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ABSTRACT 

The efficiencies of several Cu(ll) complexes In promotlng the hydrolYS1S of 

bis(2,4-dinitrophenyl) phosphate (BDSPP) have been compared Copper compkxes of 

the type [(L)Cu(OH2hI2+, where L repre~nts a blùentate dmn1111c hg:mù, L'an he eftectlve 

in promotmg the hydrolysls of BDNPP Funhennore, the actlvlly of the C'1l(1l) complex 1S 

sensitive to the ligand ~tructure. The '\tl1Jcture-rc:tCllvlt) rt'latlon ... lllp ha ... lx'cll explallleù In 

terms of a dctallcd rnech,mbm of the reactlOn 

The complex [Cu(1,2'-dlpyndyLlmllle)(OH2hI2+ efflclently cataly/cs the 

hydrolysls of carboxyhc eSle~ (4-nitrophenyl arelate, methyl tntluoroacelatt', ,md rnethyl 

acetate). Methyl acetate, when hounù ta the copper complex. 1.., hydroly/ed al a rate that lS 

comparable to the kcat values for c11)ll1otrYP"'In cataly /eù hydroly ... e'l ot esters. The 

hydrolysls of N,N-dlmethylfonnamlde by \Cu(2,2'-dlpyndylaIllll1cHOIl2)212+ at nelltral 

pH. 100 oC. proceeds al lea~t two hundred tlme" fa..,ter than th,1! by [Cu(2,2'.6',2"

terpyndine)(OH2)]2+. A detalled meçhaDl~m of the reactlOn h'L" been glven 10 explam the 

structural reqlllremems of a metal catalY'it nece~~ary for hydrolYllng e..,tcr" and <umdes, and 

a mechamsm for Carboxypepudase A cataly /ed hydrolysis of pepl1de~ h<L'i been proposed 
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Résumé 

L' efficacité de plu"leur~ complexe" de Cu(ll) pour la promotion de l'bydrolyse du 

bls(2,4-dmJlrophényle) pho"phate (BDNPP) a été comparée Les cOl11plcxe~ cuivriques du 

type ICL)Cu(OI b h 12+. OÙ L rcpré'icnte Ull ligand hldentate dmmné. peuvent être des 

prornotc'Ir ... clflCal'e~ de l'hydroly,>e du ADN!'P De plu,>. l'actIvIté du comple.\è Cu(II) est 

dépcmhU1te de la ,>tructure du lIgand La rl'Ialton entre la structure et la réactIvité peut être 

expliquée li p,utlr du médlLtnl'omc détaIllé de la réaction 

Le complexe ICu(2.2'-dlpyndylalllllle)(OH2)212+ est un c,ltaly'icur effICace de 

l'hydrolY'ie de,., e"ter" carhoxy IIque,> (acét:lte de 4-n itrophény le. tntluol .\Llcétate de méthyle. 

acétate de méthyle) L'acétate de méthyle en pré"ence du complexe ""It hydrolysé ~l une 

vltes"e comparable aux v,t1cu,,> du "'cat pour l'hydrolyse d'e"'ter ... par \,\ Chymotrypsme, 

L'hydr0Iy,>e du DMI· par le ICu(2.2'-(ltpyndylarmne)!OH2hI2+ Ü pH f\:utre et à 1000C, 

procède au mOln~ deux cent tOi,> plu", rapidement qu'en pré"cncc du [Cu(2.2"6',2"

terpyndmc)(OH2)j2+, Un méch,ul1'mc détaillé de la réactlon e'ot déLflt plii.\r explIquer les 

comramtc" ,>t ruct urale~ dan~ un corn p le xe pOlir qu'il 'iOlt un catalyse'\ 1 r efficace de 

l'hydrolYM' d'e ... ter ... et d'almde~. Un méch:umme de l'hydroly,>e de pl" pl1de~ par la 

Carboxypeplld,l'ie A e'it proposé. 
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1. INTRODUCTION 

1.1 THE BIOLOGY OF PHOSPHATE ESTERS 

Pho'iphate esters play a very Important role fi bIOloglCai systems, The polymenc 

molecule that lunCHons 10 bath store and pass on genettc mfc .,natton IS deoxynbonuclelc 

aCld (DNA) The related pol ymer. nbonuclelc aCld (RNA) help~ fi the passage of this 

geneuc mformatlon. Both DNA and RNA are dlesters of phosphonc aCld. ~l'ne molecules 

of heredity are not the only phosphate esters WhlCh serve an Important role JJl the chemlstry 

ot hfe processes. Pho~phate esters are UblQUltOUS In biochemlstry 

Mo~t of the coenlymes are esters of phosphonc or pyrophosphonc aCld. For 

example, pyndoxal-S'-phosphate lS the coenzyme form of vItamin B6 and has the structure 
shown in fIgure 1.1. It IS Invnlved m a variety of reactIOns 10 the metabohsm of a-amino 

aClds including transaminatIOns, a-decarboxylauons, racemizatIons, a,~-eliminations, 

aldolizations and the ~-decarboxylation of aspartlC aCld. 

Figure 1.1. Pyndoxal-5'-phosphate. 

Phospholipids are another important class of biologlcally important phosphate 

esters. They are the major structural hpids of ail blOlogicai membranes in eukaryotic and 

prokaryotic cells, The phosphoglycerides are the most abundant structural group in thiS 

lipid class. Ail the phosphoglycendes have a glycerol-3-phosphate backbone. The 

hydroxyls are usually acylated wnh fauy aClds. The phosphoglycendes are classified 

according tO the substlruent X on the phosphate group (fig. 1.2). If X IS a hydrogen, the 

compound IS phosphotldlC aCld. If X is chohne, the lipid 15 called phosphaudylcholine (or 

more commonly referred ta as lecIthin) and IS the most abundant phospholipld fi aIllmal 

tissues. Phospholiplds can be thought of a., phosphate monoesters or phosphodlesters. 

Cychc nucIeondes, 3'. S'-cyclic guanosme mono phosphate (cGMP) and 3'. 5'-cychc 

adenosme monophosphate (cAMP) funcuon ta regulate cell-to-cell commuOlcation 

processes (fig. 1.3). In general, there are pnmanly tmee pathways ta follow for cellular 



communicatIon. The first mvolve~ the transrmSSlOll of electncallll1pll"'e~ vIa the nervous 

system. The second Involves chemical mes~engers or honnonal secretIOns, :U1d the thlrd 

involvcs de nova protem synthcsis Ali three processes are lIsually III response ta sorne 

demand or stimulus and mvolve, ta sorne atent, regulatlOn by cyrllr nudeotIdes 

o 
Il 

o CHaO-C-R, 

Il 1 
R2C-O-CH 

1 ~ 
CH20-P-OX 

1 
o 

PhosphatldlC aCtd, X = H 

. 
Phosphatldylchohne, X = CH2CH2t-.1(CH3b 

Figure 1.2 Examples of phospholiplds 

Base = adenme or guanine 

Figure 1.3 cAMP and cGMP 

Many en/ymes are regulated by phosphorylatlOn or depho-'phorylatlon. 

Many metabohtes are phosphate monoester~ whlch are eS'icntml mtermedtatclI In 

biochemlcal synthesIs and degradatIOn\i. Pho~phoenolpyruvate, an enol t'ster of 

phosphoric acid, is an tntermedlate In the glycolyuc pathway It 1<; a pnnclpal rellcrvOIr of 

biochemlcal energy along wlth adenosme tnphosphate (ATP, an (jJ1hydnde of phosphonc 

acid) and creatine phosphate (an amIde of phosphonc aCld). 

The varlet y of phosphate esters prest'nt m nature IS a clear indIcatIon of 1IS 

importance. Nature has evolved to develop hlghly ~peClallled en/yme-, that hydrolY/..e or 

fonn esters of phosphonc acid The sIgmflcance lJf these clIters 111 blOloglCiÙ proce\ses hall 

lead many researchers to study the hydrolYllls of phosphate ellter~ 

1.2 ARTIFICIAL RESTRICTION ENZY\1ES 

DNA strand cleavage reacHons are of consIderable mterest both in underlltandmg 

the UbIquitous pho~phate ellter hydrolYSb re<!~tlOns carned out In nature and In de'ilgnmg 

new anifiCIal resmctIon en/ymes. 

1 



1.2.1 The Need for an Artificial Restriction Enzyme 

Over the past decade, much progress has been made m destgnmg mifictaI 

reS01Ctlon enlymes. I•13 The advantage of an anJtïctal restnCtIon enzyme over the natural 

enzyme IS that one would be able to cleave DNA at any destred nucleotlde sequence. Thl~ 

cannot be done Wlth natural restnctlOn endonucleases. The natural en/ymes recognize and 

bmd to cenam sequences In DNA rangmg from four to etght ba~e paITS In length and then 

hydrolyze DNA at that sne.2 This hmlts the molecular blOloglst m mampulatmg the DNA. 

The abthry rD hydrolyœ DNA at any deslred Site would be an Invaluable tool m 

recombmant DNA technology. 

Sequence speclftc anlficlal restnctlon enzymes may fmd use m mappmg the human 

genome and In helpmg molecular blOloglsts locate mdIVldual genes on chromosomes 

There are three thousand human genettc dtseuses that have been IdenttfJed but It IS not 

known where most of the genes responsible for those diseases are located and what 

proteins they encode. Wnh the development of an arnficlal restriction enzyme, it may be 

possible ta control disease states 11 the level of DNA itself. la 

1.2.2 Previous Work 

The first man-made catalyst which exhibtted nuclease activity was dlscovered by 

Sigrnan et af.3 The catalyst was [(phenhCu+) complex and the cleavage reaction occurred 

byan oXIdative process requIring hydrogen peroxtde as a coreactant. The process includes 

bmding of the cuprous complex to DNA followed by the generatlon of a rnetal ton 

assoclated hydroxyl radtcal-hk.e spectes by one·electron oxidauon of the cuprous complex 

by hydrogen peroxide ThIS oXIdant is responsible for the SCISSIon of DNA (fig. 1.4). 

The pheilanthrohne cuprous comp!ex showed IntIe sequence speClficny LIke 

natural restrictIon enzymes there are two structural domains for an arnfictal D~Ase. One 

binds DNA sequence spectfically and the <,ther cleaves DNA. A lot of work has been done 

la) R. M Baum, Chem Eng News, 1988,66(1), 20, b) D P Mack, B. L Iverson, and P B. Dervan, J 
Am Chem Soc, 1988, 110, 7527, c) J K Banon, SCience. 1986, 233, 727, d) A M. Pyle, E. C 
Long, and J K Barton, J Am Chem Soc, 1989, 111,4520; e) D. S. Slgman, Ace Chem Res, 
1986, 19. 180 
2p B Dervan, SCIence. 1986. 232, 464 
3D S. Slgman, D Graham, V D'Aurora, and A. M Stem, J Biol Chem, 1979,254, 12269 

3 



1 
on DNA recognition and in the pa'!t severa) year'i adv'U1ees have been made In coupltng 

recognition ta reactivity. 

0hgonucleotlde products .. 

Figure 1.4 The (, <Idatlve nuch~ase actlvlty of the 1,1 Q-phenanthrolme cuprous complEix (ret 3) 

The nuclease activity of the phenanthrolme cu prou'! complex wa~ targeted to 

specifie DNA sequences by covalently anaehmg JI ta the 5' end of complcmentary 

deoxyoligonucleoudes via a pl1osphonumdate linkage 4 The phen,mthrohne metal complex 

was also attached to the DNA bmdmg protem, E-coh trp reprc'isor ~ Both sy~tems 

generated a site specIfie nucJea'ie (fIg. l 5) 

(ret 4,5) 

Figure 1.5. DNA blndlng groups covalently Ilnked to phenanthrollne-copper complex 

4C. B Chen and D S Slgman, Proc Natl Acad SC! USA, 1986,83,7147 
Sc B Chen and D S Slgman, SCIence, 1987, 237, 1197 



on DNA recognition and fi the past several years advances have been made fi coupling 

recognttion to reacuvity. 

Ohgonucleotlde praducts .. 

Rgure 1.4 The oXldatlve nuelease actlVIty of the 1.1 O-phenanthroline euprous eomplex (ret 3) 

The nuclease actlvity of the phenanthroline euprous complex was targeted to 

specifie DNA sequences by covalently attaching Il ta the 5' end of complimentary 

deoxyohgonucleotIdes via a phosphorrumdate linkage.4 The phenanthrohne met al eomplex 

was also attached to the DNA bmding protem. E-coli trp repressor. 5 Both systems 

generated a sIte speClflc nuclease (fig. 1 5). 

/OHz 

(ret 4,5) 

Figure 1.5. DNA blndlng groups covalently hnked to phenanthroline-copper eomplex. 

