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Abstract: Heavy-atom isotope effects have been measured for the reactigasimbphenyl phosphate (pNPP) in

the stable Co complexass-[Co(enk(OH)pNPP] (), Co(NHs)spNPP @), and a Co(cyclen) complex of pNPR)(

which forms reversibly in solution. The isotope effects in the nonbridge oxygen afSknsidgd, in the bridge

oxygen atom¥sridgd, and in the nitrogen atom of pNPEK) were measured. Complexéand2 undergo dissociation

of pNPP in competition with nucleophilic attack to liberaaitrophenolate. The kinetic isotope effects on both
processes were measured, and the theory and equations for the determination of isotope effects in parallel reactions
are presented. With complekthe kinetic isotope effects for the nucleophilic reaction were measured, as well as
the equilibrium isotope effects on formation of the complex between Co(cyclen) and pNPP. The isotope effects
sensitive to bond cleavag®k and'8kyigge for the nucleophilic reactions were respectively 1.0820.0002 and
1.0213+ 0.0012 forl, 1.0012+ 0.0001 and 1.009& 0.0010 for2, and 1.0016+ 0.0002 and 1.020% 0.0006 for

4. All are indicative of substantial transition state bond cleavage in the rate-limiting step, and these results are most
consistent with a concerted mechanism. Hi@onbridgeisotope effects of 1.000& 0.0002, 1.0045t 0.0003, and
1.0057+ 0.0009 with1, 2, and4 indicate that the transition state has a slight associative character. The kinetic
Bnonbridgeisotope effects for dissociation of pNPP frarand2 of 1.0135+ 0.0004 and 1.016% 0.0003 and the
equilibrium one for4 of 1.0081+ 0.0006 are consistent with covalent character of the-Gdoond.
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class of compounds has been the object of considerable study. H’NK/\NH‘:”“’
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A number of enzymes catalyze the hydrolysis of phosphate

esters at rates which are remarkable given the stability of the 1

substrates in agqueous solution. Most of these enzymes require

divalent metal ions, which can function both to coordinate the ﬂ @No
phosphate substrate and also to deliver a coordinated nucleo- (NHa)<C /°"|’_° :
phile! Sargeson has studied several model systems in which a o-

Co(lll) complex serves both to coordingtenitrophenyl phos- 'O—T:°
phate (pNPP) and to displagenitrophenolate ion via attack 2 L= 3 )
by an adjacent coordinated nucleophile. We have chosen three

such systemsgis-[Co(eny(OH)pNPP]; @; en = ethylenedi-

amine)? [Co(NH3)spNPPT (2),2 and a Co(cyclen) complex

(cyclen= 1,4,7,10-tetraazacyclododecane) of pNRBPfor a

study to determine heavy-atom isotope effects in order to learn

further details about the mechanisms of both the nucleophilic 4
reaction and the cobattigand dissociation, and to determine

the transition-state structures. Isotope effect data have previ-in solutiorfaand for several enzymatic reactions of pNiPRs
ously been measured for the uncatalyzed hydrolysis reactionswell as for reactions of diesters and triesters wipenérophenol
or its anion is the leaving grous® These data provide a useful
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State University, Logan, UT 84322. The positions of isotope effect measurement in the substrate
?ﬁ‘éﬁfaa PUb"Sge%\'A'Atd”lalnce _AC§ ,;Abstralctsslart\uag_l, |19;|97-E § are identified graphically in Figure 1. In phosphoryl transfer
ooperman, b. etal 1ons In blological systemsigel, H., . . . . . . .
Marcel Dekker: New York, 1976; Vol. 5, pp 8123. Chlebowski, J. F.; I’eactl(l)ns the p.rlmaryg(_) 'S_Otolpe effect in the bridging oxygen
Coleman, J. EMetal lons in Biological Systemsigel, H., Ed.; Marcel atom,¥prigge gives an indication of the extent of bond cleavage
Dekker: New York, 1976; Vol. 6, pp 7883. to the leaving group. The secondary isotope effect in the

10é2)733%r;fs7.336R.; Lindoy, L. F.; Sargeson, A. 4Am Chem Soc 1983 nonbridge oxygen atom®k,onbriage reveals the degree to which

(3) Harrowfield, J. M.; Jones, D. R.; Lindoy, L. F.; Sargeson, A.M. the transition state is dissociative (metaphosphate-like), or
Am Chem Soc 198Q 102 7733-7741. associative, resembling a pentavalent phosphorane. When the
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o
Ca ﬂ 2 A } ------- - a) The nonbridge phosphoryl oxygen atoms (wk,,o,,b,idg,). 18 Il -
0—P-0a 0,"°N 0—I|=—O
Ob --omommeemee = b) The leaving group oxygen atom, the site of o- 0.37 %
bond cleavage ("®kpriage)
mixture
C ~ ) The nitro group nitrogen atom in the leaving group ('°k). o] 99.63 %

.
Figure 1. Thep-nitrophenyl phosphate substrate showing the positions o;“nOo—T—o
where isotope effects were measured. o-

Figure 2. Diagrammatic representation of the preparation of the
leaving group is-nitrophenol or its anion, th¥N isotope effect mixture used to measurO isotope effects in pNPP (in this case
is sensitive to the amount of negative charge delocalized into **keriage) Using the remote label method, where the nitrogen atom in the
the aromatic ring, thus giving a measure of the charge developednitro group serves as the remote label.
on the leaving group in the transition state. Together these
isotope effects can give a detailed picture of the tran5|t|on-statemM' Initial rates for the hydrolysis of 0.5 mM pNPP by the cyclen

structure. ~In addition, ?'“Ce |sotope_ e_ff_ects will “only b_e complex were determined by varying the cobalt concentration from
expressed on steps which are rate-limiting, they can give g 517515 2.5 mM at pH 7.0.

time minusAugo at timet) vs time, at a complex concentration of 0.1

information about the kinetic mechanism of a reaction. Isotope Effect Measurements. The isotope effects in this study
. . were measured by the competitive method, using an isotope ratio mass
Experimental Section spectrometer. Th&0 isotope effects were measured by the remote

