
(13)
(14)
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Figure 3. Brgnsted plot for catalysis of the hydrolysis df by
nucleophiles, in aqueous solution at6Points generating the line are for
water, acetate, trimethylamirid-oxide, and phosphate dianio®), Data
for fluoride and formate @), 2,2,2-trifluoroethylaminem), and hydroxy-
lamine and its various methylated derivativay ére discussed in the text.
Data from Table 2.

Table 3. Brgnsted Coefficients fn,c for the Reactions of
Nucleophiles with Phosphate Esters

dimethylaminonaphthol

derivatives simple 2,4-dinitropheny! esters
oxygen oxygen amine
nucleophiles nucleophiles nucleophiles
ArOPOs?~ (17)0.19+0.01 —a 0
ArOP(OMe)Q ~ (4%) 0.29+0.01 0.3% 0.3
ArOPO(OR) (2%) 0.494+0.03 0.30, 0.32 0.61%2

aReactions with oxyanions not obsend.b Data from Kirby and
Younast® ¢d Data for reactions with oxygen nucleophiles of 2,4-
dinitrophenyl phosphotriesters of 1,3-propane-diol and ethanol, taken from
Khan'? and Hay® respectively.

The slope of the line drawn in Figure 3 (i.e., the Brgnsted
coefficient calculated for the reactions with oxygen nucleo-
philes) is 0.30+ 0.01. This is the same, within experimental
error, as that for their reactions with methyl 2,4-dinitrophenyl
phosphate (see Table B).

We now have Brgnsted coefficientg,. for the reactions of

oxygen nucleophiles with all three phosphate ester derivatives

Figure 4. Brgnsted plots compared for the reactions of oxygen nucleophiles
with phosphate mono-, di-, and triesters, 4+< and 2", respectively, at
60 °C and ionic strength 1.0 M. Data from Table 3 and refs 1 and 2.

4*, This has been explain&dn terms of the changing balance
between the strength of the bond being formed and electrostatic
repulsion for the anioranion reactions.

Intramolecular general acid catalysis by the dimethylammo-
nium group (Scheme 3, above) involves proton transfer to the
oxygen atom of a leaving group which is initially relatively poor.
Since Brgnsteqi,, values are greater for the reactions of
phosphate triesters with poorer leaving grotifisjs reasonable
to expect values to be greater for reactions with1~, and2+
than for the reactions of the corresponding 2,4-dinitrophenyl
esters, and this is what is observed for the mono- and triesters
1~ and 2% (Table 3). However, this is not the case for the
reactions of the diestet*. It is important to understand this
difference because the efficiency of intramolecular general acid
catalysis, and its potential for synergy with nucleophilic
catalysis, will depend on the increase in negative charge on the
leaving group oxygen as bonding to the incoming nucleophile
develops.

Figure 4 compares the reactivities of the mono-, di-, and

4% 17, and2* and can compare them with the same parameters triestersl™, 4+, and2* toward oxygen nucleophiles. The diester

for the reactions of corresponding 2,4-dinitrophenyl esters, is the least reactive, as expected (though to an extent that
which are activated to similar extents by virtue of the good depends on the leaving group). The higher sensitivity of the
leaving group and react at a similar rates4tg 1-, and 2*. reactions of the monoester to leaving group basicity makes it
Pruc Increases in the order monoesterdiester < triester, as the most reactive toward spontaneous hydrolysis, though it is
observed also for the reactions of simple esters of 2,4- several hundred times less reactive than the triester toward an
dinitrophenol with neutral (amine) nucleophiles (Table 3). The oxygen nucleophile with aky, of 7. The higher sensitivity to
reactions of 2,4-dinitrophenyl esters with oxygen nucleophiles the basicity of the nucleophile predicts that the diester will react
are different: oxyanions do not react with the dianion of the as fast as the monoester with a (hypothetical) oxygen nucleophile
2,4-dinitrophenyl phosphate monoester at a measurable rate, sof pKa 11.15. A lesson reinforced by Figure 4 is that general
no data are available8,, is the same for reactions of acid catalyzed reactions of phosphate mono- or diesters with
2,4-dinitrophenyl di- and triesters, and it is the same also as strongly basic oxyanion nucleophiles (like those derived from
that for the reaction with oxygen nucleophiles of the diester a serine oxygen or a bound water molecule in an enzyme active
site) will be fastest when their negative charges are neutralized
by protonation (or, presumably, by coordination to a metal
cation).

