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Abstract: The transition-state structures and mechanisms of the isomerization teittmen2r and cleavage
reactions of uridine '3m-nitrobenzyl phosphate to-nitrobenzyl alcohol and a 8'-cyclic UMP at 86°C and

at pH 2.5, 5.5, and 10.5 have been characterized through kinetic isotope effect$OThemary isotope

effect of 1.0019+ 0.0007 and the secondary isotope effect of 0.9904 observed for the cleavage reaction at pH
2.5 are consistent with a neutral phosphorane-like transition-state structure. The cleavage and isomerization
reactions at pH 2.5 proceed through a neutral phosphorane intermediat€kgifae and *&nonbriage OF UNity
measured for the pH-independent isomerization reaction at neutral pH support a stepwise mechanism with a
monoanionic phosphorane intermediate. The primary and secondary isotope effects of D@ and of
0.9986+ 0.0004 observed for the pH-independent cleavage reaction are consistent with either a stepwise
mechanism through a monoanionic phosphorane intermediate or witk[2y réaction with a transition state
resembling a monoanionic phosphorane intermediate. The absolute requirement of a water-mediated proton
transfer for the formation of a phosphorane intermediate is proven by the absence of the isomerization reaction
in anhydrougert-butyl alcohol. The primary isotope effect of 1.02#20.0001 for the cleavage reaction at pH

10.5 is consistent with a concerted reaction through a transition state in which the leaving group departs with
almost a full negative charge.

Introduction resemble a trigonal bipyramid (TBP), assuming a phosphorane-
like structure. In the TBP geometry the ligands may occupy

of DNA and RNA requires a thorough understanding of the two .d|fferent positions, the apical or the e.quatorlal. Both the
leaving-group departure and the nucleophile entry must occur

mechanisms of their reactions. By studying the hydrolysis of i e . .
five-member cyclic and acyclic phosphates such as ethylenef'jlt the apical position. If_the phosphorane mtt_ar_medl_ate_ formed
phosphate and dimethyl phosphate, Westheimer set the founda!" th%two-st_ep mechanism ‘AfDN) has a squfB'gem lifetime, ith
tion for comprehending the reactions of phosphate edters, PSeudorotation may occur to form a new structure wit

Phosphate diesters undergo nucleophilic substitution reactionsin€ ligand positions exchanged. This polytopal rearrangement

by an additior-elimination mechanisrIn the concerted @(P) accounts for the different stereochemistry and product distribu-
(AnDN)® reaction, the pentacoordinated transition state will tion of nucleophilic substitution at phosphorus.

The central role played by phosphate esters as building blocks
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Model compounds of RNA such as dinucleoside53
phosphates, ribonucleoside(alkyl phosphates) and polyribo-
nucleotides in acidic or neutral pH undergo two transesterifi-
cation reactions, a reversible one, which gives thes@mer,
and the cyclization reaction with',2'-cyclic phosphate as
product, which is then hydrolyzed td-2and 3-phosphate$.
The similar kinetics of the cyclization and isomerization of
analogues of RNA under acidic conditions indicate that these
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reactions proceed through the same neutral phosphorane inter-

mediatet The neutral phosphorane is sufficiently stable to
pseudorotate to give either th&2-cyclic monophosphate or
the 2-isomer® Further evidence for the existence of a polytopal
rearrangement in the transesterification reaction is the overall
retention of configuration at the phosphorus in the reaction of
phosphoromonothioate analogues gB3uridylyluridine 8

At neutral pH, although the isomerization and cleavage
reactions are of particular interest due to their biological
relevance, very little is known about their mechanisms. The
isomerization reaction is pH-independent from pH 4.0 to 8.0

NO,

Figure 1. Uridine 3-m-nitrobenzyl phosphate, showing the positions
of the isotope effect measurements. &honbriage Measured at the
nonbridge oxygen atoms. (Bfkuriage measured at the bridge oxygen
atom