Materials. Cyclen sulfate was obtained from Aldrich and recrystal- label method? In this technique substrate is synthesized with labels
lized as the hydrochloride from 20% HCI after the sulfate was attwo positions, one at the site of chemical interest and the other at a
precipitated as barium sulfate. Alkaline phosphatase Eoooli, type position which lends itself to facile isolation and isotopic measurement
I1l, from Sigma was used as received. Isotopically substituted versions (the remote label). This double-labeled material is mixed with substrate

of pNPP needed for isotope effect measurements were synthesized a§ontaining only the natural abundance® in the position of interest,
previously described!, but depleted material in the remote label position (see Figure 2). The

Spectra. 3P NMR were obtained in FD on a 500-MHz Bruker mixing ratio is such that the natural abundancé%f is restored in
spectrometer, using 85% phosphoric acid as an external standard. Irihe remote label position. When this mixture is used in an experiment,
DO, pD was determined by converting the pH meter reading using Fhe observed |sqtope effect is the proc_il_Jct of tha_t in the p03|t|9n of
the relationship pD= pH + 0.4. Proton spectra were recorded on a interest a_n_d th_at in the r_emote_label position. The |sotop_e‘effect in the
200-MHz Bruker spectrometer using sodium 3-(trimethylsilyl)propi- latter position is determined with normal substrate containing only the

onate2,2,3,3-ds (TSP) as a standard. Visible spectra were recorded Natural abundance of isotopes in all positions, and the ratio of the two
on a Cary 18 spectrophotometer. observed isotope effects is the desired one in the position of interest.

Compound Synthesis. [Co(cyclen)CHCl was synthesized by With pNPP the nitrogen atom serves as a convenient remote label, as
literature methods. [Co(cyclen)PQ] was synthesized following Hay's ~ Previously describeé The observed isotope effects from these

method® starting with the [Co(cyclen)@IC! instead of the bromide. experime_nt_s were cor'rect_ed for tHel _effect and for incomplete levels
cis-[Co(en)(OH,)pNPP]CIQ-H,0 was synthesized with isotopically  Of isotopic incorporation in the starting materfal. ‘
substituted NgNPP by heating a solution that was 10 mM in both Theory and Equations for Determination of Isotope Effects in

[Co(enkCl]CI” and the desired NENPP, adjusted to pH 5.3, at 60 Parallel Reactions. As shown in eq 1, .the Cf:)pNPI.:> complexed

°C for 3 h. The solution was then chromatographed on Sephadex Spand2 undergo the parallel reactions of liberationphitrophenol and
C25 that had been washed with 1 mM sulfuric acid, pH 3, and was of dl'_s_souatlon of_ pNPP, t_)oth of which are potentially isotopically
eluted with 0.2 M NaCIQ The second band contained the desired Sensitive. Following the widely adopted nomenclature of Norttitop,

product. After concentration by rotary evaporation the pH was adjusted the isc;;op_e effects are denoted by a leading supersériptherex is
to 4 with dilute ammonia, and pink crystals formed after cooling on 15 for*™N isotope effects and 18 féfO effects. For°0 isotope effects

ice. Yield was 25%. This compound was also synthesized by determined by the double-label methrd= 15, 18 and® ¥k is the
Sargeson’s methdd. isotope effect due to the presence of both heavy atoms in the substrate.

[Co(NHs)sHpNPP](CIQ), was synthesized and purified in a similar N the equation belovk; denotes the rate constant for the light isotope

fashion using [Co(NE)sH,O(NO)s? as the starting material. However, and*k; denotes the isc_)tope_ effec_t on the rate constanivhich i_s_the
the heating period was extended to 6 h. rate constant of the light isotopically labeled compound divided by

Analysis of Cyclen Complexes. After converting the cyclen that of the heavy. Thus the expressiaftk; equals the rate constant

complex to the chloride by boiling in concentrated HCI, the compound for the heavy labeled compound.
was analyzed for cobalt by measuring the absorbance at 560 nm, using

an extinction coefficient at 185 M-cm™1. Phosphate was analyzed A— P = free pNPP (from dissociation of pNPP from Ca
by Carter's method. . )
p-Nitrophenyl phosphate was quantitated by converting ifpto A— Q = p-nitrophenol (from cleavage of Co-bound pNPP)
nitrophenol using alkaline phosphatase at pH 8.5 and then calculating A=1or2
the amount ofp-nitrophenol from the absorbance at 400 nm in basic
solution. Kyl
Reaction Kinetics. First-order rate constants for the hydrolysis of A— P,
pNPP by the bis-ethylenediamine complex (pH 9) or the pentaammine Kok,
complex (1 M NaOH) were obtained by plotting I@gfo at infinite A Q
116(354?55)5@?82?é}%eﬁggegsAWCASEﬁéngGH: mWCl:Jhel_rT? ;ﬁg&g gg.-Y. The experimental quantities that need to be determined are the
Biochemistry1995 34, 13982-13987. (c) Hengge, A. C.; Tobin, A. E,;  following: R, = QJQ = the **N/**N ratio in liberatedp-nitrophenol
Cleland, W. W.J. Am Chem Soc 1995 117, 5919-5926. (d) Caldwell, at a known fraction of reactioh Rs = (Quw — Q)/(Q» — Q) = the
go 34543%1%8& F. M.; Weiss, P. M.; Cleland, W. Blochemistry1991, I5N/*N ratio in unreacted GepNPP at a known fraction of reactidn
’(5) CoIIman,.J. P.; Schneider, P. org. Chem 1966 5, 1380-1384. (10) O’Leary, M. H.; Marlier, J. FJ. Am Chem Soc 1979 101, 3300~
(6) Hay, R. W.; Bembi, RInorg. Chim Acta 1983 78, 143-149. 3306.
(7) Springborg, J.; Schaffer, C. Eorg. Synth 1973 14, 63—77. (11) Northrop, D. B. Inisotope Effects in Enzyme-Catalyzed Reactions
(8) Basolo, F.; Murmann, R. Kinorg. Synth 1953 4, 171-176. (Cleland, W. W., O’Leary, M. H., Northrop, D. B., Eds.; University Park

(9) Carter, S. G.; Karl, D. WJ. Biochem Biophys Methods1982 7, Press: Baltimore, MD, 1977.
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R, = Quw/Q. = the N/N ratio in p-nitrophenol after complete
reaction of Ce-pNPP. Ry = Pw/Po = the N/*N ratio in pNPP
dissociated from the Co complex.