4C B. Chen and D S. Slgman. Proc Natl Acad Set USA. 198b, 83, 7147 
SC. B. Chen and D S. Slgman. SCIence. 1987. 237. 1197 
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.l Dervan and co-workers (Ook advantage of the Fe(Jl)!Fe( Ill) redox <lctlvuy to deav~ 

DNA.l,2,6-8 Ferrous-EDTA W:J,S covalently bound by a ,hon hydroc,rrnon [ether!O thl! 

DNA IDtercalator methldlllm7 (fig 16) Greater ... peclfictty W,l ... achleved hy changmg the 
1 

binding group Fe(ll)-EDTA wu!> attached ta DNA bill! ,1:1 ... w.:h ,I!> dl"tamyc1l1~ ,md 

netropsm.K 

Figure 1.6 Methldlumpropyl-EDTA-Fe(lI) (ref 7) 

In an elegant expemnem. Derv,m lillU Gnffin ll attached the EDTA-Fe( II) group 10 

two molecules of netropsm hnked together Wlth a polyether tether that can clo-.e .rround ,md 

bmd an appropnate metal catIon (fig 1 7bl. Sequence ... peCItlC DNA ckavage wa. ... ()IN~rveJ 

ooly by the addmon of Sr2+ or Ba2+ catIOns The presence of the ... e met al cation" tacllHated 

brnding of both netropsm umts sllnultaneously wl~h an Jddltlonal DNA hmdmg "'UhlllHt 

attributable to the macrocycle mat formed around the metal cation 

Tran~It:on meral complexes whlch bIOd ta DNA Jlong umtllmlauonally dl~(lnC( 

sites have aIso been coupled ta metaI meulated redox reaCl1on ... 10 (,lll"e cle,lv,lge ot the 

DNA strand J.t the bound SIte For example, the complex Ru(DIP)2\!1auo ll+ v..L'> prepared 

m WhlCh one of the three dlphenylphenanthrohne lIgand'i 1" moolfJeù wllh [WO polyamme 

segments that can, themselves. ct)mplex ra meral IOn.., (tlg, 1 X) <) '1 he Lomplex hmd" (0 

DNA and the polyaImne arms dehver complexed metal \()n::-., ... uch ,L" Cu2+ tn each ... tr:mu 

of duplex DNA for 'itrand c1eavage The re~~h I~ û "hape ... electlve DN A c1eavmg 

molecule. 

6a) S. A Strobel, I-I E Moser, ami P B OPTV~I. J Am Chem Soc, 1988, 110, 7n7 . hl H E Mo\cr 
and P B Dervan, SCIence, 1987, 2'\:;, M5 
7R. P Henzberg and P B Dervm, J Am Chem Soc. 1982, 104, 3 n 
8J H. Gnffio and P B Dervan, J Am Chem Soc. 1987, 109, 6840 
9L. A. Basile and J K Barton • .' Am Chem Soc, 1987, 109, 7548 



A B 

Figure 1.7. A) EDTA·dlstamycm·Fe(lI) (ret 7). 5) Bls(net.opsm)-3.6.9.12.15-
pentaoxaheptanedlamlde-EDT A-Fe(lI) Molecule dlsplays nlJclgase actlvlty ln the 
presence of 8a2+ or Sr2i'. (ret 8) 

"", 

Figure 1.8. Ru(DIP)2Macron+ Complex Blnds to DNA and the polyamine groups bmd 
metallons tor cleavage ot ONA (ret 9) 



1.2.3 Importance of a Hydrolytic System 

In ail of the models descnbed thus tar, tht!re eXIsts one major drawback. the ON A 

clf,;avage IS accomphshed by an oXldatlve process mat reqUires an oXldmlt or redUl:mg agent 

as coreactant. Unhke real restnctlon endonucleases, th~ ONA fragments obtatned canno( 

be pieced baek together. The primary products of oXH!atlve cleavage on DNA .lre free 

bases and 5-methylene-2-furanone. 1O The produets reqlllred to rehgate two ptece~ ot DNA 

are 5' or 3'-phosphomonoesrer termml. In omer words, "oxldatlve deavage I~ ltke .\ "maii 

bornb gomg offnext to me DNA."II The enlymes that Clit DNA, by contra .. "t, c.llaly/(~ the 

hydrolysls of the nuclelc acid's phosphodlester backbone tü prodllce 3' or 5'

phosphomonoester termml Such a c1eavage reactlon resliits Hl ON A tragmenh that C'Ul be 

religated by omer enzymes. 

Sorne of the oXldauve arutïeml restnctton cnlymes that have heen mentIOned have 

had their applicauons as footpnnting and afflmty cleavmg agents 2 However, chenma" 

who are deSIgn mg molecules that SIte specifically bHld DNA want to ultImately II1c,)rporate 

hydrolytlc cleavage chemistry mto theL" ;-noiecu:~s Such molccules would be, In tact, lnIe 

artificial restnct!on enzymes useful m Illo!ecular blOlogy apphcallons 11 

Progress has been made in cieavmg DNA hydrolytlcally HydrolY"IS ot DNA wa::, 

detected using Barton's Ru(DIP)Macron+ complex wnh J ledox non-actIve meral Ion "uch 

as Zn(II).9,l2 However, the reaCHon 1::' rlot very etflCIent e:,peclally In comp,u Ison (() 

oxidatlve chemistry Furthermore, the ONA studled was a stnllned closed clreular 

supercOlled double stranrled plasmld. HydrolYSlS has yet ta be reponed for thIS 'iystem 

usmg linear ONA. 

Sequence selectIve hydrolYSIS of supercol1ed DNA wns achlcved hy Schultt.'s 

group at Berkeley. 13 TheIr approach was to deSIgn a hybnd nuclea~~ conslslmg ot a short 

oligonucleotlde fused to staphylococcal nuclease. 

One of the problems 10 developmg hydrolytIC arnflcIaI restnCl10n enlyme~ l"i the 

wuque stablhty of the phosphodlester bond 111 DNA. It ha:; been esumated that Ùle half-hfe 

for the hydroxlde cataly Led hydrolysis of the phosphodiester bond of ONA ut pH 7, 25 oC 

lÛT. E. Goyne and 0 S Sigman, J Am Chem Soc, 1987, 109, 2846 
llR. M. Bawn, Chem Eng News, 1989, 67(24), 22. 
12L. A. Basile, A. L Raphael, and J K Barton, J Am Chem Soc. :987, 109, 7550 
130. R Corey,O Pel, and P G SchullZ, J Am Chem Soc, 1989, Ill, ~523 
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is 200 million years. 14 It is suggested that phosphate diesters evolved as pan of the make

up of genetic matenal because of its exception al stabllity.15 

Although therc have becn great advances in DNA recognition, there is still a need 

to develop catalysts that can hydrolY/..e unreactive phosphate diesters with great efficiency. 

Part of our research IS focussed on developing met,ù complexes that hydrolyze phosphate 

esters efficlcntly. 

1.3 MECHANISM OF PHOSPHATE ESTER HYDROL YSIS 

ln order to study the effects of metal complexes on the rate of hydrolysis of 

phosphate esters, it IS necessary ta first understand the mechanisms of phosphate ester 

hydrolysis in the absence of metaI complexes. 

Compared tn carboxylate ester reactions, phosphate ester hydrolyses have proven 

more difficult and less attractive to study for a number of reasons, despite their 

considerable blOlogical imponance. First, thé" reactions are considerably slower than the 

reactions of carboxylic esters with comparable leaving groups (table 1.1). Second, the 

TABLE 1.1 Rate constants for hydrolYSIS of carboxyllc esters and phosphdte esters 

(P-O bond cleavage) at pH 70, 2SoC 1# 

ESTER k (.-1) RelatIve Ref. 
rate 

(CH30 bPO 16x 10,11 •• 24 X 107 a 
(CH30)2~' 68x10'19" 1 a 
(CH30 )HPÜJ' 2.6 x 10,10 • 38 X 108 a 
CH3COOCH3 1 S X 10,8 .. 2.2 X 1010 

b 

# Values are measured rate constants. or obtalned by extrapolation Irom data at hlgher temperatures 

•• Hydroxlde rate constant eXlrapolated 10 pH 7 0 

• Metaphosphate mechanlsm IS predominant at pH 7 0 

a) J P Guthne. J Am Chem Soc, 111n. 99,3991 

b) J P Guthne, J Am Chem Soc. 1973, 95,6999 

14J Chm. M, BanaszCl)'k, V Jublan. and X Zou, J Am Chem Soc, 1989, Ill, 186. 
15F H. Wesmclmer, SCience, 1987,235, 1173 
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mechanisms of rhosphate ester hydro!ysis can be very complex since lhere are frequently 

three corr.petitive paths: 16,17 (fig. 1.9) 1) Attack at phosphorus ta exp.md its coordination 

number from f(jur to five. This intermediate is usually tngonal blpyr:\mldal that 

decomposes to yleld the products. il) Unimolecular cleavage to glve a mClaphosphale 

interm~diate ln thlS pathway, the coordmatton number of pho~phonIS dccrease~ l'rom four 

to three to produce the metaphosphale whlch then adds a nucleophrle to yleld the producls. 

iii) Attack al carbon to glve producls of nucleophihc substitutIOn. It IS neces~ary to son 

out these possibilities carefully ta assign mechanislic slgmficimcp ta rJte constants. 

° Il 
CH30-P-O' 

1 
OH 

/ 

OCH 3 

1 O' 
HO-P"""-

I ......... OH 

OH 

+ H20 ...!2.-- [H 20, P03', CH30HJ -

o 
Il 

HO-P-O 

1 
OH 

Figure 1.9. Possible paths for phosphate ester hydrolysls (ref 16) 

1.3.1 Phosphate Monoesters 

The mechanism of phosphate monoester hydrolysis is very complex. Ali three 

possible mechanislIc pathways can be operative depending on the pH. The complexlty can 

be illustrated by the different shapes of the pH-rate profiles for dlfferent phosphate 

monoesters ofvarymg leaving group ba,ictty (fig. 1.10).18 

In general, there are two distmct types of pH-rate profiles observed for pho~phate 

monoesters, One has a rate maximum near pH 4 as exempliîied by p-nitrophenyl 

16J. P. Guthne, Acc Chem Res, 1983, 16, 122 
17F. H. Westhelmer, Chem Rev, 1981, 81, 313. 
18A. J Ktrby and A G Varvoghs, J Am Chem Soc, 1967, 89, 415. 



phosphatel 9 and monoalkyl phosphates.20 The second type of curve displays a higher rate 

for the hydrolysis of the di anion than that for the monoanion. This type is obtained for aryl 

esters of which the pKa of the conjugate aCld of the leaving phenol is less than about 5.45. 

The pH-rate profile for 2,4-dmItrophenyl phosphate IS one ex ample of thiS type of curve.21 

A speCIal case is for 2-chloro-4-nitrophenyl phosphate (pKa of phenol = 5.45) where the 

hydroly~l~ I~ virtually pH independent. The monoanion and the dianion are hydrolyzed at 

almast Identteal rates. 18 

200 

khyd (Icaled) 

o 2 4 a 8 10 12 14 

pH 

Figure 1.10. pH rate profiles for three phosphate monoesters at 39°C, on adJusted scalas: 

[] , kt,yd x 107 mm·1 for 2,4,6-tnchlorophenyl phosphate, "il, i<!,yd x 106 mln·1 for 2-chloro·4-nitrophenyl 
phosphate; 0, khyd x 104 mln·1 for 2,4,-dlnltrophenyl phosphate. (ref 18) 

For the hydrolysis of monomethyl phosphate, all three possible mechanisms are 

operative depending on the pH. The pH-rate profùe is shown in figure 1.11. The rate is at 

a maximum at pH 4 and faUs ta lower values at more acidic or alkaline pH. In strong acid 

solution the rate of hydrolysis again r~Sê5. This phenomenon is due to the facile reaction of 

the monoanlOn whlch is r: ~ predominanT ionte species in solutions of most phosphate 

19p. W C Barnard, C A Bunlon, D. Kcllennan, M M Mhala, B. Sllver, C A. Vernon, and V. A. 
Welch, J Chem Soc Sc:ct 8, 1966,227 
20C A. Bunlon, D R. Llcwellyn, K. G. Oldham, and C. A. Vernon, J Chem Soc, 1958,3574. 
21e. A. Bumon and S. J Farber, J Org Chem., 1969, 34, 767. 
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esters between pH 2 and 6. Isotope labelling experiments reveal that hydrolysis of the 

monoanion proceeds with P-O bond fission. 20 

The rapld hydrolYSlS of the mono anion is due w the formatIOn of :lil unslab1t> 

monomeric metaphosphate ion mtennediate IV (fig. 1.12) which reaets rapluly Wlth water 

to give inorganic phosphate. Proton transfer occurs ta con ven the alkoxide group. OR. 10 

an energetically more favourab1e leaving group. At the same ume, transfer of the proton 10 

the leaving group leaves the phosphate moiety of the molecule wnh two negauve charges 

which pro vides a dnving force for expulsion of the leavmg group (flg. 1 12) Proton 

transfer can occur in three differem ways: i) a pre-eqUlhrnum tnmster to glve the 

zwitterion (1); ii) a concerted proton transfer via a four membereu nng WhlCh accomp.u1\es 

the P-O bond scission (II); and iii) proton transfer IS camed out through a 'ilX membereu 

ring formed by the paniclpanon of a molecule of water (III). It 15 the metapho~phate 

mechanism WhlCh makes the mono anion of a phosphate monoester more reueu ve towards 

hydrolYSlS than the monoanlOn of the corresponding phosphate diester. 