The synthesis of uridine’3n-nitrobenzyl phophate was carried out
as previously reporteti[*“N], [**N, bridge80], and [*N, nonbridge-
180,]-uridine 3-m-nitrobenzyl phosphate compounds were synthesized

and is believed to proceed through a phosphorane intermediateas previously describéd. Mass spectrometry (FAB) showed,

while the cyclization reaction shows pH-independence over a
smaller range around pH 5%.The uncatalyzed cleavage
reaction may be concerted with a phosphorane-like transition
state or be stepwise with a phosphorane intermediate which m
or may not pseudorotat€cin aqueous alkali, RNA molecules
are cleaved by intramolecular nucleophilic attack by the
2'-oxyanion. The 23-cyclic phosphate product is then hydro-
lyzed to 2- and 3-phosphate$ Evidence for concerted cycliza-
tion is that no isomerization reaction has been observed with
model compounds of RNA2-9 ab initio calculations indicate

nonbridget®O,]-uridine 3-m-nitrobenzyl phosphate to have 64%
incorporation of oxygen-18 at nonbridge oxygens. Mass spectrometry
(FAB) showed °N, bridge?80]-uridine 3-m-nitrobenzyl phosphate to
have 93% incorporation of oxygen-18 at bridge oxygen. NMR

ayspectrometry was employed to check the purity and identity of the

compounds!H NMR spectra were recorded at 500 MHz in@with
TSP as an internal referendéC NMR spectra were recorded at 125
MHz in D,O with TSP as an internal referenéé? NMR spectra’t
decoupled) were recorded at 202 MHz ig@unless otherwise specified
with 85% HPO, as an external reference.

Kinetic Measurements.Uridine 3-m-nitrobenzyl phosphate sodium

that a dianionic phosphorane is too unstable to exist as ansalt (30umoles) was heated at 92 in a oil bath in 10 mL of 50 mM

intermediate® and the stereochemistry of the cleavage reaction
is inversion®

Heavy atom kinetic isotope effects are a powerful method to
study the mechanism and the transition-state structure of
enzymatic and nonenzymatic reactions of phosphate diésters.
The magnitude of the primary isotope effet¥riage is an
indication of the degree of bond breaking measured at the
leaving group oxygen atom in the transition state. The partial

buffer, and the temperature of the solution was’86 Citric acid was
used as a buffer for the reaction run at pH 2.0, sodium acetate for pH
4.0 and 5.0, MES for pH 6.0, MOPS for pH 7.0, CHES for pH 9.0,and
CAPS for pH 11.5. Reactions were run at least in duplicate. Each
reaction was followed by periodically assaying withdrawn aliquots with
a Microsorb-MV C18 HPLC column (&m, 4.6 mm i.d.x 250 mm)
equilibrated with 6 mM NakPO, pH 6.8, in 27% methanol. Detection
was accomplished by absorption at 254 nm. Uridirendhitrobenzyl
phosphate elutes at 9.2 min, uridinfen2nitrobenzyl phosphate at 4.6

loss or increase of bond order between the nonbridge oxygenmin, UMP at 2.4 min, andtnitrobenzyl alcohol at 18.2 min. The rates
atoms and the phosphorus atom in the transition state is revealedvere determined by integrating peak areas. The pH-rate profiles were

by the secondary kinetic isotope effect&nonbriage (Figure 1).

We have measured the heavy atom kinetic isotope effects in
the cleavage and isomerization reactions of uridirfien3
nitrobenzyl phosphate at different pHs. The isotope effects
reported shed light on the mechanism of the isomerization and
cyclization reactions of RNA and of model compounds of RNA
in acidic, neutral, and basic conditions and fully characterize
their phosphorane-like transition states.

Experimental Section

Materials and Methods. Methanol*®O, H,*%0'“NH,“NQO;, and
15NH4NO; were purchased from Isotec. All synthetic reagents and
anhydroustert-butyl alcohol were from Aldrich. Buffers were from
Sigma. The Microsorb-MV C18 HPLC column was purchased from
Varian Analytical Instruments. Econosil C18 HPLC column was from
Alltech.

(5) Uchimaru, T.; Uebayasi, M.; Hirose, T.; Tsuzuki, S.; Yliniemela,
A.; Tanabe, K.; Taira, KJ. Org. Chem1996 61, 1599-1608.

(6) Oivanen, M.; Ora, M.; Almer, H.; Straberg, R.; Lanberg, H.J.
Org. Chem.1995 60, 5620-5627.

(7) Brown, D. M.; Magrath, D. I.; Neilson, A. H.; Todd, A. Rature
1956 177, 1124.

(8) Lim, C.; Karplus, M.J. Am. Chem. S0d.99Q 112 5872-5873.