Rawlings et al.

performed. These used 160 mg bfn 48 mL of water, which was
mixed with 16 mL of 0.8 M Tris-perchlorate, pH 9, with added sodium
perchlorate. After 3.5 h the samples were acidified and extracted with

The integrated equations describing the concentrations of the variousether. The pH of the aqueous solution was adjusted back to 9 with

molecules at a fraction of reactidnor at infinite time, are as follows:

A=Ag ki A =p gk
where
kK
Xkl Xk2
AL — e T kAL~ e ™)
= —; )( = —’
ki + ko KoK

kAL —e b9y L e

? K, +k, ’ * K,k

NaOH, and alkaline phosphatase was added. After 12 h the reaction

were acidified and the-nitrophenol was isolated as described.

For 2, 5.3 mM solutions of [Co(NB)sHpNPP](CIQ), were used in
1 M NaOH, which partially ionizes an ammonia ligand forming the
attacking amide. A solution of the pentaammine in water (112 mg,
200umol, in 32 mL) at 25°C was mixed with 8 mL 65 M NaOH to
initiate reaction. The reaction was stopped after about 1 half-life by
addition of 8 mL ¢ 6 M HCI. The solution was extracted with ether
(3 x 40 mL), and the combined ether extracts were dried over MgSO
and concentrated to dryness by rotary evaporation. priigrophenol
thus isolated was sublimed under vacuum prior to combustion for
isotopic analysis. The remaining aqueous solution, containing unreacted
2 and dissociated pNPP, was neatl N in NaOH usirg 5 N NaOH.

After 10 half-lives (160 min) the solution was acidified, filtered to

remove brown cobalt precipitates, and extracted with ether as before.
The aqueous solution, still containing dissociated pNPP, was adjusted
to pH 9 with 1 M NaOH and made 1 mM in Zn and Mg using ZnCl

and MgC}, and alkaline phosphatase was added. After 12 h the solution

The experimentally determined isotope ratios can be used to determinewas acidified to pH 4 with HCI and extracted with ether as described.

an isotope effect starting with the following two equations which yield
an apparent isotope effectapp = In(1 — f)/In(1 — fRY/R.) = In(1 —
HAN[(1 = HRs — Ra)]
B *Ko(1 + ky/ks) _ *Ko(ky + ky)

k%, k, + k; (%K)

k2xk1

X
PP

When the ratidi/k; is known, the above isotope effect can be used
along with the ratio ofk,/*k; to determine’k; and*k,. The ratio of
isotope effectgka/*k; is equal tORw/Re.

The molecular nitrogen used for isotopic analysis was obtained by
combustion of samples as previously describelhe nitrogen isotopic
ratio in the starting material was determined from nitrogen obtained
from combustion of samples pfnitrophenyl phosphate substrate and,

as a control, by completely hydrolyzing samples of the substrate and !dentical results were obtained
combustion of the nitrophenol produced and isolated by the same
method used in the isotope effect experiments. The isotopic ratios

obtained from both methods were the same within experimental error,
showing that no isotopic fractionation occurs during the procedures
used to recovep-nitrophenol.

(a) Kinetic isotope effect experiments. For 1, 2.5 mM solutions
of cis-[Co(en}(OHz)pNPP]CIQ-H,O were used at pH 9, ina 0.2 M
Tris—perchlorate buffer, with NaCl©added so that that ionic strength
was 1.0 M. Fifty milligrams of [Co(erjOH2)pNPP]CIQ-H.O were
dissolved in 30 mL of water at 25C. Reaction was initiated by the
addition of a solution of 10 mL of 0.8 M Trisperchlorate, pH 9.0,

For isolation ofp-nitrophenol from total reaction of the Co complex,
reactions were performed with 1@@nol of 2 in 16 mL of water, and

4 mL of 5 M NaOH. These were allowed to react for 3.5 h before
acidification and isolation op-nitrophenol.

For the kinetic isotope experiments withthe [Co(cyclen)G]* and
pNPP solutions were made separately, equilibrated at pH ?C25
and then mixed to give a solution 20 mM in cobalt and 5 mM in pNPP.
Since buffers have been reported to catalyze the dimerization of the
complex, the reactions were performed in unbuffered solution. Reac-
tions were stopped by acidification to pH 4 with HCI, gmnditrophenol
was isolated as previously described.

(b) Trapping [Co(cyclen)].pNPP and Equilibrium Isotope Effect
Experiments. The [Co(cyclen)GICI and NapNPP solutions were
separately adjusted to pH 6.0 and cooled td@5 After mixing, the
solution was equilibrated for 15 min at 26 and then chromatographed
at 4°C on Sephadex SP C-25, which had been equilibrated at pH 3.
if the solutions were preincubated for
20 or 30 min. The column was washed with water, which removed
any hydrolyzed or unbound pNPP, and then eluted with 0.2 M NaCl.
The water wash was adjusted to pH 8.5, and the amount of hydrolyzed
pNPP was determined from absorbance at 400 nm. The amount of
unbound pNPP was quantitiated by adjusting the pH of the water wash
to 9 and adding 5 units of alkaline phosphatase. The cobalt-bound
pNPP in the 0.2 M NaCl eluant was convertedptmitrophenol by
raising the pH of the solution to 7. If necessary, the pH was adjusted
to 8.5 and alkaline phosphatase was added to ensure completeness of
reaction. The solutions used for the equilibrium isotope effect
experiments were 9 mM in both the cobalt complex and pNPP.