(15) Kirby, A. J.; Varvoglis, A. GJ. Chem. Soc., Sect. 968 135.
(16) Hay, R. W.; Govan, N.; Norman, P. Rransition Met. Chem1998 23,
133-138.
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Scheme 5. Effective Charge Map for the Reaction of 4+ with an
Oxyanion Nucleophile
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Synergy between Nucleophilic Attack and General Acid
Catalysis. We began this series of investigations with the
proposition that “a logical way to break a very strong bond
efficiently is to reinforce its natural polarity by the concerted
application of complementary catalytic groups, to the point
where cleavage becomes kinetically favorat3le”.

*) &)

X—Y -

Nu:™ H—A

Mechanisms of this sort, in which nucleophilic attack is

Table 4. Thermodynamic Parameters for the Reactions of 4+ with
Nucleophiles, at 60 °C and lonic Strength 1.0 M

AH AS
nucleophile kJ mol~* kcal mol~* JK tmol™* cal K™t mol™*
water 98.0+5.2 234+12 —-50.3+15.2 —-12.0+3.688
formate 79.480 19.0+19 —97.7+23.2 —23.3+55
fluoride® 83.4 19.3 —78.8 —18.8
NHOH 68.0+7.4 16.2£1.8 —104+22 —248+3.1

a ASfcalculated on the basis of first-order rate constants. Using second-
order rate constants figures are reduced by 33.4 J (8.0 caf)m@ased
on measurements at only two temperatures.

Synergy between nucleophilic and general acid cattysis
catalysis greater than the sum of the pausll be apparent
when the effective molarity (ref 17) for one or both of the
intramolecular reactions is increased when they operate on the
same group in the same molecété2The close-to-synchronous
mechanism described in Scheme 5 offers close to optimum
conditions for synergy, making a phosphodiester basedion
with the nucleophile built in a target of interest. Work on
candidate systems is in hand.

Thermodynamic Parameters.Thermodynamic parameters
measured for the reactions of four representative nucleophiles
with diester 4* are summarized in Table 4. Entropies of

concerted with proton transfer from a general acid, have often activation fall in the range expected for bimolecular reactfns.
been written for enzyme catalyzed reactions, but it has proved Fluoride ion in particular behaves normally, so that the unusual
difficult to model such mechanisms in simple systems. Funda- values observed for its reaction with the monoegtet seem
mental problems are that the necessary three-body collision isto be specific to the anioadianion interaction.

entropically unfavorable outside an enzyme active site and that  Reaction with Hydroxylamine. The a-effect nucleophiles
general acid catalysis is intrinsically inefficient even in most 5.6 of special interest because of their high reactivity toward
intramolecular situations:*8So realistic candidate models have phosphorus, making them potential reagents of choice for the
to be based on one of the handful of systems supporting efficient 4o ctivation of organophosphorus poisons and chemical war-
intramolecular general acid catalysis. Of these only derivatives are agent&* Hydroxylamine is also of particular mechanistic

of 8-dimethylaminonaphthol have proved generally successful, jnterest because it is known to react with phosphate phosphorus

with phosphodiestef* the most efficient. So the transition state through oxygen, rather than through its more basic nitrogen
for its reactions with nucleophiles is of special interest. Some gntef.25

relevant calculations are presented below, but a simple analysis

of effective charge is also illuminating (Scheme 5).