(9) (a) Sowa, G. A.; Hengge, A. C.; Cleland, W. \W.Am. Chem. Soc.
1997 119 2319-2320. (b) Hengge, A. C.; Tobin, A. E.; Cleland, W. W.
J. Am. Chem. S0d995 117, 5919-5926. (c) Hengge, A. C.; Cleland, W.
W. J. Am. Chem. S0d.991 113 5835-5841.

fitted to the following equations:kss = ko, + [HT]/Ky for the
isomerization reaction anéyps = ko + [H1])/Ki+ Ko/[H'] for the
cleavage reaction wheig is the pH independent rate.

Reaction in tert-Butyl Alcohol. The sodium salt of uridine'3n-
nitrobenzyl phosphate (10mol) was loaded on a Dowex 50W-X8
column (1.2x 27 cm) in the proton form. The column was eluted
with distilled H,O, and the pooled fractions were concentrated to 5
mL and titrated to pH 6.5 with 1.0 M tetrabutylammonium hydroxide
in water. The solution was lyophilized and then dried ove®$in
vacuo for 2 days. The tetrabutylammonium salt of uridiriem3
nitrobenzyl phosphate was dissolved in 5 mL of anhydieusbutyl
alcohol in a glovebox. The boiling point ¢ért-butyl alcohol is 83°C,
and its melting point is 28C; thus, the reaction needed to be run with
a condenser with running water at 3Z to prevent crystallization of
the alcohol on the coils of the condenser. The reaction was run at 86
°C under nitrogen for 5 days. After removalteft-butyl alcohol, each
time point aliquot was analyzed by HPLC as already described. The
solution mixture was analyzed after 5 days ¥ NMR (80%tert-
butyl alcohol and 20% acetordg).

Kinetic Isotope Effect Measurements.The kinetic isotope effects
were measured using the remote label mefdalthis method substrate
labeled at both the position of interest and the remote label position is

(10) Sowa, G. A. Ph.D. Thesis, University of Wisconsin-Madison,
Madison, WI, 1997.

(11) O'Leary, M. H.; Marlier, J. FJ. Am. Chem. Sod979 101, 3300~
3306.
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mixed with the substrate depleted in the heavy atom at the remote label 1072

position to reconstitute the natural abundance at the remote position. A

In the reactions of uridine'3n-nitrobenzyl phosphate the nitrogen atom 10

of the nitro group is the remote labeA 4 mM solution of the 1074 n

appropriate substrate mixture (génol) was prepared in 20 mL of 50 o 5

mM acetate buffer for reaction at pH 5.5, 50 mM of citric acid for pH $ 10

2.5, and 50 mM of CAPS for pH 10.5. Reactions run at’86were E 108

stopped by cooling on ice before the isomerization reaction of the v 107

uridine 3- and uridine 2m-nitrobenzyl phosphate reached equilibrium.

Analytical HPLC was used to determine the fraction of the cyclization 107 T T T T T T T T T 1
and isomerization reactions as already described. The solution was 1.2 3 4 5 6 7 8 9 10 11 12
titrated to pH 7.0 wih 1 N KOH. m-Nitrobenzyl alcohol, the product pH

of the cleavage reaction, was separated by extraction of the solution
three times with freshly distilled diethyl ether. The ether layers were Figure 2. pH-rate profile for the isomerizatio)) and cleavagem)
washed once with 10 mM NaRQ,, pH 4.5, and the acidic aqueous  reactions of 3 mM uridine'3n-nitrobenzyl phosphate in 50 mM buffer
layer was back-extracted three times with diethyl ether. The combined at 86 °C.
ether layers were dried over anhydrous 9@, and concentrated by
rotary evaporation. The residue was sublimed af@5or 20 min?
After removal of the diethyl ether, the aqueous layer containing ‘the 2
and 3 isomers was concentrated to 3 mL, filtered with Qb filters,
and chromatographed on an Econosil C18 HPLC column (22 mm i.d.
x 250 mm) equilibrated with 6 mM NaiPO,, pH 6.8, in 15%
methanol. Detection was accomplished by absorption at 254 nm. Two
major peaks with retention times of 285 min, corresponding to the
3 isomer, and of 1316 min, corresponding to the Bomer, eluted
with a flow rate of 14 mL/min. After removal of the methanol, each
peak was concentrated t025 mL. Each solution was madlL N in
HCI, and the uridine '3 and uridine 2m-nitrobenzyl phosphate were
hydrolyzed tom-nitrobenzyl alcohol at 98C for 48—72 h. Hydrolysis
was followed by analytical HPLC as described. When the hydrolysis -
was completed, the cooled solution was titrated to pH 12.5 with 1 N :
KOH. Them-nitrobenzyl alcohol was extracted and treated as described gm 175~ 50 125 100 75 50 25 00 25 50
above. Control experiments were run to ensure that no fractionation
occurred in the separation of the two isomers by preparative HPLC.
An elemental analyzer (Carlo Erba-NA 1500 Series 2) coupled with a
Europa Tracermass 2@0 isotope ratio mass spectrometer was used
to analyze the isotopic composition of each sample.