At pH less than one, both C-O and P-O bond cleavages occur. The mechanism 

involves an SN2 nucleophilic artack by water on either the phosphorw: or carhon awm of 

the conjugate acid of the phosphate ester. 

10.-------------------------~ 

a D 

6 

4 

2 

o+-----~--~~~~--~-~--~ 
o 2 4 6 9 

pH 

Figure 1.11. Hydrolysls of monomethyl phosphate at 100°C (ref.20) 
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H, 
o 
1 

RO-P-O' 

Il 
o 

1 
H-O 

1 
RO--P-O 

" o 
Il 

IV 
+ 

ROH 

H H 
......... 0····· ......... 0 

1 1 
H. /p-O' 

····0 ..... " 
R 0 

III 

Figure 1.12 Metaphosphate mechanlsm for the hydrolysis of phOsphate monoesters 

1.3.2 Phosphate Diesters 

Hydrolysis of a phosphate diester differs significamly from that of phosphate 

monoesters (fig. 1.13).21 Unlike phosphate monoesters, no rate maximum is evident in 

the pH-rate profile for phosphate diesters. For BDNPP (fig. 1.13) there is a pH

independenr rate between pH 2 and 6, however, for less reactive phosphate diesters, the 

hydronium and hydroxlde catalyzed reactions account for the observed rates over almost 

the entire pH range.22 

Since the pKa of a dlSubstituted hydrogen phosphate lies between one and two, the 

species present under most physiological conditlOns is the anion. Because of unfavourable 

electrostauc interactions, the anion of phosphate dlesters resists attack by anionic 

nucleophiles, such as hydroxide, thereby making phosphate diesters hydrolyucally very 

unreactive. It is the stability of the anion of the diester that makes the study of phosphate 

22A. J. KlI'by and M. Younas. J Chem Soc Sect B .• 1970. 510. 
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diester hydrolysis very difficult. The hydrolySlS of the anion of dirnethyl phosphate IS very 

slow. 

5,-------------------------~ 

4 

3 

7 +Iog(kob.) 

2 

1 

o 2 4 6 8 10 12 14 

PH 

Figure 1.13. Hydrolysls of bls-2.4-dlmtrophenyl phosphate Cl 
and 2,4-dlnltrophenyl phosphate <> (ref 21) 

Il is estirnated that the monoanion of dimethyl phosphate undergoes hydrolysis IOlÎ urnes 

slower than the monoamon of merhyl phosphate.23 Because of the slow rate of hydrolysls 

of simple dialkyl phosphates, and the rather good correlatIon between leavmg group 

basicity and reacttvity,21 attention has focussed on hydrolYSIS of phosphate ulesters wlth 

fairly acidic phenols whtch hydrolyze al measurable rates m aqueous solution 

The mechamsm of hydrolysis for the amon of phosphate diesters (p·O bond 

fission) proceeds through a nucleophilic displacement process as shown 10 figure 1.14. 

RO 0 
" d' 'P" 

HO~/""': 
2 RO "0 

~ -
OR 

+ 1 
H20-P-OR 

,0/ "o. 
RO 0 " /.. 

'p' -

HO/ ~O 
+ ROH 

Figure 1.14. MechaOlsm of phosphate dlester hydrolysls 

23 See table 1.1 (page 8) 



.. Although the anions of simple dialkyl phosphates have very low reacuvity, five 

membered c)chc phosphate esters are known ra be hydrolyzed at greatly enhanced ratesJ+ 

For exampJe, compared to dlmethyJ phosphate, ethylene phosphate IS far more reactIve. 

The rate facrar In favour of the cychc phosphate, for P-O bond c!eavage, I~ approxlmately 

108. ThIs hlgh reactlvlty IS kLtnbuted ta release of nng stram upon hydroJysls. 

Compounds wlth nelghbouring functIonal groups su ch as hydroxy and carboxy are also 

known to be hydroly Led ut greatly mcreased rates.24 

1.3.3 Phosphate Triesters 

Phosphate tnesters are not promment naturally occurring substances, however, the 

hydrolYS1S or phosphate tnesters has received considerable interest due ta the Importance ID 

detoxificatÎCn of acetylchohnesterase mhIbnIDg insecticides and chemical warfare agents 

Unlike phosphate diesters, phosphate tnesters are neutral. T'lerefore, unfavourable 

electtostatlc mteractions do not occur between an aniomc nucleophile and Ü'le tnester. As a 

consequence, rapld hydrolysis is observed m alkalme solutIon. It has been shawn that 

alkaline hydrolYSIS of tnmethyl phosphate and tnphenyl phosphate proceeds wlth P-O bond 

SCIssion at pH grearer than ten and C-O bond cleavage predommates at pH Jess than 
ten.25,26 

1.4 METAL CA T AL YZED HYDROL YSIS OF PHOSPHATE ESTERS 

In arder to design an efficient metaI catalyst that can efficlently hydrolyze phosphate 

esters, or for that matter, carboxylic esters and amides in general, it IS imponant to examine 

the possIble mechanistic pathways avrulable for the rnetal IOn or metal complex in 

hydrolyzing its substtate. 

Many hydrolytic enzyme reactions are directly metal ion dependent. The addition of 

chelanng dgents ta sorne metalloenzymes leads ro a loss of actlvity but it is regamed if 

further metal ion is added. The importance of metallons on enzyme catalyzed reactions has 

24For a revlew see T C BrUlee and S J Benkovlc, 'BlOorgaruc Meeharusms', W A 8enJamm Ine., New 
York, 1966, vol 2, Chap. 5 
25p. W. C. Barnard, C A Bunton, D R. Llewellyn, C A. Vernon, and V A. Weleh., J Chem Sac., 
1961, 1636. 
26J. P. GUùlfle, J Am Chem Soc, 1977, 99, 399l. 
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lead to numerous studies employing transition metal complexes for ester and amide 

promoted hydrolysis.27 

1.4.1 Mechanisms of Metal Catalysis 

In general, there are [WO mechanisms for met al lOn or metal complr.x promoted 

hydrolysis reactIons: i) LeWIS acid mechlli11Sm and lI) metal-hydroxlde mechamsm 

In the Lewis aCld mechanlsm, the metal IOn or metal complex cuordInate~ !O lhe 

substrate and actlvates It towards nucleophlltc attack This type of medl,mlsm can be 

Illustrated ln the metal(II) IOn catalyzed hydrolysis of ammo aCld e .... lers. 2X The e~ters are 

chelated to the metal by the arrllno and carbonyl group. Metal coordll1atlOn ot the carhonyl 

polanzes the C-O bond and enhances its susceptlbllny toward~ ntlCieoph1l1c attack by 

hydroxlde Ion (fig. 1.15). Metal Ions like Cu2+, C02+, llild Mn2+. were tound 10 promote 

the hydrolYSlS of ethylglycmate in the pH range 7 3 to 7 () al 25 oC, under whlch 

conditions the free ester 1S ordmanly stable The rate of hydrolysl~ IIlcrea-;ed WIth 

increasing tendency of the metal ion to coordinate with the ester. Rate enhllilcement~ up 10 

106 were observed wIth Cu2+ IOn. 

\/ 
M 

/\ · H'NL.(00 
o 

• HOEl 

Figure 1.15 LeWIS aCld mechanrsm proposed for metal(lI) Ion catalyzed hydrolysis of 
ethylglycmate. 

In the metal-hydroxide mechanism, a coordinated hydroxlde anIon Cllil aet '-t"i a 

reactive nucleophile towards an appropriate substrate. A clasSIC example of this type ot 

27 A. E. Martel!. Metal Ions ln Bw/oglcal Systems, Vol. 2, Helmut Sigel Ed. \1an:cl Dekkcr Inl. N Y , 
1973, Ch. 5. 
28H. Kroll, j Am Chem Soc 1955, 74, 2036 
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mechanism was the Cu(I1) mediated hydrolysis of 1 (fig. 1.16 ) dlsplayed by Groves and 

01as.29 Becau~ of the ngtdity of the molecule. the metaI cannot coordinate ta the carbonyl 

oxygen. thus. a LeWIS aCld mechanlsm was ruled out. The mechamsm proceeded by a 

nucleophlltc addItIOn of metal-bound hydroxlde. The metal IOn reduces the effectIve 

negatIve charge of the coordmated hydroxlde thus makmg the metal-bound hydroxîde a 

weaker nucleophile man a free hydroxlde. However. smce the metal IS able ta lower the 

pKa of coordmated water.30 It acts as a buffer for hydroxlde around neurral pH. For metal 

hydroXldf! mechamsms. the reduced reactIvny of the metal-bound hydroxlde can be 

consldered more than compensated by the increased effectIve local concentratIon of the 

hydroxlde. At pH 7 6 the reaction proceeded 106 urnes faster than calculated for the base 

cataiyzed hydrolysis of 1 at the same pH ID absence of any metal ion. 

o 

1 

Figure 1.16. Metal hydroxlde mechamsm. (ret. 29) 

2 

,,1 /OH 
-Zn '\ 
/ ....... 0 J ..... OAr 

~p"'" 

Y' ArO OAr 

Figure 1.17 Situ nctlOnal mechamsm proposed for 2 catalyzed hydrolysis 
ot phosphate tnesters (ret.31) 

291. T. Groves and R. M Dias. J Am Chem Soc. 1979. 101, 1033. 
30nte pKa of the Cu2+ bound water was found to he 7.3. 

16 



A thrrd mechamsm is also possible. a blfunctlOnai mechamsm. where the elfects of 

the Lewis acld and metal-hydroxide mechamsms .ue combmed lOto one A-;.U1 ex.unpk. 

Breslow and co-workers 31 showed that the /lne complex, 2 (ilg 1 17) c.\t.ll~ Il'd the 

hydrolYSlS of a phosphate triester ten limes faster th~U1 the Iree hydro '(Ide raIe 12 Illl'Y 

reasoned mat a sImple metal·hydroxlde mecharmm cou Id not .lccount lor thl,> dltterence .• 1 

bifunctional mechanlsm was takmg place makmg the Zn-OH .l hetter nucleophtle th.Ul tree 

hydroxide. 

1.4.2 Co(lll) Complex Hydrolysis of Phosphate Diesters 

Numerous reports eXlst on metal complex caral~'led hydroly~l-; nt phosphate 

monoesters,33,34 tnesters. 31 ,35.36 tluorophosphonates,37 tluorophosphutl!" 17 ;U1d 

phosphonc anhydndes. 3K Remarkably, only a few pubhcauon-; eXlst on melal ulIllplex 

catalyzed hydrolysls of phosphate dlesters. My mterest hes m a rational dt'''lgn ni metal 

complexes that hydrolyze phosphate lhesters effictently. Although hydroly'>l~ 01 pho~phate 

diesters promoted by tranSItIon met al complexes are searee. one ean "nll get .1 great deal 01 

insight from prevlOus work done on mer al complex promoted hydroly'il~ Dt r-h(""phorll~ 

esters and anhydndes 

Most of the work has focussed on ~Ub~t1lutlona!\y Inert meral complexe" 'illch as 

Co(III) complexes and to a lesser extenr lr( m) complexe~ AttentIon ha~ centred on men 

metal complexes because the use of labIle metal complexes ... enously compltcate" rehahle 

identificatIon of the specie~ actually IOvolved 10 the ester hydroIY'iI" By u~tng 

31S. H. Gellman, R. Pener. and IR Breslow, J Am Chem Soc. 1986. 10H. :nH~ 
32Based on second-order rate constanu, 
33a) F J. Farrell. W A KJellsrrom. and T G Splro, Suena. 1969, 164.120 bJ J HalTowllcld, D R 
Jones, L. F Lmdoy, and A M. Sargeson,l Am Chem Soc, 1977, 119, 2652 c) D R Jonc~. L F 
Lmdoy, and A M Sargeson.l Am Chem Sac. 1983. 105,7327 d) J Harrowllcld, D R Jonc,>, L F 
Lmdoy, and A M Sargeson,l Am Chem Soc, 1980, 102,7733 
34D. R. Jones, L F Lmdoy, and A M Sargeson, J Am Chtm Soc., 1984, 106,n07 b) R A 
Kenley, R H Flemmg, R M Lame, D S Tse, and J S Wmtcrle. lnor~ l'hem. 1984,21, IH70 L) il 
R. Nonnan, and R D Cornelius, 1 Am Chem SOL, 1982, 104, 2356 
35a) P. Hendry and A. M Sargeson, AUj{ } Chem, 1986, N, 1177 bl P Hcndry .md A M Sargc\on. 
J. Chem Soc Chem Commun, t984, 164 
36a) 1. R MOITOw and W C Trogler,lnorg Chem, 1989, 2~, 2330 Dl F M Mcnger, L H (Jan, [: 
Johnson. and D H Dursl, J Am Chem SOL, 1987, 109,2800 
37T. Wagner-Jauregg, B E Hackley Jr , T A LIe!., 0 0 Owen!., .md R Proper, J Am Chem \0(. 