with added sodium perchlorate. Reaction was stopped after about 50%
completion by acidifying to pH 2 with HCI. This solution was extracted ~R€sults

with ether (3x 40 mL), and the combined ether portions were washed
with 2 M NaOH (3 x 40 mL). The alkaline aqueous solution,
containing thep-nitrophenol product, was acidified with HCI and
extracted with ether (3« 40 mL). These ether extracts were dried
over MgSQ, the ether was removed by rotary evaporation, and the
p-nitrophenol was sublimed under vacuum prior to combustion for
isotopic analysis. The aqueous solution from the first extraction, which
contained the unreacteld(as well as dissociated pNPP), was titrated
to pH 9 with 1 N NaOH and allowed to react for at least 10 half-lives.
This solution was then acidified and tipenitrophenol released from

Characterization of Co—pNPP Complexes. Whencis-[Co-
(enk(OH,)pNPPT which was synthesized by direct reaction of
the cobalt precursor with NpNPP and the complex that was
synthesized by Sargeson’s methagre compared, it was found
that they had the same visible specttazf 507 nm) and®P
NMR spectra and tha,s values for formation op-nitrophenol
at pH 9 were in close agreement (#5104 vs 9.0 x 1074
s.

[Co(NH3)spNPPT synthesized by direct reaction also had the

the residual was isolated as described above. The complete hydrolysis same visible spectrum.faxat 517 nm) and similakops (1.0 x

experiments were performed using 30 mgloin 15 mL of water,
adding 5 mL of the Tris-perchlorate/sodium perchlorate solution, and
allowing reaction to proceed for 3.5 k L0 half-lives). These samples
were then acidified and thp-nitrophenol was isolated as described

above. The total conversion experiments were set up in an identical

1023 vs 82x 104 s1in 1 M NaOH) as reported for this
complex synthesized by a different rodte.

Isotope Effect Experiments with 1 and 2. Both thecis-
[Co(eny(OH)pNPP] and the [Co(NkspNPP]" complexes

manner, and after 3.5 h alkaline phosphatase was added to hydrolyzeundergo release of pNPP from the Co complex by-Cabond

released pNPP prior to isolation pfitrophenol. Several experiments
to look directly at the pNPP which dissociated framwere also

rupture in competition with nucleophilic attack at phosphorus
to releasep-nitrophenolate. Under the reaction conditions
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Table 1. Isotope Effects for Reactions of Co(lll)-Coordinated Table 2. Compositions of Initial Mixtures and Isolated Products
pNPP from Chromatography of the Co(cyclen):pNPP Complex
reaction 15 eridge 18nonbridge initial solutior |\ ter wash isolated complek ratio:
Kinetic Isotope Effects for Nucleophilic CoN, pNPP free pNPP  CobPi bound pNPP Co:pNPP
Reactions ReleasirgNitrophenol
Co(enypNPP 1.002H 0.0002 1.0213t 0.0012 1.0006t 0.0002 ggg %8; 3‘12 338 iég gé
Co(NHz)spNPP 1.0012t 0.0001 1.0098t 0.0010 1.0045t 0.0003 59'0 62.3 33.6 54'0 22'5 2'4
| NPP 1.001 . 2 1.02 . .997 . ' ' ' : ’ )
[Co(cyclen)bp 0016 0.0002 1.020Z 0.0006 0.9976+ 0.0003 159 3790 4 —_ s

1.0057+ 0.0009

Kinetic Isotope Effects for Dissociation of pNPP
Co(enypNPP 0.9998t 0.0002 1.0063t 0.0012 1.0135t 0.0004
Co(NHz)spNPP  0.9998t 0.0001 1.001H 0.0010 1.0167 0.0003

Equilibrium Isotope Effects for Dissociation of pNPP
[Co(cyclen)lpNPP 1.0004t 0.0004 0.9995: 0.0011 1.0081 0.0006

a |sotope effect uncorrected for the equilibrium effect on formation
of the Co complex® Isotope effect after correction for the equilibrium
effect on formation of the Co complex.

employed the released pNPP does not undergo measurable

hydrolysis during the reaction times employed. In the case of
cis[Co(en)(OH)pNPP] 89% of the complex underwent cleav-
age to release nitrophenol, with the remainder of the pNPP being
released into solution. The [Co(N}dpNPP}" complex under-

goes both processes at similar rates, with nitrophenol release

comprising 48% of the reaction. These product ratios are very
similar to the 86% and 47% reported by Sarge$énSince

release of pNPP from the complex will be sensitive to isotopic
substitution in the nonbridge oxygen position (and possibly other
positions as well), equations were derived for the calculation
of the isotope effects on the two simultaneously occurring

a All quantities is the table are inmol. The missing amounts of
pNPP and Co remain bound to the column after elution with water
followed by 0.2 M NaCl? Initial composition of solution as loaded
on the cation-exchange colunfmQuantity of uncomplexed pNPP,
eluted by water wasH.Relative amounts of Co and pNPP in the
Co(cyclen):pNPP complex eluted with 0.2 M NaCl.

50.0
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30.0
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Figure 3. Initial rates for release gd-nitrophenol from 0.5 mM pNPP
as a function of Co(cyclen) concentration at pH 7.0.

processes (see Experimental Section). The isotope effects at

each of the three positions in the substrate (as shown in Figure

1) for p-nitrophenol cleavage and for €® rupture are listed
in Table 1. The standard errors are calculated from at least six
independent measurements of each isotope effect.

Isotope Effect Experiments with 4. The kinetic isotope

pH to 8.5 and adding alkaline phosphatase, and thus presumably
represents dissociated pNPP.) The purple bandhadt 520
nm at pH 5.