Data Analysis. The isotope effects were calculated from the

17.0110
-0.2464

Figure 3. 3P NMR spectrum of the reaction mixture of 2 mM uridine
3'-menitrobenzyl phosphate in anhydroigst-butyl alcohol after 5 days
at 86°C. The3P NMR spectrumi decoupled) was recorded at 202
MHz in 80% tert-butyl alcohol and 20% acetordg-with 85% HPO,
as an external reference.

following equations: Table 1. Kinetic Isotope Effects of the Cleavage and Isomerization
Reaction of Uridine 3m-Nitrobenzyl Phosphate at 8&
18 _ -
Keteavage™ IN(L = f)/IN[1 — (RF/R)] @) pH  reaction Borigge Foonbridgd  HKnonbricg?
18 2.5 cleavage 1.0019 0.0007 0.9904 0.9885
Kisomerization= IN[(1 — fo = 2()/(1 — fJI/ 5.5 cleavage 1.002 0.001  0.9986: 0.0004 0.9983
M1 — (2R E/RY(1 — R f 2 5.5 isomerization 1.0004 0.0002 0.999G 0.0007 0.9988
11~ [ERIRIL ~ RIRI (2) 10.5 cleavage 1.0272 0.0001
wheref. is the fraction of the cleavage reactidiis the fraction of the 2Kinetic isotope effect fof®0 in both nonbridge oxygen atoms.
isomerization reactiorR, is the isotopic ratio in the starting material, ~°Isotope effects corrected to 2T using the equation: In(IE at 27
R. is the isotopic ratio in the cleavage produehitrobenzyl alcohol, C) = (359 K/300 K) In(IE at 86°C).

andR; is the isotopic ratio in the isomerization product uridirieT®
nitrobenzyl phosphate. These equations were derived as described irphosphate at 86C is shown in Figure 2. In the acidic region
the appendix on the assumption thatagof the isomerization reaction  the rates of isomerization and cleavage reactions are very similar.
is unity, as it is for uridylyl (35')uridine/® and that the rates of cleavage = The isomerization reaction is pH-independent from pH 5.0 to
of the 3 isomer and the 'Zsomer are the santé. 9.0. The cleavage reaction is pH-independent in a smaller range
The kinetic isotope effects calculated with eqs 1 and 2 were corrected o s from 5.0 to 7.0. In this region the rates of isomerization
frzrn:r;fgEﬂ:ﬁ;?;ﬁg%morporaﬂon In the starting material using the and _c_Ieavage reactions are almost ident_ical. Under alkaline
conditions the cleavage reaction becomes first order with respect
Results to hydroxide ion and the isomerization product uridideT2
nitrobenzyl phosphate is not formed at pHs higher than 9.0.
Kinetic isotope effects have been measured with the remote
label method at pH 2.5, 10.5, and 5.5 to study the transition-
state structures of the hydronium- and hydroxide-dependent
reactions and of the pH-independent reactions, respectively. The
isotope effects are shown in Table 1 with their standard errors.
The reactions at pH 5.5 were run in triplicate, while the
(12) While the [K’s of the 2- and 3-hydroxyl groups differ by 0.29 pH measurements at pH 2.5 and 10.5 were run in duplicate.