1955,77,922 b) J Epstem, dIld D H. Ro~cnblatl. } Am Chem Soc ,1958, ~(), 15% L) R C 
Courtney, R. L Gustafson, S. J Weslerback. H Hyyltamen. S C Chabarek. Jr , JI1d A E ~MlCll, J 
Am Chem Soc, 1957, 79. 3030 
38a) R. M. Mllbum, M Gaulem-Basak. R Tnbolc!.. and H Siegel, } Am Chem \oc. 1985, 107, 
3315. b) R M Mllbum. G RaWJ1, and M HedJger,lnorg Ch lm Acta, IQ83, 7l), 247 LI R \1 
Mllbum, S S Massoud. and F Tafesse, lnorg Chem. 1985,24, 251J3 d) R rvt \1llbum. and F 
Tafesse,lnorg Chlm Acta. 1987. 135, 119 
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substItutlonally men metals, charactenzation of all species present m solutlon lS possIble. 

Also, the kmetlcs and mechamsm of Co(III) and Ir(III) complex substItunon reactIons are 

weil understood'9 and thlS knowledge ~hould faclhtate Identlfymg mechamsms mvolved m 

metal-complex promoted phosphate ester hydrolysls In order ta gam useful mechamstlc 

mformauon, the approach has been ra synrheslle and srudy the r .:actJons of weil 

characterl/.ed '>UbStItutlOnally men metal IOn phosphate complexes. TIllS would allow 

unamblguou~ conclusIOns ta be made about the reacuvIty of a parncular type of complex. 

Hendry .md Sargeson35 , showed th~l metal complexes actmg ",olely by a Le'WIS 

acld mecham~m are very mefficlent at promotmg the hydrolYSl~ of phosphate tne'iters The 

hydrolysls of tnmethyl phosphate (TMP) coordmated ta penta-ammme ImiIum(1I1) Ion was 

srudied m an alkalme medIUm. The srudy rcveaIed mat coordmatlon of the pho'iphate è~ter 

to the metaI complex mcreased the rate of attack of hydroxlde al the phosphorus atom by 

only four hundred fold. For the analogous Co(III) complex. the products of ba~e 

hydrolYSlS were found ta be tnmethyl phosphate and the [(NH3)SCo(OH)]2+ Ion: the rate 

of loss of the TMP lIgand was faster than the rate of anack of hydroxlde 4.() 

The efficlency of the blfunctlonru mechanlsm wa'i tested on phosphate monoe~ters 

It was demonstrated that the hydroxlde331" and amldo (NH2-)33d lOn~ bound to Co(lII) were 

eftïclenl mtramolecular nucieophIles for c1eavmg ..j.-mtrophenol trom the coordinated ..j.

mtrophenol phosphate (fig. 1.l8) The mechamsm of an mtramolecular metal-bound 

nucleophlhc attack was elucldated by elegant Isotope labellmg expenment~. Rate 

enhancements of 1()5 (for the metal hydroxlde) and 108 (for the metal amldo) relative ta the 

uncoordinated ester were obtamed for these complexes. 

FIgure 1.18. Intramolecular metal-hydroxlde and metal-amldo attack on coordmated 
phosphate monoester. (ret 33c. 33d) 

39a)F. A. Cotton. and G Wllkmson. Advanced IMrgamc Chemlstry. 4th ed • Wlley-Intersclenc:. New 
York 1980 b) F Basolo. and R. G Pearson. Mechanv.ms of In<Jrgamc ReactIOns. 2nd ed . Wlley: New 
York 1967. 
",Da) W SchmIdt and H. Taube. IMrg Chem. 1963,2.698 b) N E 0 W G J k W M t . . Ixon, . ac son. ar y. 
and A M. Sargeson. Inorg Chem, 1982, 21, 688. 
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It 1S not surpnsing that the metal-am1do complex dl~pla)ed ,1 gre,lIer rate 

enhancement than that for the metal-hydroxlde complex The metal-,umde I~ mu\:h more 

basic than the metal-hydroxIde ihe pK-t of the metal-aqua comple\ wa" tound !ll he 7 b 

whereas the pKa of the metal-ammme (omplex wa:-. è~f1m.lled to hl' near l'If one 

assumes a dIrect relatton<;hlp between nudeophdlc '\trenglh ;md h.b1Clty tor th, h' type nf 

reactIOns, then the dlfference ln reactlvny IS pre,>umably due to the much gre,ner 

nucleoph1hc character of the metal-amide However. the 11l1lljue altnhute ot the mèt,Ll-.lqU.l 

complex lS us ablhty to generate a hlgh concentration of the rl'al tlw nUlleophl k \ ~\-()H) .It 

the phYSlOloglCal pH range The metal-.tmldo complex can only he genl'ratet1111 very hl~h 

alkaline solutIOns At neurral pH, the metal-.tmmme complex predor1lInate" ,tilt! 1 ... 1/1.1lÎIve 

at hydrolyLing the e~ter 

We have seen that the bIfunctlonal mechanl"m 1" by tar the mn,>t ettlClent 

mechamsm for hydrolYllng phosphate monoesters. For thIS mechal1l~m LO he llperauvc, 

one requues a complex m WhlCh IWO coordmauon SIte~, CI~ to eacn Olher. are .lvallahle tor 

phosphate chelatIon. One SIte would bmlj to the phosphoryl nxygen ,md the- nther woull! 

deliver the 1I1tramolecular metal-bllund hydroxlde nucleoplllle C, ... -

aquohydroxotetraazacobalt(lII) complexes.!(N4)Co(lIIHOH)(OH2112+. tIt tlm cntenO/l 

The N4 represents a bIS bldentate or a tetradentate lIgand In the pa~t tew year." ... everal 

groups have studled the effects of these type of complexe" on pho ... phatc dle'\ter 
hydrolysis. 1U4b,38b,-l1,-l2 

We have recently reponed the largest rate enhancement tor metal promoted 

hydrolYS1S of a phosphate dlester. 14 BNPP whcn bounli to \Co(trpn)(OH)(OH2)/2+ J'" 

hydrolyzed 1010 tIrnes more I1lpldly than the fiee phosphate dle~ter The rate of pho ... phate 

dlester hydrolYSIS can vary slgmfIcantly dependmg on the N4 ligand MIlburn et ,u IXh 

observed mat [Co(tnh(OH)(OH2) 12+ reacted 25 urnes slower than !Co(trpn)(OH)(OH2)12+ 

at hydrolyzmg BONPP. No mechall1~tIc mterpretauon wa" glven to account tor thl ... 

difference. 

In our lab, Chm and ZOU41 reponed the effect~ of four Co( III) complexc"i on the 

rate of hydrolYS1S of BNPP and BDNPP Not surpnsmgly, the /(~4)Co(OH)(OH2)12+ 

complexes were the most effiCient al hydrolYl1ng the pho~phate dle ... ter, BNPP Howcvcr, 

the reactlvity pattern changed when hydroly /Ing the more reaetl ve pho"phare dlc"ter, 

BDNPP (Table 1.2). The difference m the reactlVIty pattern" wa." explamed m !enns of J 

change in the rate-deterrnmmg step Wlth change In the pho"phodle"ter feactIvIty 

41 J, Chm and X. Zou, J Am Chem Soc, 1988, 110, 223 
42J. Chm, M BanasLczyk, and V Jublan. J Chem Soc, Chem Commun, 1988, 715 



The cobalt complex promoted hydrolysis of BNPP was explained in terms of the 

mechamsm shown In figure 1.19. It was determmed that k2 wa<; the rate-determinmg step 
sJnce the rates of anatlon of ICo(tnen)(OH)(OH2)]2+, (CoCenhCOH)(OH2)]2+, and 

Table 1.2. Observed flrst·order rate constants (kobs, S·1) for cobalt complex promoted hydr'Jlysls of 

phosphate e.,ters at SOoC, pH 7 a (ret.41) 

Cobalt complex BNPP BON PP 

[Co( en)2(OH) (NH3) ]2+ <10.6 2.4 x 10.4 

[Co( en )2(OH)(OH2) ]2+ 27 x 10.5 4.2 x 10.4 

[Co(tflen)(OH)(OH2)2+ 4.8 x 10.4 5.2 X 10.3 

[CO(dlen)(OH)(OH2)212+ <10.6 8.6 X 10.2 

none 3 x 10.10 2.1 x 10.6 

o 
'O_~ __ O-oN02 

'00H02 

k, 

Figure 1.19. Co (III) complex promoted hydrolysis of BNPP (ref.41) 

rCo(dien)(OH)(OH2hJ2+ were greater than the rates of the cobalt complex promoted 

hydrolysis of BNPP. It is well known that the rate of ligand exchange on Co(UI) 

20 



complexes is sensitive to the ligand stnlcture39b but what accounts for the dlfference ln the 

rate for phosphate ester hydrolysis when anauon IS not rate detenmnmg'! In thls panll;ular 

study, it was dlft1cult to evaluate any strucrure-reaCuvlty relatlO/lshlp on the phosphoms

oxygen cleavage step becallse both [Co(tnen)(OH)(OH212+ .ml! lCll(en)2l()l-\)lOH~)l2+ 

complexes undergo rapld Cls-trans eqmhbratlOn Wlth the tr~U1~ fonns bemg mal.:tIYè 

In order to minumze the complicuuons ansmg trom Cls-trans lS0ll1ert/a110ns. we 

studied and compared the reactlvJties ot three ngldly heltl CIS

aqllohydroxytetraazacobalt(IlI) complexes, 14,42 1 (cyc!en )Co( OH)( OH 2) 12+, 

[(trpn)Co(OH)(OH2)]2+, and [(tren)Co(OH)(OHz)12+ (fIg 1 :!O). 111 promotlTlg the 

hydrolysis of BNPP. Ail three complexes are ideal for ~tlldYIng the stmcture-reacttvIty 

relationshlp smce they eXIst only m the actwe CtS form. The [(cyclen)Co(OH)(OH2)j2+ 

complex exists only fi the CIS form because of the small ring Slze of the cyclen ligmld 41 

The complexes [(tren)Co(OH)(OH2)]2+ and [(trpn)Co(OH)(OH2)12+ eXlst only ln the Cl~ 

fonn for obvious structural reqllrrements. 

[(cyclen )Co(OH)(OHûJ 2 
+ 

Figure 1.20 Structures of ngldly he Id cis-aquohydroxotetraazacobalt(/lI) complexes 

The mechanism for the Co(ill) complex promoted hydrolYSIS of BNPP IS Identlcal 

to the one shown m figure 1.19 WhlCh mvolves rapld coordination of the phosphate e~ter 

followed by rate-determining intrarnoleclliar metal-hydroxide auack Ali Co( III) complexes 

are in the CIS fonn yet there are sigmficant dtfferences 10 hydrolY/lng the pho'lphate dIcster 

For example, [(trpn)Co(OH)(OH2) ]2+ IS 300 times m0re reactlve than 

[(tren)(OH)(OH2) )2+ for hydrolyzmg BNPP. The eqUllibnum con~tant tor bmdmg ot 

phosphate diesters to the Co(ilI) complexes and the bUSICltIeS of the re'lpectIve metal 

43y. Iiataka, M. Shma, and E. Kmmra, Irwrg Chem, 1974, 13,2886 
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hydroxilies are comparable. The difference in reactivity is due to the different rates of the 

k2 step, thus, the rate-determming step is highly sensitive to the tetraamine ligand (N4) 

structure. 
The result IS stnkmg m vlew that the two cobalt complexes are so dosely related 

structurally. The k2 step involves formatlon of a four-membered nng. In general four

membered nngs are unstable, however, four-membered rings involvrng Co(III) can be very 

stable. For example, X-ray structures of four-membeled CO(nl) carbonato44 and Co(III) 

phosphato45 complexes are kllown. X-ray structures of [(trpn)Co(C03)!+ and 

[(tren)Co(C03)1+ reveal that the trpn ligand is bener able to stabllize four-membered nngs. 