[Co(cyclen)ChL]T + pNPP (pD = 7.4). If the 3.4 Co:1
pNPP, pD 5.5 solution was adjusted to pD 7.4, i#e NMR

effects for the nucleophilic reaction and the equilibrium effects spectrum showed transient signals at 13.3 and 8.5 ppm. As
for dissociation of pNPP from the complex are shown in Table the reaction proceeded, signals at 31.2 and 38.1 ppm appeared.
1. The observed effects for the nucleophilic reactions are the After 2 h, these were the only signals present, with the peak at
product of the kinetic effects on the nucleophilic reaction and 31.2 ppm predominating.

the equilibrium ones foformationof the Complex. The latter If the reaction mixture was then adjus[ed to pD 3.4, the pH
will be the reCiprOC&' of the effects for dissociation shown in used for the cation exchange Co|umn' a peak at 19.2 ppm

Table 1. Sincek and*¥priage are unity within experimental  developed, and the peak at 31.2 ppm decreased relative to the
error, only*&onbriage Nas been corrected for formation of the peak at 38.2 ppm.

complex; both the observed and corrected effects are shown. |njtial rate data for this complex showed a nonlinear
Reaction of [Co(cyclen)C}™ + pNPP (pH < 6.0). A dependence on cobalt concentration (Figure 3). At low Co:
complex between [Co(cyclen)gt and pNPP was formed at  pNPP ratios, the reaction was very slow and did not go to
pH <6, which underwent only very slow hydrolysis$% in completion.
30 min). The complex formed rapidly, within the time required {[Co(cyclen)LPO,}. After completion of the reaction, a
to record an NMR spectrum. Th&P NMR spectrum of a complex containing C& and inorganic phosphate in a 2:1 ratio
solution made with a cobalt to pNPP ratio of 3.4:1 showed one could be isolated from the reaction mixture by chromatography
large phosphorus peak at 7.7 ppm and a small amount ofon Sephadex SP C25. This complex had a visible absorption
unbound pNPP at 1.1 ppm. The proton NMR in the aromatic maxima at 531 nm and a singl&® NMR peak at 19.2 ppm at
region showed two doublets at 8.18 and 7.24 ppm. If the Co pD 3.4. The NMR signal shifted to 21.3 ppm at pD 5.4. [Co-
to pNPP ratio was changed to 1:6.3, a simifét spectrum was  (cyclen)PQ], prepared by the literature method, after chroma-
seen, except that the unbound pNPP signal was much largertography on Sephadex SP C25 showet#tfraNMR spectrum
The complex could be isolated by putting this solution on a With a peak at 21.1 ppm at pD 5.45. The peak shifted to 19.1
cation-exchange column. One purple band containing pNPP ppm at pD 2.9. The complex had a visible spectra Witk at
was eluted with 0.2 M NaCl. The band chromatographed faster 532 nm at pH 3.5. Analysis of this complex also showed a 2
than [Co(NH)sH20]3+ and had Co:pNPP in a 2:1 ratio, even Co0:1 phosphate ratio.
when a large excess of pNPP was used (Table 2). Other cobalt-__ .
containing species remained bound to the column and wereDPiscussion
difficult to remove, even usm2 M NacCl. Characterization of Complexes. Monomeric and dimeric
The 2:1 Co(cyclen):pNPP species, after chromatography, wascobalt complexes containing ammine ligands are well-known.
not completely active, with a small amount of it unable to The monomers can be distinguished from the dimers by the
liberatep-nitrophenol. (This could be released by adjusting the size of the rate constant for the hydrolysis reaction. Dimers
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also show distinctivé’> NMR signals. The dimeric cobalt  seen for solutions of the cyclen complex at gi8. The cobalt
complex{[(NH3)sCol,pNPR (ClO4)4*? has been synthesized and atoms in the cyclen complex are most probably bonded to each
contains pNPP that is coordinated to both cobalt ions. Under other through a bridging hydroxidd)(
basic conditions, one NiHdeprotonates and then attacks the  Wwhen the pH is raised to 7, the rate of the reaction increases
phosphorus, giving-nitrophenolate and a phosphoramidate that as the water molecule on the cobalt not bound to pNPP becomes
is chelated through N and O to one cobalt and is also bondeddeprotonateds) and attacks the pNPP, releasipgitrophe-
to the other Co(Nk)s moiety. The rate constant for formation  nolate and forming a bond to the phosphorus atom. Although
of p-nitrophenolate is approximately 100 times greater than the no NMR signal is found for this bridging phosphate that has
corresponding rate constant for the monomeric comflex. one bond to each cobal6) an NMR signal at 31 ppm is
Another compound that has been synthesi2edCo(enp(u- observed during the cyclen reaction that is close in position to
PNPP)}}2*, contains two pNPP ligands that both bridge the the 33-ppm signal seen during the reaction of the dimeric
two cobalts. Reaction involves rapid displacement of one end ethylenediamine complex which was assigned as a triply bonded
of a bridged pNPP by hydroxide and then attack of this phosphate ion in a cobalt dim&r. Thus, we propose that species
coordinated hydroxide on the remaining bridging pNPP. The 6 rapidly reacts to form the triply bonded phosphate complex
rate constant for the fast releasepafitrophenolate in the dimer 7. Although the ethylenediamine system does give a somewhat
reaction is 26 times larger tham,sfor the monomer reactiof. stable doubly bonded bridging phosphate species, with an NMR

The rate constants for the isotopically substituted complexes signal at 20.97 ppm, the extra stability of this doubly bonded
that were synthesized by direct heating of the cobalt precursorspecies in the ethylenediamine system may be due to the
with the isotopically substituted pNPP are in agreement with presence of the extra pNPP ligand occupying one coordination
the rate constants expected for the monomeric compotHels.  position. A small NMR signal at 13.3 ppm in the cyclen system
NMR and visible spectra are also consistent with an assignmentindicates that the doubly bridged phosphate species may also
of the ethylenediamine and pentaammine complexes used herdreak down to give a small amount of the transient monodentate
as monomeric species. phosphate specied