The effective charge on the leaving group oxygen of a typical

aryl methyl phosphate anion decreases froth74 to—1.0 on
displacement by an oxyanidf2° The sum offnyc and —fBLc
(LG = leaving group), ca. 1.4 compared wifhg = 1.74,

suggests a significant build up of negative charge on the central

PGs;~ group in the transition state. The leaving group in the
reaction of4* is the neutral naphthd, giving feq= 0.74. We
do not know—pg, but sincefnis 0.3 it must be 0.44, less

Figure 5 shows the pH-rate profile for the reactioofwith

0.5 M total hydroxylamine over a pH range that includes the
pKas of both nucleophile and substrate, compared with the
reaction in DO. The curve follows the expected bell-shape,
with a rate maximum in the region where the nucleophile is
present as the free base and the substrate as the zwitfiétion
with the NMe; group protonated. The pH-rate constant profile
was fitted to eq ii, wherégps wis the rate constant for the water
reaction,k, the second-order rate constant for the reaction of
the zwitterion4* with neutral hydroxylamine, anghn,on and

any build up of negative charge on the central;P@roup in : : :
thgtransitiopn stateg. Any suchgcharge build upsis@IikeII;)/ to be 1z the mole fractions of the two react_|ve species. (Em-"t-od

o : . . here represents the total concentration of hydroxylamine and
sTaI_I. in the calcu_latlon described be_Iow for the reaction of its conjugate acid.) In practice catalysis by hydroxylamine is
4 W't_h hydroxylamln_e_ the POAr bond is lengthened by 21% so strong that the contribution from the water reaction is not
on going to the transition state, but the length of thedP not significant.
involved in hydrogen bonding is unchanged. This is consistent
with a progressive transfer of charge density from the breaking
P—OAr bond to HN', and coordinatesy, = 0.41 andoy g =
0.59 in the More O’FerrattJencks plot and thus a close-to-
synchronous mechanism.

Kobs = Kobsw 1 Ko INH,OH w012 (ii)

(21) Abell, K. W. Y.; Kirby, A. J.J. Chem. Soc., Perkin Trans.1®83 1171.
(22) Dean, K. E. S.; Kirby, A. JJ. Chem. Soc., Perkin Trans.2D02 428—

432.
(17) Kirby, A. J.Adv. Phys. Org. Chem198Q 17, 183-278. (23) Jencks, W. RCatalysis in Chemistry and EnzymolodycGraw-Hill: New
(18) Kirby, A. J.Acc. Chem. Re<.997, 30, 290-296. York, 1969.
(19) Ba-Saif, S. A.; Davis, A. M.; Williams, AJ. Org. Chem1989 54, 5483~ (24) Lewis, R. E.; Neverov, A. A.; Brown, R. 8rg. Biomol. Chem2005 3,
5486. 4082-4088.

(20) Williams, A. Concerted Organic and Bio-organic MechanisnGRC
Press: Boca Raton, 1999.

(25) Domingos, J. B.; Longhinotti, E.; Brandao, T. A. S.; Bunton, C. A.; Santos,
L. S.; Eberlin, M. N.; Nome, FJ. Org. Chem2004 69, 6024-6033.
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Figure 5. pH-rate profile for the reaction of diesté* with 0.5 M (total)
hydroxylamine in HO (®) and DO (O). (Data in water at 60C and ionic
strength 1.0 M (KCI) from Table 5). The points are experimental, the curves
calculated (see the text).

Scheme 6
*NH30H == NH,OH == NH,-O~
7t 7 7"
+ {r — OR
NHz-O
e OPOm

NHO0 OR  *NHz-O.__OR _
R == R +a0
0_0 0-0

Figure 6. Calculated structure fo#*, viewed perpendicular to the plane
of the naphthalene ring. For details, see the text.

Calculations and the Mechanism of the Hydroxylamine
Reaction. The mechanism of the hydroxylamine reaction is a
classical unresolved question in physical organic chemistry.
NH,OH is typically alkylated on nitrogen but often acylatgd
and generally phosphorylatedn oxygen. N-Alkylated hy-
droxylamines also show enhanced reactivity in their reactions
with such hard electrophiles, but NBMe does not (as
illustrated for example by the Bragnsted plot of Figure 4).

The simplest explanation was proposed by Jedtksho
opined that “this extraordinary reactivity must almost certainly
mean that ... the oxygen anion of the dipolar form ... is the
reactive nucleophilic species.” (Scheme 6). However, there is
no direct evidence for the presence of the zwitterionic tautomer
7* in solution; and a small amount would in any case have to
be highly reactive to support the observed enhanced rates of
reaction.