Both O-Co-O bond angles m [(trpn)Co(C03)]+ (68°) and [(tren)Co(C03)]+ (68°) are 

hlghly dlstol1ed from that found m regular octahedral complexes (900). Ali the N-Co-N 

bond angles are ngIdly held (87°) with the tren ligand whereas the N-Co-N bond angle 

oppoSIte the O-Co-O bond angle in [(trpn)Co(C03)}+ is free to expand to 100°. It appears 

that a major factor in stabililmg the four-membered CoCIII) complexes is rncreasing the 

bond angle opposne the four-membered ring. 

It IS the abtlity of l(trpn)(Co)(œ-I)(OH2)]2~ to stabùlze four-membered rings that 

makes it such a very effICIent complex for promotmg phosphate ester hydrolysis. 

Additional eVldence cornes fr'1m the observatIOn that sodium acetate readily forrns the four

membered nng acetato complex wah [(trpn)Co(OH)(OH2]2+ but not with the 

corresponding tren complex.46 The !(tren)Co(OH)(OH2)12+ complex brnds wlth acetate 

only by a monodentate fashion. For [(tren)Co(OH)(OH2)]2+, a larger stram is developed 

In the chelation step (k2 in fig. 1.19) and hence a slower rate for phosphate diester 

hydrolysis is observed. 

1.4.3 Co(11I) Complex Promoted Hydrolysis of Phosphate Monoesters 

Hydrox.ide coordinated to Co(lII) were efficIent intramolecular nucleophIles for 

hydrolyzing coordinated phosphat~ monoesters with good leavmg groups. Our success in 

determmmg the structural requirements of sImple [(N4)CO(CH)(OH2)]2+ complexes for 

phosphate dlester hydrolysis led Ch:n and Banaszczyk to investigate Co(III) complex 

promoted hydrolYSlS of phosphate monoesters with poor leavmg groups47. The complexes 

44E.C Nlcùcrhoffcr. A E Martell, P Rudolf. and A ClearfIeld,Inorg Chem, 1982,21,3734. 
~5B Anderson, R M. Mllbum, and A. M Sarge son, J Am Chem Soc. 1977, 99, 2654 
~6J Chm, and M Baruszczyk, J Am Chem Soc. 1989, Ill, 2724 
~7J Chm .m.d M BanaslCl)'k, J Am Chem Soc. 1989, 111,4103. 
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[(ttpn)Co(OH)(OH2)]2+ and [(tren)Co(OH)(OH2»)2+ were used to promote the hydrolysis 

of AMP and methyl phosphate. 

The mechamsm of Co(lll) complex promoted hydrolYSIS of phosphate monoesters 

with poor leaving groups can be very different compared to hydrolysis of phosphate 

monoesters Wlth good leavmg groups. The mechan ism of Co( Il 1) comple x promoted 

hydrolysis of p-mtrophenyl phosphate involves mtramolecular metaJ-hydnmde attack on 

the met al coordinated phosphate monoester. AddItIOn of one equlvalent of 

[(trpn)Co(OH)(OH2)]2+ to p-nitrophenyl phosphate, al neurral pH, rapldly prodllccs p

nitrophenol. In contrast, Phosphate monoesters wlth poor leavmg f:,TfOUpS InItlally toml 

stable cobalt complexes 3 (fig. 1.21). Vpon additIOn of a second eqlllvalenr of 

[(trpn)Co(OH)(OH2)]2+, rapld hydrolysis of the phosphomonoester occlirs wnh 

concomitant formation of a novel binuclear Co(llI) complex .. (tlg 1 21). The rnechal1lsrn 

of hydrolysis of 3 involves complexation to [(trpn)Co(OH)(OH2)\2+ followed by c1eavage 

of the ester bond as depicted in 5 (fig. 1.22). Co(III) complex promOled hydrolysis of 

phosphate monoesters with good leavmg groups mvolves al: 1 complex between the met al 

and the subsrrate whereas a 2:1 [(rrpn)Co(OH)(OH2»)2+ ta substrate ratIo IS observed for 

the hydrolysis of phosphate monoesters with poor leavmg groups. 

[(trpnICo(OH 2)(OHI12 • 

[(trpnICo(OH1)(OH)II. 

+ 

4 

FIgure 1.21 [trpn)Co(OH)(OH2)]2+ promoted hydrolysis of AMP (ret 47) 



5 

Figure 1.22. Mechanlsm of AMP hydrolysis and concomitant formation of blnuclear complex. 

Interestingly, l(tren)Co(OH)(OH2)]2+ does not hydrolyze phosphate monoesters 

with poor leavmg groups under the same conditions employed for the trpn compIex. 

Again, it is the ease of formation of a four-membered ring imposed by the structure of the 

N4 ligand that enables [(trpn)Co(OH)(OH2)]2+ to hydrolyze phosphate monoesters with 

poor leavmg groups very efficiently. 

1.4.4 Cu(II) Complex Catalyzed Hydrolysis of Phosphate Esters 

In the past, most studies involving Cu(II) ions were bast!d on hydrolyzmg 

phosphate monoesters covalently attached to a metal chelate. Cu(m catalyzed hydrolysis of 

salicyl phosphate27,48 and 2-(1,1O-phenanthroyl) phosphate49 are two typical examples. 

In the case for Cu(II) catalyzed hydrolysis of salieyi phosphate, it was observed 

that the catalytic effect of the metaI ion was greatest (about 108 rate enhancement) for the 

trianion of the salicyl phosphate. The trianionic species does not have the possibility of an 

intraInolecular proton catalysis route as is the case for the mono and diaruonic species. The 

metal ion exerts its cataIytic effect by taking the place of a proton. The av ail abilit y of a 

metaphosphate elimmation process and the stability of the metal chelate strucrure as final 

product are the driving forces in the Cu(II) catalyzed reaction (fig. 1.23). 

48y. Murakanu and A. E. Martell. J Am Chem Soc ,1964,85,2119. 
49T. H. Fife and M. P. MUJarl. J Am Chem Soc. 1988. 110. 7790. 
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Figure 1.23. Copper{lI) Ion catalyzed hydrolysis of sahcylphosphate. (ref 27) 

For the hydrolysis of 2-(1 ,10-phenanthrolyl) phosphate, it was observed that at pH 

8, 85 oC, the Cu(II) catalyzed hydrolysis of the dlaniomc phosphate ester was 300 times 

greater than in the absence of any metaI IOn. A metaphosphate mechamsm was Ilot 

involved smce the metal ion could not chelate to the leavmg group oxygen of the phosphate 

ester. The reaction involved nucleophilic attack of H20 on phosphorus (fig. l 24). 

Figure 1.24. Cu(II) Ion catalyzed hydrolysis of 2·(1,1 O-phenanthrolyl) phosphate (ret 49) 

Only a few examples exist for Cu(II) complex hydrolysls of phosphate ester'i lU 

which the ester is not covalently linked to the metal complex. Martell and hlS co-workcr'i 

studied the hydrolYSlS of Sann (isopropylmethylphosphonotluondate) and DFP 

(düsopropylphosphorofluondate) by a senes of Cu(II) complexes.27 ,5o A~ was the C,L'iC 

for Co(ID) complex promoted hydrolysls of phosphate esters, Jt was observed that the 

most catalytically active Cu(II) complexes were those WhlCh had two free (uqua) 

coordination sites. Rate maXImums were obtained in the neutral to weakly alkalme pH 

SOR. L. Gustafson, S. Chabarek, and A. E Martell. J Am Chem SOG, 1964. 85, 211 <) 
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range where aqua-hydroxy Cu(II) chelates were the predominant species in solution. 

Highly stable chelates containing terdentate or tetradentate amine ligands showed very tinle 

or no catalytic acnvity. Two kinetically mdistingUlshable mechamsms were proposed (fig. 

1.25). In path A, the metaI hydroxide attacks the coordinated substrate. In path B, the 

substrate is chelated to the metal complex and extemal hydroxide attacks the phosphorus 

atom. 

More recently, metallomicelles36b us mg Cu(m ions have been used to accelerate Ùle 

hydrolysis of phosphate mesters and diesters. Trogler and his co-workers have studied the 

effect of Cu(bpy) complex catalyzed hydrolysis of phosphate diesters51 and mesters.36a 

The proposed mechanisms are IdenticaI to Ùle bifunctional mechamsm proposed for Co(Im 

complex promoted hydrolysis of phosphate diesters. 

H 
1 

O-H---·O R' 

1 ~r/.\"""""'-oH 
N--CU-:F/ OR 

A ~ ~ 

H Y 
0.---....... 0 ~ 
1 \\\ R' 

M--Cu--F-"
\ 

~ 1 OR 
N , ~ 

F' 

(ret.27) 

Figure 1.25. Proposee! mechanlsms of Cu(lI) catalyzed hydrolysls of phosphofluondate esters. 

51a) J. R. Morrow and W. C. Trogler,lnorg Chem 1988 27 3387 b) MAD R h d W C , ., . ., e ose an " 
Trogler. Inorg Chem, 1990. 29. 2409 
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1.5 PLAN OF STUDY 

It has recently been shawn 14 that cis-aquahydroxytetraazacobalt(III) complexes. 

[(N4)CO(OH)(OH2)]2+, are highly efficient at hydrolyzing phosphate esters. Funhermore. 

the reactivity of these octahedral cobalt complexes IS hlghly sensitive to the tetraamme 

ligand sttucture. 

My plan is to investigatc if this structure-reacttvity relatlOnshlp is applicable 10 

different metal-ligand systems. It is weil known that culin Ions are etficlent catalysts for 

hydrolyzing phosphate esters covalently attached to meral chelating unlts. 27AI\.49 We 

therefore chose 10 study Cu(II) complexes. No systematic stlldy has been done on 

determining the structure-reactivtty relationship for simple Cu(lI) complexes ot the type. 

[(L)Cu(OH2h]2+, where L represents a bidentate diamme ligand. 

The plan IS to prepare and study a series of 1,10-phenanthrohne, and 2,2.'

dipyridylamine ligands in arder ta deternùne whether slight changes ln the ligand 'itructure 

would affect the efficiency of the correspondmg Cu(II) complex for promotmg the 

hydrolysis of phosphate esters. A detailed kmeuc analysls shaH be glven ta provlde a 

mechanisnc ration ale to account for the different reactlviues for the~e meta! complexes. 



.' 
j 

2. RESULTS 

For aIl the hydrolyses reactions, ImM metal complex and 2.5 x 10-5 M phosphate 

ester concentrations were used unless stated otherwise. 0.01 M concentration of buffer 

was used 10 mamtarn a constant pH. For pH 5.5 ta 6.5 MES buffer was unlized, pH 7 ta 8 

N-ethylmorpholine buffer, and for pH 8.5 to lOCHES buffer was used. Rate constants 

were obtamed under pseudo first-order COndltlOns by momtoring the imtlal rate of 

productIon of 4-nitrophenolate (BNPP hydrolysis) or 2,4-dimtrophenolate (BDNPP and 

DNPP hydrolYSIS) at 400 nm (see expenmental sectIOn for details). Figure 2.1 shows the 

UV-vis ab~orbance change during the hydrolysis of BON PP promoted by 

(Cu(dpa)(OH2hJ2+. 

Ali rate constants WhlCh are reported 10 the tables represent the average value of at 

least three runs Wlth deviattons Wlthin 5%. 

.. 
u z 
c • II: 
o • • c 

9 

.8 

.7 

. " 

. J 

.Z 

.1 

8 ~ ... ,... 

Figure 2.1 UV-VIS spectrum for [Cu(dpa)(OH2)2]2+ (1 mM) promoted hydrolysls of BDNPP 
(5 x 10.5 M) at pH 8. 25 oC 
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2.1 Acid Dissociation and Dimerization Constants for Cu(ll) Comple~es 

Table 2.1 hsts the acid dISSOCIatIOn constants and dimenlatlon constmus for [he 

Cu(ll) complexes used ln thIS study. DetermmatIon of the pKa values are compla:ated by 

the dimerization process of these complexes. The pKa and Kù,m (dlluentatlon Ll1n~tanl) 

values are detennined by potenuometric utrauons at vanous Cu( lI) comple;..., conœntratlons. 