The analytical data for the cyclen complex, however, indicate  An NMR signal at 38.1 ppm is also observed during the
that it has a dimeric structure wita 2 Co:1 pNPP ratio. The cyclen reaction that can be assigned to a phosphate ion that
formation and fate of this complex are described in Scheme 1. bridges two cobalts, with all four O atoms coordinated by cobalt,
The initial species at pH6 has &P NMR signal at 7.7 ppm 9. A dimeric Co-tris(aminopropyl)amine (CGetrpn) complex
that is characteristic of a pNPP ligand that has replaced onewith quadruply bridged inorganic phosphate has been character-
water molecule in the cobalt coordination sphere and is ized by X-ray* and shows &P NMR signal at 40.5 ppr¥
monodentaté? Unlike the dimeric ethylenediamine complex,  As reaction nears completion, the solution contains only a
with its 2 Co:2 pNPP ratio, the NMR Spectrum is not consistent mixture of tnply and quadrup|y bonded phosphate in a cobalt
with a structure in which the 2 cobalt ions in the complex are dimer. If the pH is lowered, a new signal at 19.3 ppm was

bonded to each other through a bridging pNPP. A bridging observed. This is consistent with the loss of one or twe-Co
pNPP would have an NMR signal around 13 ppm which is not

(14) Connolly, J. A.; Banaszczyk, M.; Hynes, R. C.; Chirindrg. Chem
(12) Henry, P.; Sargeson, A. Mnorg. Chem 199Q 29, 92—-97. 1994 33, 665-669.
(13) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M.Am Chem Soc (15) Chin, J.; Banaszczyk, Ml. Am Chem Soc 1989 111, 4103~
1984 106, 7807-7819. 4105.
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phosphate bonds under acidic conditions, resulting in a doubly As expected, none of the dissociation reactions give rise to

bonded phosphate that has one bond to each cobaltl@n (

measurabléN isotope effects in the nitrophenol leaving group.

Loss of chelate structure has routinely been observed underHowever, there are measurable effects in the phenolic oxygen

acidic conditions.

The same¥ P NMR species (19.2 ppm at pH 3) is seen for
the 2 Co:1 P(P, = inorganic phosphate) complex isolated by

chromatography from the cyclen reaction mixture. Presumably,

with the chromatography under somewhat acidic conditions,

position with1 and?2; these are 0.63% fdt and 0.11% for2.
These secondary effects arise partly from differences in the
bridging P-O bond as the phosphate is converted from the
equivalent of a diester to a monoester.Another possible
contribution to this isotope effect is the partial loss of the-Co

enough time has elapsed for the phosphate to break the third 0©O—P—O torsional vibration in the transition state of the
fourth bond to the cobalt ion. The spectrum of this species at dissociation reaction. The smaller value with the pentaammine
pD 5 (21.3 ppm) is consistent with the spectra reported for the COmplex2 suggests an earlier transition state for dissociation

bidentate phosphate-bridged €e-ethylenediamine dimers
(20.97 ppm):2 The [Co(cyclen)} complex, although reported

of the complex with less CeO bond cleavage compared with
that for the Co(en)complex.

to be monomeric, after Chromatography on Sephadexl also The isotope effects in Table 1 for dissociation of the Co-
shows a similar pH-dependent NMR spectrum and analyzes for (Cyclen)pNPP complex are equilibrium values, in contrast to

2 Co per phosphate.
The kinetic data for the cyclen complex, which show a

nonlinear dependence on cobalt concentration, are also consiste

with a dimeric structure, and the high reactivity of the cyclen
complex at pH 7 may well result from this dimeric structure.
Thus the mechanism proceeds by releagifgtrophenol and

forming a phosphate that is bidentate bridging two cobalt atoms,

with a subsequent CeO bond rapidly formed to break the

hydroxo bridge and generate the triply bonded phosphate. For
some of these triply bonded molecules, the fourth O atom also
becomes coordinated, in a structure that must resemble the [Co

(trpn)1LP; complex.

The rate of formation of the pNPP complex seems to be rapid,

within the time required to record an NMR spectrum. Although
Co*t species are known as “substitution inert”, the rapid

formation of the pNPP complex is consistent with the observed

rate of substitution of water by phosphate ion in the cyclen
complexté Thus, although some work on [Co(ef@H)OH,)]2*

complexes indicate that the rate of substitution of the cobalt

complex by several diesters may be partially limiting in the
hydrolysis reactiod? the substitution rate with the cyclen

complex seems to be fast enough that the rate-limiting step is

the nucleophilic reaction.
Isotope Effects on the Dissociation ReactionsThe bond

between the Co atom and the coordinated nonbridge oxygengtfect.

atom of the pNPP moiety is sensitive to isotopic substitution.
In the dissociation reactions of the complextsand 2 the

nonbridge isotope effect is a primary one, and the nonbridge

monoesters as compared with diesters.

those for complexed and 2 which are kinetic effects. The
15N and bridge oxygen isotope effects are unity within experi-

ental error, the only significant isotope effect being the

Knonbridge €ffect of 0.81%.

Nucleophilic Reactions Liberating Nitrophenol. Due to
the covalent character of the €@ bond in these complexes,
pNPP exists as a species that probably more nearly resembles
a diester than it does the solution structure of pNPP. This is
an important distinction because of the different nature of the
reaction pathways followed by phosphoryl transfer reactions of
In aqueous solution
monoesters hydrolyze via a concerted process where bond
formation to the nucleophile and bond cleavage to the leaving
group occur in the same step, with a highly dissociative
transition state with bond cleavage far advanced and bond
formation very smalf! Diesters exhibit more associative
transition states and greater nucleophilic participation in the
transition state. Both linear free energy relationships and isotope
effects indicate that diesters with good leaving groups (such as
p-nitrophenol) undergo hydrolysis by concerted mechani§i#ts.
Phosphodiesters with less labile leaving groups may react via
phosphorane intermediates, particularly under acidic conditions.
Triesters have even more associative transition states. A useful
diagnostic tool to determine the dissociative versus associative
nature of phosphoryl transfers is the nonbrid§® isotope
Measurements with monoesters, diesters, and triesters
with p-nitrophenol as the leaving group show the expected trend,
and are slightly inverse (from near unity to 0.5% inverse) in
the dissociative monoester reactions, slightly normal (near unity

isotope effects in these cases, 1.35% and 1.67%, respectively;, g 504 normal) for diesters, and larger and normal (0.63%)

are kinetic ones for cleavage of the €0 bond. The cyclen
complex was formed reversibly in solution, and the isotope
effect of 0.81% for the formation of this complex is an
equilibrium effect. Contributions from reaction coordinate
motion in the primary effects presumably account for their larger
magnitudes, although differences between the-Oobond
resulting from differing Co ligands may also account for some

of this difference. The most interesting aspect of these data is

the fact that they indicate that these @@ bonds have
significant covalent character. This contrasts with the purely
electrostatic interactions of metal ions like Rgvith phosphate
groups, which do not cause significant isotope effé&t3he