We have shown recenfly that the zwitterion7+ is the

The least-squares fit gives second-order rate constants for thepreferred form of hydroxylamine in the crystal of its half

reaction of the free bade(NH,OH) = 8.304+ 0.12 x 10*
and 6.80+ 0.10 x 1074 dm3 mol~1 s71, for the reactions in

hydrochloride. Ammonia oxide7¢) is thus a stable species in
the condensed phase when stabilized by a supporting network

HzO and QO, respectively, and thus a solvent deuterium ISO'[Ope of hydrogen bonds’ (e} potentia”y a stable Species also in

effect of 1.22+ 0.11. (A second-order plot at pH 5.5, using
0.2—1.0 M hydroxylamine gav&, (NH,OH) = 8.60+ 0.14 x
10~* dm® mol~! s71) The [Kss used for (the conjugate acid,
NH3*tOH) of hydroxylamine and the substraté, respectively,
were 5.474+ 0.05 and 6.96+ 0.05 for the reaction in pO
(consistent with our direct measurements Kfgpat 60°C and
ionic strength 1.0 M); and 5.6% 0.09 and 7.36t 0.16 for the
reaction in DO. (pKas in D,O are higher by (0.2t 0.1), as
expecteds29)

aqueous solution. In the absence of direct evidence for its
existence in water we report calculations designed to test the
mechanism of Scheme 6 in solution. Calculations were per-
formed using the 6-31G(d) basis set in GAMESS-US (June 2005
version)3! Geometries of reactants, products, and transition state
were optimized for solution in water using the conductor-like
polarizable continuum solvation model (C-PCRAf3

The structure of the reactant phosphodiedteis of interest
because of the evidence, discussed above, for hydrogen bonding

Reactions with other hydroxylamines show the usual pattern in solution between the phosphate group and the catalytieHN

of reactivity: hydroxylamine and its-methyl and\,N-dimethyl
derivatives show an apparent-effect, significantly greater
than observed with monoestkr; but the O-methyl derivative,

in the reactant. The calculated structure (Figure 6) shows the
N*—H twisted out of the plane of the aromatic ring, with a
torsion angle between the plane of the aromatic ring and the

which cannot react through oxygen, is 54 times less reactive N—H bond of 33.2. The MeOP@" group is also out of plane,

than hydroxylamine itself (compared with 7 times when the two
reactions with the monoestér are compared). The reactivity
of NH,OMe is actually slightly lower than that of a primary
amine of similar basicity (Table 2), consistent with hydroxy-
lamine itself reacting through oxygen.

(26) Chiang, Y.; Kresge, A. J.; More O’Ferrall, R. A. Nl. Chem. Soc., Perkin
21980 1832-1839.

(27) Glasoe, P. K.; Long, D. Al. Phys. Chem196Q 64, 188.

(28) Spies, M.; Toney, MBiochemistry 2003, 42003 42, 5099-5107.

16950 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

with the corresponding torsion angle C—O—P = —105.2.

(29) Jencks, W. PJ. Am. Chem. Sod.958 80, 4581-4585: Jencks, W. P.;
Carriuolo, J.J. Am. Chem. Sod.96Q 82, 1778-1786.

(30) Kirby, A. J.; Davies, J. E.; BrandaT. A. S.; da Silva, P. F.; Rocha, W.
R.; Nome, F.J. Am. Chem. So@006 128,12374-5.

(31) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;; Su, S. J.;
Windus, T. L.; Dupuis, M.; Montgomery, J. Al. Comput. Chem1993
14, 1347-1363.

(32) Cossi, M.; Rega, N.; G., S.; Barone, ¥.Comput. Chen2003 24, 669~
681.