Table 2.1 ACld DIssociatIOn constants and dlmenzatlon constants for Cu(II) 
complexes used ln thls study 

Cu(lI) complex pKa Kdlm 
(M-' ) 

[Cu (terpy)(OH2)]2+ 80 -

[Cu (phen )(OH2)212+ 78· 254 x 104 ' 

[Cu(neo)(OH2)2f+ 7 0 

[Cu(S-NOzneo)(OH2)212+ 67 

[Cu(dpa)(OH2)212+ 72 23 x 102 

(CLJ(NMedpa) (OH2)212+ 72 1 7 x 102 

[Cu(5,5'-dlmethyldpa)(OH2b12+ 73 1 3 x 102 

(Cu(dpm)(OH2}2J2+ 725 1 15 x 102 

• Gustafson and Martell (ret 59) report pKa = 7 8 and Kdlm = 1 x 105 M 1 tor thls complax 

The dependence of the midpoint of the titraion curves on the total Cu(ll) complex 

concentration present in solutIon is given m equation 3.15 (see discussion), 

(3 15) 

where pHnud is the midpoint of the turanon curve at a glve'l Cu(!I) complex concemrauon, 

CT. and Kdlm is the dlmenzation constant of the CuCU) complex. Figure 2.2 ... how., 

representative tItration curves at vanous concentratIOns of ICuCdpa)(OH2J:!J2+ The ... econd 



( acid dissociation constants for [Cu(L)(OH2)z]2+, where L represents a bidentate diamine 

ligand, OCClU at pH> 1 O. These values are nDt attainable by direct pH titrations. At pH> 1 0 

the COppeT complexes decompose te give a precipuate of Cu(OH)z. 

Il.5 

8.5 

pH 7.5 

o 

-- 10 mM Cu(dpa) 

- - 1 mM Cu(dpa) 

••••••• 25 mM Cu(dpa) 

/ 

0.2 0.4 0.6 0.8 

eq. NaOH 

J 

/ 

1.2 

Figure 2.2 RepresentatIve tltratlOn 

curves for [Cu(dpa)(OH2)212+ at vanous 

concentratIons 

Figure 2.3 shows the dependence of pHmld on CT for [Cu(phen)(OH2h))2+ and 

[Cu(dpa)(OH2hJ2+. The experirnental points were fit according to equation 3.15 using a 

non-linear least square curve fining program.t 

t KaleliJograph, versIOn 2.0.2, developed by Abelbeck software. 

• 
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0.025 

0.02 0 Cu(dpa) 

.... • Cu(phen) .... -'0 0.015 e -
c.i c 0.01 • 0 0 
(,) 

0.005 • , 

0 • 
6.4 6.6 6.8 7 7.2 7.4 

pH(mid) 

FIgure 2.3 Relatlonshlp between pHmld and the total Cu(lI) complex concentration used 

2.2 METAL(I1) COMPLEX PROMOTED HYDROLYSlS OF BDNPP 

2.2.1 pH-rate profiles 

The pH-rate profiles for M(l1) complex promoted hydrolYSlS of BDNPP are shown 

in figures 2.4 te 2.6. The data were tit according te equanon 3.7, 

[ 
kr [H1 + k2· K1 

kobs = 
[H1+ Ka 

(3 7) 

where Ka is the acid dissociation constant for the coordinated water molecule, and. k 1 • and 

k2' are the fust-arder rate constants for BDNPP hydrolysis promoted by the diaqua and the 

hydroxy-aqua species, respectively. The constants obtamed from the t'med curve are Iisted 

undemeath the appropnate pH-rate plot. The data for the pH-rate plots are It~ted ln table" 

2.2, 2.3 and 2.4. 

2 
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Figure 2.4 pH-rate profIle for the hydrolysls of BDNPP by Cu(dpa) (1 mM. 25 OC) 
Ka = 1.31 x 10.7, k1' = 1.23 x 10-5 5.1, k2' =1 65 x 10.3 s·1. 

Table 2.2 Observed first-order rate constants for [Cu(dpa)(OH2h12
+ (1 mM) promoted 

h)'drolysls of BDNPP (2.5 x 10.5 M) at 25 oC. 

pH 103 x kobs (S·l) 

r,.5 061 

6.0 .16 

6.5 .45 

70 1.0 

75 1.4 

80 1 65 

8.5 1.65 

9.0 1 65 

100 1 65 

i 
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Figure 2.5 pH-rate profile for the hydrolysis of BDNPP by Cu(neo) and Cu(5-N02neo) 
(1mM, 25 OC). For Cu(5-N02neo) Ka = 64 x 10-7 , k2' = 49 x 10.4 s·1 
Cu(neo): Ka = 32 x 10.7, k2' = 5 4 x 10.4 s-l. 

Table 2.3 Observed flrst·order rate constants for [Cu(neo)(OH2)212
> and 

ICu(5-N02neO)(OH2)212+ (1 mM) promoted tlYdrolysls of BDNPP 

(2 5 x 10-5 M) at 25 Oc 

103 x kobs (S·') 
pH 

[Cu(neo)(OH 2h12
+ [Cu( 5.N0 2neo )(OH 2h]2. 

5.5 035 042 

6.0 10 19 

65 29 35 

7.0 42 42 

8.0 51 48 

9.0 54 48 

10 0 54 48 
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pH-rate profiles for the hydrolysis of BDNPP by NI(neo), Cu(neo), and 
Co(neo) (1 mM, 25 oC) For Co(neo)' Ka = 2.05 x 10-9, k2' ::: 65 x 10-4 5-'. 

Cu(neo)' Ka::: 32 x 10-7, k2' = 54 x 10-4 NI(neo)' values are unattalnable due to 
precipitation at pH> 9.5 

Table 2.4 Observed flrst-order rate constants for [M(neo)(OH2)212+ (1 mM) promoted 

hydrolysis of BDNPP (2.5 x 10-5 M) at 25 Oc 

103 
X koba (8.1) 

pH 
Co2+ Cu2 + N12+ 

5.5 035 
6.0 10 
6.5 29 
70 0122 42 
7.75 034 
8.0 11 51 .12 
825 12 
8.5 22 23 
875 39 .34 
90 50 54 .49 
925 54 96 
9.5 56 1.2 
9.75 58 
100 61 54 
10.5 62 
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2.2.2 Dependence of BDNPP Hydrolysis Rate on the Concentration of 

Cu(II) Complex 

The rate of hydrolysis of BDNPP increases linearly wlth the lllcrease of the 

concentration of the Cu(II) neocuproine complex (fig. 2.7). For me culin phemmthrolme 

complex and me Cu(ll) dipyndylamine complex, t'le rate of BDNPP hydrolYSlS levels ,lt 

increasing complex concentration (fig. 2.7). The data for these plots are hsted ln table 2.5. 

Metal complex concentratIOns range from 0.1 mM to 5 mM. Slow precipItatIon of the meral 

complexes occurs at concentrations greater than 5mM. 

0.006 

0.005 
o Cu(dpa) 

.... 0.004 
1 

tn 

• Cu(neo) 

o Cu(phen) 

-ct) 
,Q 
0 

0.003 o -~ 
0.002 

0.001 

0 

0 0.001 0.002 0.003 0.004 0.005 0.006 

Cone. (moIlL) 

Figure 2.7 Dependence of kobs for the hydrolysis of BDNPP on Cu(phen). Cu(neo). and 
Cu(dpa) concentration 
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Table 2.5 Flrst-order rate constants for BDNPP (2.5 x 10.5 M) hydrolysls by Cu(lI) complexes 

at pH 8, 25 Oc wlth dependence on the metal complel\ concentration 

Cone. kobs (5-1) 

(mM) 
[Cu(dpa)(OH 2hl.o! + [Cu(neo)(OH 21212

+ [CU(phen)(OHzl2]2+ 

0.1 45 x 10.5 65x 10-5 

0.2 46x 10.4 

025 12xl0-4 

0.5 1 0 x 10.3 1.6 x 10 4 

1.0 1.65x 10.3 2.2 x 10.4 

2.0 2.8 X 10.3 9.6 X 10.4 

2.5 1.1 x 10-3 2.7 X 10.4 

3.5 3.5 x 10.3 1 6 X 10.3 

5.0 4.6 X 10.3 2.2 x 10.3 38x10·4 

The data for Cu(dpa) and Cu(phen) were fit according to equation 2.1 (see 

appendix) where k is the sp.cond-order rate constant for [Cu(dpa)(OH)(OH2)]+ or 

[Cu(phen)(OH)(OH2)1+ medmted hydrolysis of BDNPP, Cl is the total concentratIon of 

copper complex used, and Kœm is the dirnerization constant for the copper complex. The 

values for Krumwere taken from table 2.1. 

[ 
- 1 + ~1 + ~mCT 1 kob!!= k --

4Kdlm 
(21) 
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2.2.3 Rates of M(I1) complex promoted hydrolysis of BDNPP 

The observed pseudo-first-order rate constants for the hydrolysls of BON PP 

promoted by different Cu(II) complexes are summarized in tables 2.6 ,md 2.7. 

Il 
Table 2.6 Rate constants for BDNPP (2 5 x 10-5 M) hydroly ;15 promoted by vanous 

Cu(lI) complexes (5 x 10-3 M) at pH 8, 25 Oc 

Cu(lI) complex 
• k(Oba) 

(S·1) 
rel. rate 

(Cu(dpa)(OH21l+ 46 x 10-3 
12 

[Cu(neO)(OH2ll+ 22 x 10-3 57 

[Cu(phen)(OH21i+ 384 x 10-4 1 

[Cu(terpy)(OH2l]2+ 1 42 x 10.6 
0037 

NaOH 30 x 10.9 •• 78x 10.6 

as defined ln equallon 2 1 Values 01 ~,m taken Irom table 2 1 

•• HydroXlde rate al pH 8 lTom rel 21 

• k 

(M'1s'1) 
rel. rate 

1.93 44 

44 1 

1 25 284 

284 x 10.3 
0064 

3 0 x 10 3 
0068 

Table 2.7 Observed pseudo-flrst-order rate constants for BDNPP (2 5 x 10.5 M) 
hydrolysls by Cu(ll) complexes (1 x 10-3 M) contalnlng modlfled dpa ligands 
at pH 8, 25 oC. 

Cu(lI) complex k(obl) 
rel. rate 

(8.1) 

[Cu(dpa)(OH2)212+ 1 63 x 10 3 
1 

[Cu(NMedpa)(OH212]2+ 4 16 x 10.4 
0.26 

[Cu(S,S'-dlmethyldpa)(OH2 )212
+ 176x10 3 1 1 

[Cu(dpm)(OH2)212+ 624 x 10 4 038 
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Table 2.8 lists the observed pseudo-first-order rate constants for BDNPP 

hydrolysis promoted by the M(I1) neocuproine complexes used in thlS study. The acid 

dissociation constants are aIso given in the table. The Ni(II) neocuproine complex 

preclpuates out al pH>9.5. The Zn(II) neocuprome complex precipitates out as Zn(OHh at 

~'H>6.5, and therefore it was not possible to study its kinetics towards phosphate ester 

hyùwlYSlS. 

Table 2.8 Observed pseLido-flrst-order rate constants for BDNPP (25 x 10.5 Ml 
hydrolysis promoted by Metal(lI) neocuprolne complexes (1 x 10-3 M) at pH 
95.25 oC 

M(II) complex pKa kOb. rel. rate 
(S·l) 

[Cu(neol(OH2ll+ 7.0 54x10·4 1 

[Co(neo)(OH2ll+ 87 6.1 X 10.4 1 .1 

[NI(neo)(OH2ll+ >9.5 1.2 x 10.3 22 

2.2.4 Comparison Between Cu(lI) and Co(lII) Complex Promoted 

Hydrolysis of BDNPP and BNPP. 

Table 2.9 lists the rates of hydrolysis for BDNPP and BNPP promoted by 

[Cu(dpa)(OH2h]2+ and compares them to the rates promoted by Co(III) complexes as 

reponed ID ref. 14. For the Co(Ill) complexes, the maxImal rate for phosphate dlester 

hydrolysis is observed al pH 7 whereas the maximal rate for the CuCU) complex IS at 

pH ;::: 8. 
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Table 2.9 Rate constants for BDNPP (2 5 x 10.5 M. 25 OC) and BNPP (25 x 10.5 M. 50 OC) 
hydrolyslS promoted by Cu(lI) (pH 8) and CO(III) (pH 7) complexes" 

Phosphate Metal k(obs) k 
Rel. rate 

Dlester Complex (s" ) (M'1 S") 

BDNPP [Cu(dpa)(OH2hi+ (1 mM) 16 x 10.3 . 
1 93 1 

BDNPP [Co(trpn)(OH2)213+ (10 mM) 11x10" 1 1 57 

BNPP [Cu(dpa)(OH2)212+ (1 mM) 1 3 x 10.4 o 179' 1 

BNPP [Co(trpn)(OH2)213
+ (10 mM) 25x10·2 25 14 

BNPP [Co(tren)(OH2)21~ (10 mM) 81 x 10.5 o 0081 0042 

'as defined ln equa~on 2' Ka.m = 230 M ' 

•• Rate constants lor ('..0(111) complexes obtatned Irom rel 14 

2.3 Cu(II) PROMOTED HYDROLYSIS OF PHOSPHATE MONOESTERS 

Table 2.10 lists the rates of hydrolysis for DNPP and BDNPP prornoted by 

[Cu(dpa)(OH2h12+. The hydrolysis reaction was followed ~pectrophotometrical1y at 400 

nm. The condItions used were sirnIlar 10 those employed for phosphate dlester hydrolysis. 