Uridine 3-m-nitrobenzyl phosphate at 88C undergoes a
reversible isomerization to uridiné-gr+nitrobenzyl phosphate
and a cleavage reaction with-nitrobenzyl alcohol and'Z3'-
cyclic UMP as products. The'2-cyclic UMP is readily
hydrolyzed to 2UMP and 3-UMP. The pH rate profile of the
isomerization and cleavage reaction of uridifrBnitrobenzyl

units, this will cause little difference in the reaction rates of thea®d 18] )
2'-phosphodiesters because both participate as protonated species. Ths?A Ithough. th? k"""b”dgereportedhat p|-|| 2'|5 has l?eer; Calcurl]ated
Bransted value is-0.3 for such reaction$which would cause only &20% rom a single measurement, the calculaRdvalue from the

difference in the rates of cleavage of the 8nd 2-isomers. experimental R R;, andf. values agrees with the measufeg
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Scheme 1 the observed isotope effect is described by eq 4.
ki
S X-P op= al(ef Y + QLIS (4)

This equation is simplified td%ons = 18k, by assuming that
18; and18k, are the same due to the similarity of the chemical
steps and of thelg s of the leaving groups. Thus, the observed
isotopic discrimination is determined by the isotope effect on
Yhe rate of formation of the phosphorane intermediate. This
secondary kinetic isotope effect gives information on the
transition-state structure for the formation of the phosphorane
intermediate.

Hydronium lon-Catalyzed Reactions!® The primary and
a;;econdaryso isotope effects were measured for the cleavage
action at pH 2.5 and at 88C. The primary isotope effect

represents the loss of bond order with thenitrobenzyl group

during the breakdown of the phosphorane intermediate. The
magnitude of the observed isotope effect is decreased by the
presence of the forward commitment (eq 3). The observed

The 180 isotope effects have been corrected for the isotopic
incorporation and for thé% effect (1.0004+ 0.0007)%11

The reaction in anhydrougrt-butyl alcohol was run at the
same temperature as the aqueous reactions. Only the cleava
reaction was observed with a rate constant of X110 ¢ sec'™.
The presence of Z-cyclic UMP and not its hydrolytic products
2'- and 3-UMP was shown by the existence of a peak at 17.01
ppm in the3lP spectrum of the reaction mixture (Figure 3). This
observation is consistent with th#P spectrum of cyclic
phosphates such as ethyl ethylene phosphate which show a pe
in the 15 ppm regioA? The peak at-0.24 ppm is assigned to
the tetrabutylammonium salt of uridine-@+nitrobenzyl phos-
phate. The tetrabutylammonium salt dfB3MP in 80% tert-
butanol and 20% acetortg-shows a peak at 2.4 ppm (data not

shown). primary isotope effect is 0.1996.Calculation of the intrinsic
Discussion primary isotope effect requires assumption of a value for the
forward commitment in eq 3. The neutral phosphorane inter-
The K of the hydroxyl group of the leaving groupr mediate can break down in three ways to give cleavage to
nitrobenzyl alcohol is 14.% close to the [’s of both the 3 m-nitrobenzyl alcohol and a’@-cyclic phosphate, or to the

and 2-hydroxyl groups of the ribose ring which are respectively 2'- or 3-isomers of uridinem-nitrobenzyl monophosphate. If
12.84 and 12.5% The similarity in the leaving groupss is these rates are equal because of the similaritytBf the
reflected in the almost identical pH rate profiles for the cleavage |eaving group$? the forward commitment would be 0.5, and
and isomerization reactions of polyuridylic acid, uridyly!,3)- the intrinsic primary isotope effect at 8& is 1.0028. The
uridine?*cand uridine 3m-nitrobenzyl phosphate. Thus uridine  jsomerization reactions produce single products, while the
3-m-nitrobenzyl phosphate can be considered a good modelcleavage reactions produce two products but one of these is a
compound to study the kinetics and mechanism of the isomer- |ess stable cyclic phosphate. Th&pof the m-nitrobenzyl
ization and cleavage reactions of RNA. In addition there is only alcohol is also 2 pH units greater than those of thead 3-
one nitrogen atom in the leaving groupsnitrobenzyl alcohol,  hydroxyl groups, which might suggest a faster rate of cleavage
making uridine 3m-nitrobenzyl phosphate an ideal candidate than that of isomerization if the proton shift to the leaving group
to measure the kinetic isotope effects of the isomerization and determines the rate. The balance between these factors is not
cleavage reactions with the remote isotope-labeling method. clear, and thus we can only say that the prim&@ isotope