(33) Li, H.; Jensen, J. HI. Comput. Chen004 25, 1449-1462.
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Table 5. Rate Constants for the Reaction of 4+ with Hydroxylamine as a Function of pH at Fixed Total ([NH2OH] + [NHz*OH]) = 0.5 M and
as a Function of [NH,OH] at pH = 5.52

fixed total ([NH,OH] + [NH;*OH]) varying [NH,OH]

kaSY kObSY kobs [NHZOH]v kaSv
pH st pH st pD st M s
0.5 1.30x 107 5.35 1.70x 1074 4.27 1.31x 10°° 0 8.77x 1076
1.0 8.95x 1076 5.50 2.16x 1074 4.59 3.99x 10°° 0.2 8.25x 10°°
1.50 7.94x 1076 5.65 2.39x 1074 5.17 9.15x 107° 0.4 1.49x 104
2.50 9.48x 107 5.85 2.59x 1074 5.24 9.48x 107° 0.6 2.30x 1074
3.0 9.95x 1076 6.05 2.94x 1074 5.53 1.38x 1074 0.8 3.13x 1074
3.50 1.00x 1075 6.45 2.87x 1074 5.68 1.66x 104 1.0 3.88x 1074
3.85 1.60x 1075 6.45 2.79x 1074 5.84 1.96x 1074
4.10 2.31x 10°° 6.50 2.81x 1074 5.91 2.01x 1074
4.10 1.90x 10°° 6.80 2.38x 1074 6.00 2.06x 1074
4.35 4.03x 107 6.80 2.30x 1074 6.22 2.41x 1074
4.40 3.26x 107° 6.85 1.98x 1074 6.5 2.49x 1074
4.40 3.28x 10°° 6.85 2.15x 1074 6.87 2.50x 1074
4.65 6.80x 10-5 7.10 1.64< 104
4.85 9.23x 10-5 7.35 1.43< 104

4.90 6.98x 10-5

aData at 60°C and ionic strength 1.0 M (KClI).

Figure 7. (a) Structure of the transition state for the reactiotbfwith hydroxylamine (ammonia oxide tautomét). (b) The developing product of the
reaction, with P-O (leaving group) distance 3.5 A.

The calculated PO (leaving group) bond length is 1.646 A, "M 7

the N*H---O(P) distance 2.763 A and the-M—O angle M

118.9. A second, apparently stronger hydrogen bond te-&P o /0

center has an NH---O~ distance of 2.847 A and an-NH—0O o_\'/’P\/Eﬁ

angle of 164.4. We found closely similar results (using a H_h/ (O/ H, M
continuum model) for the monoestér; but in a higher level H Ny N,

calculation, including discrete water molecules, eaechOP
center was strongly solvated by two or three waters, and the
intramolecular H-bond to the leaving group oxygen the stronger
(though still out of the plane of the aromatic system). The i i .
evidence, discussed above, that tie pf the phosphoric acid  (FIgure 7a), consistent with a concerteg2§P) associative
group of4+ is lowered by the interaction with the neighboring mechanism. (We note that the initial interaction betwden
Me,NH* group (rather than raised, as it should be by a strong @nd the oxygen center of neutral MBH under the same
H-bond to a P-O~ center) is consistent with suggestions that conditions is repulsive.) The length of the developirgd®bond
the continuum model can underestimate H-bonding solvation to the incoming nucleophile is 1.807 A, already shorter than
compared with intramolecular hydrogen bond#ig3® the P-O bond to the leaving group: which has lengthened from
The calculated transition state for the reaction using ammonia 1.646 to 2.008 A. At the same time the intramolecular hydrogen
oxide ("NHs;0") as the nucleophile shows a well-defined, bond has strengthened substantially: theHN-O(P) distance
trigonal-bipyramidal structure, pentacovalent at phosphorus has shortened to 2.609 A, thei—O angle is now 1502
and the in-flight proton is now almost in plane {C—N—H

(34) Arnaud, R.; Adamo, C.; Cossi, M.; Milet, A.; Vallee, Y.; Barone, J. torsion angle 3.9.

Am. Chem. So@00Q 122, 324-330.
(35) Kein, R. A.; Mennuci, B.; Tomasi, J. Phys. Chem. 2004 108 5851 This picture for the reaction at phosphorus is consistent with
(36) Mennucci, B.J. Am. Chem. So®002 124, 1506-1515. what we know about transition states for the reactions of
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Figure 8. (Qualitative) energy profile diagram for the general acid catalyzed
cleavage of a phosphate ester ®OCurve A: catalysis by an external
general acid HA, or by a neighboring group HA not forming a significant

Conclusions

Hydroxylamine as an Oxygen NucleophileThe reactions
of phosphodiesters with thee-effect nucleophile hydroxylamine
typically give products phosphorylated on oxygen. Precedent,
the kinetic evidence from this work, and the calculations
described above are all consistent with a mechanism involving
direct nucleophilic attack by the zwitterionic tautométHsO~
(7%). It is to be expected that the same mechanism will apply
to the reactions of hydroxylamine with other, similar electro-
philic centers.