IR spectra of C&" complexes have been interpreted as indicating
covalent character in the coordination boAgls.

for the triester diethylp-nitrophenyl phosphate. A larger
nonbridge!®O isotope effect of 2.5% found in the triester with
the poorer leaving group-carbamoylphenol is indicative of the
expected later, more associative transition state.

Significant isotope effects in thenitrophenol leaving group
(*%k and *kyriage Will be observed if bond cleavage occurs in
the rate-limiting step, and the magnitudes are indicative of the
extent of bond cleavage in the transition state. Ax effect
should arise only if measurable+#® bond cleavage to nitro-
phenol occurs, as a result of the partial negative charge arising
from bond cleavage which delocalizes into the aromatic ring.
Interpretation of the primary®O isotope effect in terms of
precise degrees of bond cleavage is complicated by contributions
from reaction coordinate motion, but this isotope effect is smaller

(16) Chin, J.; Banaszczyk, M.; Jubian, V.; Zou, X.Am Chem Soc
1989 111, 186—-190.

(17) Chin, J.; Zou, X.; Chin, J.; Banaszczyk, MAm Chem Soc 1988
110, 223-225.

(18) Jones, J. P.; Weiss, P. M.; Cleland, W. Bilbchemistry1991, 30,
3634-3639.

(19) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
Coordination Compoundg/Viley: New York, 1986; pp 193205.

(20) Ray, W. J.; Burgner, J. W.; Deng, H.; Callender,Bochemistry
1993 32, 1297+12983.

(21) Bourne, N.; Williams, AJ. Am Chem Soc 1984 106, 7591—
7596. Skoog, M. T.; Jencks, W. B.Am Chem Soc 1984 106, 7597
7606. Herschlag, D.; Jencks, W. P Am Chem Soc 1989 111, 7579
7586.

(22) Davis, A.; Hall, A. D.; Williams, AJ. Am Chem Soc 1988 110,
5105-5108.
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in the triester reaction (0.6%) than in monoester reactions
(around 2%) as expected from the mechanisms. This effect E
varies considerably in diester reactions from 0.5% t023%.

The isotope effects for the nucleophilic reactions of complex Scheme 4
1 will be considered first. The leaving group isotope effects of \/NHz ﬂ o \ M om
0.21% for' and 2.13% fof8kyrigge are both large and indicate /°° o-p—o@—uoz ~col }L/°
that this P-O bond is largely cleaved in the transition state of & ko 71 \O—ONOz
the rate-limiting step. The small normal value of 0.06% for 2 G
0nonbriggeindicates at most minimal associative character for o-
the transition state. .

Two limiting mechanistic possibilities for reaction dbexist. © 4 )
One possibility is that the complex reacts via nucleophilic attack NO,
simultaneous with leaving group departure in a concerted W g
mechanism, followed by rapid deprotonation to gi/éScheme \}:0/""..,,,/&
2). The acidity of the proton on the Co-bound hydroxide will 4 ~oT %
increase rapidly with bond formation between this oxygen atom H

and phosphorus, and proton loss may in fact be simultaneous
with nucleophilic attack. In any event speciésshould have

no appreciable lifetime at pH 9 where the reaction was studied.
The isotope effects indicate a large degree of bond cleavage to

the leaving group, and minimal associative character as mea- 0.984985 and formation of a monoanionic phosphorane such
sured by the isotope effect in the nonbridge oxygens. asD should reveal itself by an inverse value #nonbrigge Which
The alternative possibility is an associative mechanism via a g ot observed.
phosphorane_mtermedmte (Scheme 3). The species |n|t!a||y The nucleophilic reaction of complékshows leaving group
formed upon mtramolecu_lgr attack of t_he Co-bound hydroxide isotope effects of 0.12% fdfk, 0.98% for®pigge and 0.46%
E)C) ch.)u.![d !“f be %Fri‘”s"T";]f? sr:ate ﬁls P Slch;:‘mehz, but woullc(; for Bnonbridgge AS @ group these three isotope effects resemble
€ a linite Intermediate. IS hypothetical phosphorane could y, pattern seen in hydrolysis reactions of diesterspof

p?(rjtltlon telth:}_r of t\/\(/jol Waysfdipenhdlnglur)on;het relfttlve r§|1|tes nitrophenol. These reactions are concerted and are characterized
ot deprotonation and '0ss prnitrophenciate. Froton 1oss wi by a more associative transition state (small norf#@bnbridgd

ba e>f<ttrhemely rtgpld g‘r‘: en ﬂle IOV“?}? Otf éh'ts protqn, ?hndt lthe fwith less advanced bond cleavage to the leaving group (smaller
pH ot the reaction. The isolope efiect data requireé that 10ss of 15, 5,4 oridge @s compared with reactions of the monoester
p-nitrophenolate be rate limiting, thus slower than proton loss PNPP
from C. Thus the most feasible pathway G-D—E. The | tr'] iginal study of thi tion by S d
formation of intermediat®® should be rapid and irreversible n the original study of this réaction by Sargeson and co-
under the reaction conditions employed. Intermediaghould workers, two mechanisms were considered consistent with their
partition completely forward by loss génitrophenolate to give rgsults, namely a concerted displacement an(_:l a stepwise reaction
via a phosphorane, analogous to those discussed above for