The minimal mechanism for the cleavage and isomerization effect on cleavage is greater than 0.19% at°86 The small
reactions is shown in Scheme 1, wheéggis the irreversible  normal intrinsic primary isotope effect results from the com-
step for the cleavage reaction akidandk, represent the rates  pination of two opposite effects, the loss of the ® stretch
of formation from and breakdown of a phosphorane to a and the formation of an ©H bond. If protonation of the leaving
phosphodiester (uridine-3or 2-m-nitrobenzyl phosphate). X,  group is so far advanced that it largely compensates for the loss
S, and P represent, respectively, all of the possible phosphorangf the P-O stretch, a slightly normal primary isotope effect
intermediates that can be formed through pseudorotation, thewould be expected.
sum of the 3 and 2-isomers, and the cleavage products. I The inverse secondafO isotope effect of 1.15% (corrected
the reaction with the bridge-labeled uridin&rB-nitrobenzyl to 27 °C) indicates an increase in bond strength with the
ph0§phate, the On!y Isotope-sensitive step@sbeqause no (15) An inverse secondary isotope effectaf.5% can be expected from
significant change in bond order occurs at the bridge oXygen e protonation of the second nonbridge oxygen when forming a neutral
in the previous steps. Therefore, the appaténisotope effect phosphorane from a monoanionic phosphorane (Scheme 2) based on
is given by eq 3 wheré8s is the intrinsic isotope effect and secondary isotope effects of 1.54 and of 1.9%, respectively, measured for

. . . the deprotonation of glycerol-3-phosphate and of phosphoric acid (see ref
ky/ko is the forward commitment. The forward commitment 17). If we assume that the strength of&® and a P-OH bond are similar,

represents the propensity of the phosphorane to go forward tobased on théO fractionation factors of 1.033 for the hydroxyloimalate
the cleavage products as opposed to reforming one of theand of 1.031 for the carbonyl group of ketoglutarate (see ref 18), then the
phosphodiesters secondary isotope effect for the reaction from an anionic phosphodiester to
’ a monoanionic phosphorane can be predicted to be close to unity and that
18 1 for forming a neutral phosphorane should b&.5% inverse. A second
Kops = ( 8k3 + Ko/k)/(1 + kq/ky) 3) model uses the normal secondary isotope effect of 2.5% measured for the
base-catalyzed hydrolysis of the triester diethyl(4-carbamoylphenyl) phos-
. L . . phate (see ref 19) to determine the change fror=®Ro a P-O~ bond.
An approximate value of the intrinsic primary isotope effect \yit this model a secondary isotope effect-8.7% inverse is predicted
can be calculated from this equation by assuming a reasonablén the formation of a neutral phosphorane and~d.9% normal for the
value for the forward commitment as described later. formation of a monoanionic phosphorane from an anionic phosphodiester.

. It is not clear which model is more correct, but the isotope effects we
Both the formation and breakdown of the phosphorane observed are closer to those predicted by the first model.

intermediates are isotope-sensitive steps in the reaction with the  (16) The value of the intrinsic primary ‘isotope effect calculated at 86

nonbridge labeled uridinel-:Bn-nitrobenzyI phosphate, and thus °C cannot be corrected to room temperature without knowing how much

of the value is temperature-independent, but it cannot be larger than 1.0033
(13) Kirby, A. J.; Varvoglis, A. GJ. Am. Chem. S0d.967, 89, 415- at 27°C.

423. (17) Knight, W. B.; Weiss, P. M.; Cleland, W. W. Am. Chem. Soc.
(14) Gorenstein, D. GPhosphorus-31 NMR: Principles and Applica- 1986 108 2759-2761.

tions Academic Press: Orlando, Fla, 1984; pp36. (18) Cleland, W. WMethods Enzymoll98Q 64, 104-125.
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nonbridge oxygens in the formation of the phosphorane nitrobenzyl phosphate are similarly dependent on the hydronium
intermediate. The inverse effect is due to the formation of a ion concentration (Figure 2) and the cleavage reaction proceeds
neutral phosphorane which has an additionalHDstretch and through a neutral phosphorane intermediate, it is likely that the
bending motions with respect to the monoanionic phosphodi- isomerization reaction in acidic pHs proceeds through the same
esters. Since th¥O equilibrium isotope effect for protonation  neutral phosphorane intermediate which after pseudorotation
of a phosphate nonbridge oxygen is 1.6% invéfs¢he may undergo cleavage of the apical bond withrtigitrobenzyl
magnitude of the seconda®fO isotope effect represents a moiety (cleavage reaction) or of the apical bond with the 3
somewhat late transition state, which is not surprising, consider- hydroxyl of the ribose ring (isomerization reaction) as shown
ing the relative instability of the phosphorane intermediate.  in Scheme 2.