The syrnbol kuncal refers to the spontaneous rate of hydrolysis of the phosphate ester, 

under the condItIons speclfied, in absence of any metal catalyst. 



Table 2.10 Observed pseudo-flrst-order rate constants for phosphate ester hydrolysls (2.5 x 10-5 M) 

promoted by [Cu(dpa)(OH2)212+ (1 x 10-3 M) at pH 8. 25 oC. 

Substrate koba Rel. rate kuncat kobs 
(s-' ) (S-' ) 

kuncat 

DNPP 1 38 x 10-4 
1 2 22 X 10-5 (ret 1 al 6.12 

BDNPP 165x 10-3 
12 242 x 10-7 

(ret 21) 6300 

Metal complex promoted hydrolysis of methyl phosphate was monitored by l H 

NMR. Methanol was produced after several days (pD 7, 40 oC) from the 1: 1: 1 addition of 

methyl phosphate, [Co(rrpn)(OH2hP+, and [Cu(dpa)(OH2h)2+ (fig. 2.8) Under similar 

conditions, rate promoted hydrolysis of methyl phosphate was not detected to any 

significant extent when ICu(terpy)(OH2»)2+ was substItuted for [Cu(dpa)(OH2)z]2+. In 

the absence of copper complex, (l.e. the 1: 1 addItion of methyl phosphate to 

[Co(trpn)(OH2hj3+) mmimal productIon of methanol was observed (approx. 10%) at the 

end of the same tune mterval used ta study the system involv1Og [Cu(dpa)(OH2)zj2+. No 

hydrolYSIS was detected from the 2:1 addItion of [Cu(dpa)(OH2h]2+ ta methyl phosphate 

after three days at pD 7. 55 oc. The reactIon could not be momtored funher due to 

precipItation of the reaction solutIon. 

It IS weIl established that methyl phosphate binds ta [Co(trpn)(OH2h]3+ 10 a 

bidentate fashlOn within a few nunutes47 . Figure 2.8 shows the l H NMR spectra of the 

hydrolYSIS of [Co(trpn)(P030Me)J+ (5 mM) promoted by ICu(dpa)(OH2)z]2+ (5 mM). 

Methanol was detected as the final product of the hydrolysis. 

• 
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Figure 2.8 1H NMR spectra Of meth/I phosphate (5 mM) ln D2Û after add\ng 
(Co(trpn)(OH2)2P" (5 mM) and [Cu(dpal(OH2)212+ (5 mM). pO 7. 40 oC 
Elapsed tlme A) 0 hr, B) 70 hrs, C) 214 hrs 



3. DISCUSSION 

3.1 Cu(lI) COMPLEX PROMOTED HYDROLYSIS OF PHOSPHATE 

DIESTERS. 

3.1.1 Mechanism for BDNPP Hydrolysis. 

The mechanism proposed for [Cu(dpa)(OH2h]2+ mediated hydrolysis of BDNPP 

IS shown in figure 3.1. ThIs mechanism is valid for all the [(L)Cu(OH2h) 12+ complexes 

studied, where L denotes a bldentate diamine ligand. The hydrolysis of the resultmg 

phosphate monoester IS slower than the hydrolysis of the dlester and shaH be discussed ID 

section 3.5.1. 

o 
Il 

/",P-oAr 
'0 'OAr 

1 

~ 'OAr 

+ 

Rgure 3.1. Mechamsm of [Cu(dpa)(OH2)2]2+ hydrolysis of BDNPP. 
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The pH-rate profiles for [LCu( OH2h]2+ promoted hydrolysls of BDNPP are 

consistent with the proposed mechanism. The profiles show sigmOidal shaped curVè~. 

For [Cu(dpa)(OH2h]2+, a pH-independent plateau IS observed at nelltral to aikalllle pH .md 

a pH-dependent reglOn IS observed al pH 610 7 The ~lgmOldal pH-rate protlle \llgge~ts 

that the removal of a proton l'rom the copper complex IS necess,lry !O torm (hl' dom\l1~ull 

catalyst. The simtlarity between the kmeuc pKa (6.9) and that obtumed by dIrect t1tfauon 

(7.2) for [Cu(dpa)(OH2)z]2+ suggests fonnaüon of a copper-bound hydroxH.ie or as kmetH: 

equivalent. 

The pH-rate data can he fit ta the expressIOn shown ln el). 3.1 

ko = k1 [(L)Cu] + k2 (L)Cu(OH)] (3 1) 

where kj and k2 are the second-arder rate consumts for BDNPP hydrolysis promoted hy 

the diaqua and hydroxy-aqua species, respectlVely. [( L )Cu 1 .md [( L )Cll( OH) 1 represent the 

diaqua and hydroxy-aqua copper complexes, respectively. The aCld dissociatIon constant. 

Ka, for the diaqua copper complex IS given by equation 3.2. 

Ka= 
[(L)Cu(OH)] [H"] 

(L)Cu] 
(3 2) 

The total concentration of copper complex used, CT, can be expressed by eq. 3.3 

Cr = [(L)Cu] + [(L)Cu(OH)) (33) 

By substitutmg eq. 3.2 into eq. 3.1 the rate law can be expressed as a functlOl1 of the 

concentratIon of the hydroxy-aqua specles (see eq. 3.4). Also, CT can be expre~sed a~ a 

function of the concentratlon of the hydroxy-aqua species (eq. 3.5) by 'iubsntuung eq. 3.2 

into eq. 3.3. 

ko = k1 [(L)Cu(OH)] [W] + '<2 [(L)Cu(OH)J 

Ka 

CT = [(L)Cu(OHIi [ [: + Ka 1 

(34) 

(35) 



The pH-rate law can now be expressed as a funcnon of the total copper complex 

concentration used by subsututmg eq. 3.5 lOto eq. 3.4. ThiS IS given by eq. 3.6. 

(3 6) 

Therefore. the pseudo-first-order rate constant, kobs, iS expressed in eq. 3.7 where kl' and 

k2' are the pseudo-first-order rate constants for BDNPP hydrolysis promoted by the dlaqua 

and hydroxy-aqua specles respectIvely t 

(37) 

The proposed mechamsm for [(L)Cu(OH2hJ2+ promoted hydrolysis of BDNPP IS 

slmilar to the mechanlsm suggested for [(N4)Co(OH2hP+. As IS the case for the Co(III) 

complexes, the CuCU) complex plays a blfunctIonal role effectmg hydrolysis by 

electrophilic activatIon of the coordinated phosphale ester and by provIding a CIS proxImity 

for the metal-hydroxlde nucleophile. In suppon of this mechamsm. it is observed that 

Cu(II) complexes Wlth one less avatlable coordmation SIte. such as [Cu(terpy)(OH2)!2+, do 

not promote the hydrolYSlS of BDNPP very efficlently (table 2.6); therefore. the LewIs aCld 

and the metaI hydroxIde mechamsm can be ruled out. Kmeucally eqUlvalent mechanisms 

must mcorporate the dual features of phosphate dlester complexanon and eVIdence for a 

copper-hydroxide specles as actlve catalyst. Other possIble paythways are shown m figure 

3.2. 

Figure 3.2a depicts an intrarnolecular general base mechanIsm WhlCh can he ruled 

out. The Cu(ll) complexes used in this study of the type I(L)Cu(OH2hJ2+. where L 

represents a b.dentate dlamme ligand. are "'1Ucturally related and have .mIlar pKa values 

(table 2.1) yet they hydrolyze BDNPP at slgmficantly dlfferent rates (table 2.6 and 2.7). If 

the general base mechanlsm IS valid then one should expect to observe Slmllar reacuvitIes 

for these Cu( ID complexes 

In figure 3 2b, the phosphate dlester coordmates to the copper complex in a 

bidentate fashlOn followed by extemal hydroxlde attack. In general. lntramolecular 

nucleophllic catalysls IS much more efficIent than the corresponding mtermolecular 

reaction.52,53 For example, the phosphate diester 6 (fig. 3 3) reacts by mtramolecular 

t k\' = k\[Crl .md ki = k2[Crl 
52F M Menger, Ace Chem Res. 1985. 18, 128. 
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anack of alkoxide amon at the phosphtJrus centre.54 Ir is esnmlted that the II1tr:unolecular 

reaction proceeds 107 times faster than the correspondmg inrermolecular .mad. ot 

hydroxide.53 

As mentioned m the IntroductIOn, several repons eXlst III the lItcratur: 01 ;UI 

intramoJecular pathway for metai complex promoted hydrolysls of ph(:~phate estcr,> 

Hydrolysis of [(enhCo( 180H)(4-N02CoH40PO,)] to yie!d ISO-labellcd \:oonhn'ltcd 

inorgamc phosphate and hydrolysis of cls-!(enhlr(OHl02PtORhl+, where the pho ... phate 

diester, ethyl 4-mtrophen} 1 phosphate IS precoordll1ated to tne metal 1,)[1, provlde the 

strongest evidence fr,I mtrarnolecular ,1ydroIYSIS of phosphate C!\tCf!\ hy if LUl " I!I ,Hl meral 

complexes. Recently, the same mech,mism was proposed by MOIîOW .Ulli Trogld l'Of 

[(bpy)Cu(OH2h)]2+ hydrolYS1S of phosphate dlestefs~I.l LUld tne~ter ... 16.1 

In the present study, no meChaOlStlC dlscnmmatlOn hetweer I!\tcr- and 

intramolecular nucleophllic hydrolysls IS possible by ISO-Iabelhng expenmel1t'\ hecau ... c. 

unlike the Co(Ill) and lr(III) complexes, Cu( Il) complexes exchange .lqua hgand~ very 

rapidly on the time scale of phosphate I~ster hydrolysl~. ln thl~ rc"pccr. It 1'\ (httlcult ID 

disprove the kineucally mdIstmgUlshabl,e mechamsm Df fIgure 3 2b !Iowevcr. h:L ... ed on 

the conclUSIOns from the above ex amples, It IS most IIkely that the Illtrarnolecular 

mechamsm (fig. 3.1) IS the dominant pathway for the hydrolysl'i reactIon 

Q' a Il /OR 
-N ./ 

'" 0 -P--C1R 
HN ++cu~ ( <) ~)y_H 

a b 

FIgure 3.2 a) General base mechanlsm b) Intermolecular nucieophlilc mechanlsm 
for [(L)Cu(OH2)2)2+ promotl~ hydrOlysls of BDNPP 

53 A. J. KlTby, Adv Phys Org Chem, 1980. 17, 183 
540. A Usher. D I. Rlchardson Jr., and D G Oakenfull, J Am Chem Soc, 1970, n, 4699 
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rates 
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Agure 3.3 Intramolecular vs. Intermolecular nucieophilic catalysis (ret 53 & 54) 

As is the case for \N4CO(OH2h!3+, the rate-lirnaing step for the Cu(lI) complex 

promoted hydrolysls of BDNPP in volves the P-O cleavage step (fig. 3.1) smce the rate of 

:iolvent cxchange Wlth aniomc lIgands occurs extremely rapldly for Cu(Il) complexes.55 

Since the mechanism of phosphate ester hydrolysis promoted by [(L)Cu(OH2h]2+ 

and [(N4)CO(OH2)z)]3+ are the same, the airn IS to determine if there IS a substantIal lIgand 

effect in CuCU) complexes as was the C3Se for Co(ill) complexes. 