Efficiency of General Acid Catalysis.In the hydrolysis of
the monoestet™ the hydrogen bond is strong in the reactant,
stronger in the product, and evidently strongest in the transition
state! We see the energetics of the process in the (simplified)
terms illustrated in Figure 8, which distinguishes two typical
cases. The rate determining step in both is B cleavage
concerted with proton transfer to the leaving group oxygen; but
in the typical case catalyzed by an external or a neighboring

hydrogen bond, in a conformationally flexible system. Curve B: catalysis general acid (curve A), this must involve initial (rapid) formation
by a neighboring general acid which makes a strong hydrogen bond to the of the encounter complex or the reactive conformation. How-

leaving group oxygen even in the reactant.

nucleophiles with phosphate diestéfsLinear free energy
relationships indicate transition states for reactions with bon

breaking well advanced, but lesser amounts of bond formation

to nucleophilic oxygen fiic and fnyc are —0.97 and 0.31,

respectively, for the reactions of methyl 2,4-dinitrophenyl
phosphated). Of particular interest is the incipient proton
transfer from the BN group of the nucleophile to a developing

P—O~ center (Scheme 7), which is expected to be strongly basic

in a phosphoran& The two O--H distances are almost
identical, at 1.233 and 1.221 A, for (N)&H and H:-O(P),
respectively (the N-O distance is 2.330 A and the NH -0
angle 143.49 for the proton being transferred in a five-
membered ring).

We can follow this process along the reaction coordinate.
Figure 7b shows the ensemble close to the end of the reaction,

with the product structures readily recognizable. TheCRle-
aving group) distance is 3.50 A, the NB—P bond length 1.670
A (compared with 1.571 A for POMe) and the tetrahedral

ever, in the special cases df, 4%, and 6%, where the
intramolecular hydrogen bond is so favorable that it is formed
even in the reactant, this initial step is kinetically insignificant

d (curve B), because the reactant already exists in the reactive

conformation (C). Furthermore, we have shown in a related
systen$® that although this hydrogen bonding must be net
stabilizing overall, its local effect on the bond to the leaving
group is lengthening, and thus activating (thus reducing the
overall stabilization of the reactant). But the largest effect must,
by definition, be on the energy of the transition state. In the
case of the phosphodiestét under discussion the hydrogen
bond is strong in the product, (naphthoH8---NMe,) and
significant in the reactant (PO--*H—N*Me,). But once again
it is strongest, and most stabilizing, in the transition state (P---
O()eeH +-:N(F)Mey): at the point where when the basicities
of the leaving group oxygen and the general acid match, and
the proton transfer becomes thermodynamically favorable.
This is reminiscent of Menger's split-site argument for
enzyme efficiency® The pre-equilibrium formation of a strong
hydrogen bond is geometrically but not catalytically efficient,
and enzymes have other and better means of bringing reacting

geometry around P distorted only by the need to accommodateq qyps into effective proximity. The strict geometrical require-

the O--H ---O hydrogen bond (angle OPS 122.3).

ments for strong intramolecular hydrogen bonding in water in

However, neither proton transfer is advanced much further: (necessarily rigid) model systems mean that in such systems

the proton from the BN* group of hydroxylamine is still about
half-transferred (distances 1.259 and 1.225 A for (Ny@ and

H---O(P), respectively) and the naphthylammonium proton is

still attached to nitrogen (the NH---O(P) distance is a little
shorter, at 2.548 A, the NH—O angle is now 154% and the
in-flight proton is a little closer to the plane of the aromatic
system (C-C—N—H torsion angle 1.9). This is consistent with

we will inevitably see them on occasion in the reactant.
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