E, and in this event isotope effects on the bond-cleavage step lex1. The hvpothetical st . hanism is sh .
D—E will not be expressed and only those on the formation of complex. € nypothetical Stepwise mechanism IS shown in
Scheme 4 and differs in key respects from the analogous

D would be observed. N&&k effect should be seen since the pathway for 1 shown in Scheme 3. The initially formed

bond to the leaving group is not broken, and only minimal phosphorane speci€will not be labile to deprotonation as is
18, . i i
Koriage €ffects are predicted. The experimentally observed the corresponding intermedia@ in Scheme 3. The i, of

magnitudes of both of these leaving group isotope effects thus L .
make this mechanism very unlikely. the bound ammonia in the compl&xis thought to be about
Further evidence against the stepwise mechanism comes from (24) Lim, C.; Karplus, M.J. Am Chem Soc 199Q 112, 5872-5873.

(25) Knight, W. B.; Weiss, P. M.; Cleland, W. W. Am Chem Soc
(23) Cleland, W. W.; Hengge, A. G:ASEB J 1995 9, 1585-1594. 1986 108 2759-2761.

computational evidenéésuggesting the instability of a dianionic
pentavalent phosphorane suchG Scheme 3. Protonation
of phosphate gives rise to an inver¥® isotope effect of
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173 The K, of the phosphoramidate monoaniogNt —PO;2~

is close to that of ammonium iéhsuggesting that a phosphoryl
group has an inductive effect not too different from that of a
proton. Thus the I§, of the bridging NH moiety inG should
not be much different from 17. The very large difference in
the K, values of the potential leaving groups makes the
breakdown of the hypothetical phosphor&@enuch more likely

to proceed by loss gf-nitrophenol (K5 of 7.1) than to revert
to 2 by ring opening. Whether the reversion @fto 2 has a
finite rate at all under the alkaline conditions of reaction is

J. Am. Chem. Soc., Vol. 119, No. 3, 54997

isotope effect for formation of the complex. By contrast, if
the equilibrium formation of comple# is rapidly reversible,

the observed effects will be the product of the equilibrium
isotope effect on formation o4 and the kinetic one on the
hydrolysis, or*K;*ks. The isotope effects on the equilibrium
formation of4 given in Table 1 were independently determined
as described in the experimental section. Chemical precedent
as well as the observation of isotope effects for the hydrolysis
reaction that are significantly different from the equilibrium
values argue that the ratig/k; is small. The observed isotope

questionable. Separately, on the basis of the kinetic behavioreffects for hydrolysis thus corrected for the equilibrium values
of 2 Sargeson and co-workers concluded that if the phosphoraneare each given in Table 1.

pathway is followed then loss of nitrophenol froB must be
fast, and must also be more rapid than its formation, thkg is
> ko, meaning that if such a stepwise mechanism is followed
formation of the intermediate will be rate determinihglhe
formation ofG should produce a minimafkyrigge effect, notk
effect, and an inverse value f8fknonbrigge Since for reasons

previously discussed the phosphorane structure is likely to exist
only as the monoanionic species with one of the nonbridge

oxygen atoms protonated. The small normal valué3gnpridge
and the large magnitudes of the values fgiqge and % are
inconsistent with this mechanism. The much more likely

k.
2Co(cyclenH pNPPk<——'l
k.
[Co(cyclen),—pN PP— p-nitrophenol

Kk + Ky (Kofko)
1+ (kyky)

observed isotope effeet

Conclusions. The significant values of th&% and *8prigge
isotope effects on the nucleophilic reactions of all three cebalt

explanation of the isotope effect data is a concerted mechanismPNPP complexes require that cleavage of the bond to the leaving

for the reaction oR analogous to that shown in Scheme 2 for
1. Compared to the transition state for reactioriothat for2

group p-nitrophenol occur in the rate-limiting step. This is
consistent with concerted mechanisms for these complexes,

exhibits considerably less bond breaking to the leaving group Where nucleophilic attack and bond cleavage occur in the same
(about half) and has more associative character. The pNPPStep. Bond cleavage is far advanced in the transition states of

moiety in the transition state of the reactionfmore nearly
resembles that typically seen in diesters whitrophenol,
whereas the leaving group withmore nearly resembles that
in the typical reaction of pNPP in solution. Whether this is a
result of differences in the CeO pNPP bond in the two
complexes or, more likely, is due to the difference in nucleophile
cannot be answered definitively by these data.

The isotope effects observed for the hydrolysis of pNPP by
Co(cyclen) will be a product of that for the equilibrium
formation of the Ce-pNPP complex and the kinetic effects on
the hydrolysis. The isotope effects in the leaving group are
very close to those measured fbr The same mechanistic
arguments presented farapply to4 and thus this reaction is
most likely a concerted one as well. The isotope effect for
reaction of4 is given below, where the superscriptepresents
the isotope effect on the following kinetic quantity. The
partition ratio (or commitment factoRy/k. will affect expression
of the kinetic isotope effect on the nucleophilic step. If this
ratio is large the observed isotope effects wilkkg the kinetic

(26) Chanley, J. D.; Feageson, E.Am Chem Soc 1963 87, 1181.

the nucleophilic reactions dfand4, similar to what is observed

in the uncatalyzed solution reaction of the pNPP dianion. With
both of these complexes the nucleophile is a Co-bound
hydroxide. With the pentaamine compl2xhe nucleophile is

a Co-bound NH of much higher K, and bond cleavage is
only about half as advanced in the transition state. The small
normal values for'®uonuriage in the nucleophilic reactions
resemble values previously measured for diesterp-nifro-
phenol, and indicate a small degree of associative character to
the phosphoryl group in the transition state. The Idfg@nbridge
isotope effects for dissociation of pNPP from Co in these
complexes are consistent with the covalent character of this
bond. This is in contrast to the purely electrostatic interaction
of phosphate with magnesium which does not exhibit%m
isotope effect.
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