The primary and secondary kinetic isotope effects observed pH-Independent Reactionst® The isomerization reaction
are consistent with the mechanism described in Scheme 2. Anmyst proceed through a phosphorane intermediate, while the
initial preequilibrium protonation step is followed by the cleavage reaction may be either concerted or stepwise. The
formation of a neutral phosphorane intermediate with a con- stepwise mechanisms for the isomerization and cleavage reac-
comitant water-mediated proton transfer from thépdroxyl tions are shown in Scheme 3. The putative phosphorane may
group to the second nonbridge oxygen. Models suggest theexist in several ionization states. At acidic pH an inverse
number of water molecules needed to mediate this proton secondary isotope effect was observed, indicating the formation
transfer is two or three. After the nucleophilel/droxyl attack of a neutral phosphorane. A monoanionic phosphorane inter-
at an apical position, the phosphorane intermediate formed ismediate is proposed for the isomerization reaction at neutral
in fast equilibrium with all of the possible phosphoranes formed pH pased on the secondary isotope effect close to unity and the
by polytopal rearrangements. Thenitrobenzyl alcohol departs  pH.independent rate (Figure 2). A secondary isotope effect close
from a phosphorane in which itis located in the apical position. o ynity was also measured for the cleavage reaction, indicating
The isotope effects measured also agree with a mechanism ofpat the two reactions may proceed through the same mono-
the cleavage reaction where the neutral phosphorane formedanionic phosphorane intermediate as illustrated in Scheme 3.

with poth themnitrobenzyl group and.thef-IlydroxyI in apical In the breakdown of the phosphorane intermediate to give the
positions. This phosphorane may give the cleavage productsy.jsomer, the bond order with the bridge oxygen should remain
without pseudorotating. essentially unchanged, which is consistent with the observed

the .nlucleophlle must respect[vely depart or enter in the apical reaction the bond between the bridge oxygen and the phosphorus
position of a phosphorartelt is thus impossible for the'2 is broken in the degradation of the phosphorane intermediate.
hydroxyl to attack in a concerted manner with the departure of The ghserved primarjfO isotope effect is 0.9%. Calculation
the 3-hydroxyl of the ribose moiety. Thus, the isomerization  of the intrinsic primary isotope effect requires assumption of a

of uridine 3-mnitrobenzyl phosphate to uridiné2r-nitrobenzyl value for the forward commitment in eq 3. If we assume a
phosphate must occur through a phosphorane intermediate. Sincgnyard commitment of 0.5, as we did earlier for the hydronium-
the rates of isomerization and cleavage of uridiriem3 catalyzed reaction, the intrinsic primary isotope effect is 1.35%.

(19) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, W.J. The same uncertainties in the forward commitment value apply
Am. Chem. Sod 991, 30, 7444-7450. here, and thus we can only say that the prim&@ isotope
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Figure 4. Proposed transition-state structure for the concerted cleavagerigyre 5. Proposed transition-state structure for the concerted cleavage
reaction at neutral pH. reaction in alkaline conditions.

effect on cleavage is greater than 0.9%. The size of the primary

effect indicates that the bond between the phosphorus and the2 phosphorane intermediate, did not occur in anhydrous con-
bridge oxygen is considerably cleaved in the transition state. ditions. (In agueous solution at pH 9.0, the isomerization
Thus, the secondary and primary isotope effects measured forwas readily detected under conditions where the cleavage
the cleavage reaction are consistent with a stepwise mechanisnieaction was three times faster than tart-butyl alcohol.)
with a monoanionic phOSphorane intermediate. As for the This result proves the absolute requirement of a water-
reaction in acidic conditions, a water-mediated proton transfer megiated proton transfer for the formation of a phosphorane

from_thg f2-hyr(1jrofxyl group tc; tp\e S‘;CO”?] nonbridge oxyogl_:;_en IS intermediate. The cleavage reaction was observed in anhydrous
o omatr o o oo Mot o S e e g
y Y pH 6.0. We believe that a small level of base present in the

conditions intert-butanol. . . :
The isotope effects observed for the cleavage reaction do notsolutlon catalyzed the cleavage reaction. This base-catalyzed
cleavage is an ADy reaction and does not proceed through a

invalidate an ADy mechanism with a transition state resembling . .
a phosphorane (Figure 4) in which the bond with tme phosphorane intermediate.

nitrobenzyl group has been weakened and the strength of the Hydroxide lon-Catalyzed Reactions.The transition-state
bonds between the phosphorus and the nonbridge oxygens hagyycture for the alkaline hydrolysis of uridin&+nitrobenzyl

not changed significantly from the ground state. This transition- phosphate is shown in Figure 5. The primary isotope effect of

state str.ucture differs from t.he .struct.ure of the tranS|t|qn state 2.72% suggests that the-Busggebond is largely broken in the
for the ribonuclease A reaction in which the secondary isotope i : .
transition state and that tle-nitrobenzyl group mainly leaves

effect of 0.5% and the primary isotope effect of 1.6% were Koxid hani ith a phosoh . di
consistent with a concerted mechanism with a slightly associa- 25 @n alkoxide. A mechanism with a phosphorane intermediate
tive transition stat8a is unlikely based on ab initio calculations suggesting that a

Reactions in Anhydroustert-Butanol. The need for water dianionic phosphorane is too unstable to exist as an intermédiate
catalysis of the pH-independent isomerization and cleavageand considering that the isomerization reaction which requires
reactions was tested by running the reaction in anhydrous a phosphorane intermediate is not observed. The hydroxide ion-
tert-butanol. The isomerization, which must proceed through catalyzed cleavage reaction is thus a concertg?l f8action.
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Conclusions R.=P*/P

The kinetic isotope effects measured at pH 2.5 and the pH
rate profile in the acidic range support a mechanism involving
a neutral phosphorane intermediate for the isomerization and
cleavage reactions of uridiné-8+nitrobenzyl phosphate. Both
a concerted transition state with very little change in bond order
with the nonbridge oxygens and a stepwise mechanism employ-
ing a monoanionic phosphorane intermediate are consistent with f.=PIA,=(1— e—kgt)
the reported isotope effects for the pH-independent cleavage ¢
reaction. The pH-independent isomerization reaction proceedsgg-
through the monoanionic phosphorane. We have shown the
absolute requirement of water molecules to mediate a concerted (1-f)=—e'
proton transfer for the formation of the phosphorane intermediate
by running the reaction in anhydrotsrt-butyl alcohol. The so:
alkaline hydrolysis of uridine '3m-nitrobenzyl phosphate is a
concerted reaction with a transition state in which the leaving In(1 —f) = —kit
group departs with almost a full negative charge.

The ratio ofR/R, is then:

RJR, = (1 — e "™ )/(1 — ™ ®)

The fraction of cleavage is given by:

Replacing—kst in eq 8:
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Appendix For the isotope effect on isomerization, we define the mass ratio
The scheme for reaction of uridiné-B-nitrobenzyl mono- nB as:
phosphate (A) to give the-2somer (B) or to give the cleavage R =B*B
productsm-nitrobenzyl alcohol and'Z'-cyclic UMP (P) can
be diagrammed: and the fraction of isomerization as:
A ——3p fi = BIA, = (1/2)(e ¢ — e @t
K
Q\ ‘/3 Then:
P R|/R0 — (1/2)(e*k3t/1%3 _ e*[(2k1/18k1)+(k3/18k3)]t)

When the differential equations for this scheme are solved, and:
the concentrations oA, B, andC are given by: ’

Rf/R, = (L/2)[e™ ™ — (e ey (e ) =

A — (Aolz)(e—(2k1+k3)t + e—k3t) (5) .
(1/2)(1— RIJR)(L — & 2™
_ ket (2kgkg)t
B=(A/2)e € ) ) Rearranging and taking logs:
P=A(l-e™") 7 B, = —2ktIn[1 — 2RF/RYL — (RFJR)]]  (9)
To derive the isotope effects for cleavadg) (and isomer-  Rearranging the equation fgrand substituting for € gives:
ization (1), one first writes a similar set of equations for the
180-labeled species, adding an asteriskAtdB, P, and A, to e M= (1- f.—2f)/(1—f)

indicate the label, and dividing each rate constant by the isotope
effect on this rate constant. Thisgis divided by'&; andks by Taking logs and replacing 2kt in eq 9:

18k5. The mass ratio in the initial’3somer is then: L
&, = In[(1 —f,— 2f)/(1 —fI
1 c i

R, =AJA, In{1 = [2RARL — (RI/RII} (2)

while the mass ratio in P at a fraction of cleavafyejs: JA003400V