3.2 LIGAND EFFECT ON [(L)Cu(OHÛ2]2+ COMPLEXES 

It is clear that the reactivity of CuCU) complexes is highly sensitive 10 the ligand 

structure (table 2.6 and 2.7). For exarnple, at 5 mM metaI complex concentratIon (25 oC, 

pH 8), it is obst!rved that [Cu(neo)(OH2h12+ hydrolyzes BDNPP almost 6 urnes more 

rapidly than lCu(phen)(OH2hJ2+ whùe lCu(dpa)(OH2h12+ is 12 urnes more efficient at 

hydrolyzing the phosphate diester. The mechanism for hydrolYSlS of BDNPP IS the same 

for ail th~~ ;(L)Cu(OH2hJ2+ complexes studied. The complexes are structurally related and 

have slmilar pKa values (table 2.1) yet the y hydrolyze BDNPP at sigmficantly different 

rates. The structure of the lIgand can affect the efficlency of the CuCU) cataIyst 

In what way does the ligand influence the efficiency of the CuCU) complex'? Sorne 

of the answers to thiS quesnon are obvious. For mstance, the ligand should Impart 

aqueous solubllity to the metaI ion. Aiso. it should not dissocIate appreciably from the 

metaI ion in the pH range of mterest for the reactIon being studied. More importantly, the 

ligand should leave two free coordination sites on the rnetaI ion ta allow it to "combine" 

with the substrate. The complex [Cu(terpy)(OH2»)2+ has only one free coordination site 

and therefore is inactive towards BDNPP hydrolYSlS. 

55C. M Frey and 1 Srruehr, Metal Ions lit BlOlog/cal Systems, Dekker, New York. 1974, Vol. 1.,51-116 
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3.2.1 Geometry of Cu(lI) Complexes 

In aqueous solutIon, the Cu(IT) IOn has a dlstoI1ed octahedral ~tructure wluch ames 

from the Jahn-Teller effect.56 Four of the coordmated water molecuk~ are ",'lhlteu \Il .U1 

equatorial square plane about the central CuOl) IOn, wh Ile the remammg IWO waler 

molecules are located ut a greater dIstance along the central aXI~ perpenllicular tn Ihe "quart' 

plane. 57 ln its complexes, CuOI) shows a strong preference tor ,quare planar (or gro,,,ly 

distoned ocrahedral) structures. Thar IS, the strong donor atoms .tre hOllntlm tilt' letragon.1l 

plane and the coordinatIon tcndeney of the axial pO'iltlon-; IS very lov. In thl.., re"'pecl. the 

Cu(ll) complexes used ln thiS study are four coordmatc and will bc rderred to .I~ h.lvlIlg a 

'square planar' geometry As WIll be discussed, complexes of the type 1 (l, )Cll( 0112)212+. 

where L represents a bldentate dmmme lIgand. WIll dl~tOn trom .1 reglliar ..,quare planar 

geornetry dependmg on the structure of the ligand. 

3.2.2 Dimerization 

An interesting companson CarI be made between ICu(neo)(OH2)21 2+ and 

[Cu(phen)(OH2h12+. A sIgmtïcaflt dlfference towards BDNPP hydrolysis 1\ oh~erved hy 

placing rnethyl groups ortho to the heterocyclic mtrogens of the phenanthrolmc ltgand A, 

illustrated from the concentranon vs. rate plot 1lI tigure 2.5. tor the neocuprome cornplex. 

the rate of BDNPP hydrolysls mcreases lmearly wlth lllcrease 1lI the concentruUOIl 01 the 

copper complex. Such is not the case for [Cu(phen)(OH2hIZ+. where the rate level, llit at 

mcreasmg copper complex concentratIons At 5 mM copper complex concentration. the 

neocuprome complex is 5 7 urnes more reactIve than the pheflumhroltrlc complcx .lt 

hydrolyzmg BDNPP However, thlS lhfference becomes mmor at lower concentrations. 

and m facto at 0.1 mM, the phenanthrohne complex IS shghtly more reactlve al hydroly/ng 

the phosphate dlester (see table 2 5) 

The non-Illlear plot for [Cu(phen)(OH2hI 2+ 1) attnbutable to the known 

dIffieriZatIOn reactIon for copper(II) chelates llild IS conSIstent wlth the dlmer bemg mactlve 

56L E. Orgel. An IntroductIOn to Tran.n/lOn Metal ChemlJlry LlgaruJ FIeld 1 heory. Wilcy J1l0 Som, 
London, 1966, p 59 
57H. Slgel, Angew Chem Internat Ed, 1975, 14, 394 
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Martel! and coworkers58,59 deternuned that copper(II) diamine chelates have the tendency 

ta dimeme ta the hydroxy-bridged dîmer as shown In figure 3.4. The dimer cannot be 

actlve towards e~ter hydrolysls smce there are no free coordinatIon SItes avmlable for the 

substrate ta blOd ta the metal IOn. rCu(neo)(OH)(OH2)]+ does not dlmenze because of 

unfavourable ~tenc effects brought about by the methyl groups. 

1 

\ OH 
"cU"'" 

H.O / 

l'OH 
N • 

'c .. 
'" u HO. \ 

1 

Active 

--

Inactive 

Figure 3.4. DlmenzaliOn of Cu(lI) phenanthrollne complex and formation of an Inactive 
hydroxy-bndged dlmer The neocuprome complex does not dlmenze due to stene effects. 

ln order to compare the efficlencles of the different Cu(II) complexes, it IS 

necessary to determme the concentratIOn of the hydroxo-aqua specles present in solution. 

The dimerizauon constant, Kdun. can be obtained by potentiometnc utrations of the copper 

complex at varymg concent.nU1ons. Three species eXlst in solution In the pH-range studied: 

a diaqua chelate, I(L)Cu]t ; a hYÙloxy-aqua compound, I(L)Cu(OH)Jf ; and the hydroxy

bndged dlmer, 1 (L)Cu(OH) 12 The solution eqUllibna may be defined by the followmg 

equatlons: 

)SR C Courtney, R L Gustafson. and S Chabarek Ir., A. E. Martell, J Am Chem Soc, 1959, 81, 
519 
59R. L Gustafson and A E Manell, J Am Chem Soc, 1959, 81, 525 
tThe aqua ligands Me Offillted for danty. 
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h 

Ka 

[(L)Cu] -=- [(L)Cu(OH)] + [H1 

[Hi ((L)Cu(OH)] Ka = =-..;:..:.;...~....;,-.-.;. 
[(L)Cu] 

(3 8) 

2 [(L)Cu(OH)] --
[(L)Cu(OH)12 

~Im= .;;.;..,.;.-~~ 

[(L)Cu(OH)]2 
(3 9) 

CT = [(L)Cu] + [(L)Cu(OH)] + [(L)Cu(OH)]2 (3 10) 

As evidence of the dimerization process, potentiometric tltrauon curves show that an 

increase in copper complex concentration results in a Shlft of the buffer reglOll to lower pH 

values (figures 2.2 and 2.3). On the ba'iis of pH tltrations, eqUlhbrium constants involvmg 

the formation of hydroxo-aqua species, Ka, and the dimenc chelate ~peclcs, Kdllll' Carl be 

determined. 

By substituting equations 3.8 and 3.9 mto equatlOn 3.10 one obtams the total 

copper complex concentration as a functlOn of the concentration of the hydroxo-aqua 

specles present in solution (eq. 3.11). 

CT = [(L)Cu(OH)] + [Ka + 2Kom ( Ka )2 [(L)Cu(OH)] + 1] (3 11) 
[H1 [H1 

At the midpoint of the titranon curve, the concentration of the hydroxy -aqua specles should 

he one halfthe total metal chelate concentranon, [(L)Cu(OH)! = CT(2, therefore, 

[ 
2 1 CT Ka Ka 

CT= - -- + Kœn(-) CT +1 
2 [H1 [Hi 

(3 12) 

and equation 3.12 produces the quadratic equation 3.13. 

[Hi2 
• Ka [Hi - Kom Ka2 CT = 0 (3 13) 



Solving the quadrmic equation gives: 

(3.14) 
2 

thus, 

pHrnd = pKa + 1092 - log (1 + ~1 + 4i«jlmCr ) (3 15) 

where pHmld 1S the pH i!t the mldpomt oî the titration curve ru a glven copper complex 

concentratIon 

The dlmenLatIan constants are hsted m table 2.1. For the phenanthrolme copper 

complex Kdlm = 2.5 x 1()4 M-I. If we conslder the actual concentratIon of the hydroxy

aqua species present m solutIon then the second-order rate constants at pH 8. 25 oC for 

[Cu(neo)(OH)(OH2»)+ and ICu(phen)(OH)(OH2»)+ are .44 M-Is-l and 1.25 M-Is-I 

respecuvely for BDNPP hydrolysls. The ICu(phen)(OH)(OH2)1+ complex 1S 2.84 urnes 

more reactlve at hydrolyzmg BDNPP than [Cu(neo)( OH)( OH2) 1 +. a ft d 

(Cu(dpa)(OH)(OH2)J+ IS 4.4 urnes faster than the neocuprome copper complèx. 

The neacuproine lIgand prevents the metal ian from dlmeri7mg, thu~ one of the 

Important functlOns of the ligand IS to mamtain an appreclable concentration of the actIve 

hydroxy-aqua specles. ThIs does not explam why ICu(phen)(OH)(OH2)]+ and 

(Cu(dpa)(OH)(OH2)]+ are mtnnslcally more reactive thar! (Cu(neo)tOH)(OH2)]+. The 

ligand must Impan other effects on the metaI complex. 

3.2.3 Strain Effeet 

ln order to deSIgn a more efficient catalyst, we must facilitate the rate-limi, ing 

phosphorus-oxygen clèilvage step. The rnechanlsm for the P-O cleavage reaction mvo',ves 

an intrarnalecular ~netal-hydroxlde attack at phosphorus to produce a pentav,Jent 

phosphorane mtelmedlate II (figure 3.5). This is analogous ta the mechanism of 

hydrolysls of the phosphate dlester 6 In figure 3.3. ln a totally strain-free system, the 0-

Cu-O, Cu-O-P, O-P-O, and P-O-Cu bond angles in II should add up ta 3990 (S'()O + 

1095° + 90° + 1095° respectIvely). However, in any four-membered ring, the sum cf 

the angles must be less than or equal ta 360°. Therefore, sorne of the angles In the f"ur-
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membered ring II must he compressed compared to the totally strmn-rree bond ~Ulgles. ln 

pamcular, the O-Cu-O bond angle in II must be considerably less thiUl 90 . 

• 

+ T ROH 

Figure 3.5. Proposed mechanlsm for Cu(lI) complex medlated poO cleavage reactlon 

The dipyndylarnme ligand fOnTIS a slX-membered chelate complex whereas a tIVC

membered chelate complex is formed with the neocuprome ligand It 1'> more reasonable lO 

make the compans on with the neocuproine complex mstead of the pheniUlthrolmc complcx 

sm ce the former does not dimenze. Also. the pKa of the two complexc'i, 

[CuCdpa)(OH2h]2+ (pKa = 7 2) iUld [(Cu(neo)(OH2)212+ (pKa = 70) are very '>Imllar A'> 

is the case for [Co(tren)(OH)(OH2)!2+ vs. [Co(trpn)(OH)(OH:UI2+. a major factor ln 

stabùizmg the four-membered triUlSJ{lOn smte structure II 1.., ta Inçrea~e the bond angle 

opposite the four-membered nng. The N-Cu-N bond angle ln a '>IX membered chelate 

complex should be larger than the N-Cu-N bond angle In a t'ive membered chelate complcx 

It 15 proposed that [Cu(dpa)(OH)(OHz)]+ IS more effIcient at hydrolY/.lng pho,>phate 
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dlesters than [Cu(neo )(OH)(OH2»)+ due to the greater ability of the fonner in stabilizing the 

four-membered nng 
The [Cu(dpa)(OH2hJ2+ complex IS known to form four-membered Ilngs easlly 

For example, It wa.') determmed by X-ray crystallography that acetate bmds ta the 

copper(lI) complex as a bldentate hgand. 6o It IS the ablhty of the Cu(dpa)-complex ta 

stabIh.le the tour-membered nng m Il that makes lt a better catalysl lor promotmg the 

hydrolysl!:> ot phosphate dlesfers For tlve-membered dIamIne chelate complexes such as 

Cu(neo), a larger stram IS developed ln the chelanon step and hem.e a -;lower rate for 

phosphate dlester hydrolysls IS observed. 

3.2.4 Electronic Effect: Lowering Of pKa 

The neocuprome copperOI) complex IS appealing to study because complications 

ansmlj from dlmenzatlon processes do not OCCUT. An interestmg companson IS between 

ICu(neo)(OH)(OH2)]+ and ICu(5-N02neo)(OH)(OH2)]+. Placmg the electron wlthdrawmg 

nitro group on the 5-posJtlon of the neocuprome hgand lowers the pKa of the 

corresponding copper(ll) complex by 0.3 pH UnIts (i.e. [Cu(neo)( OH212J 2+ pKa = 7.0, 

[Cu(5-N02neo)(OH2hI2+ pKa = 6.7). What then are the effects of lowenng the pKa of 

the metaI maqua complex towards phosphate dlester hydralysIs" 

Figure 2.5 shows the pH-rate profiles for BDNPP hydrolysI~ promoted by the two 

complexes. The typlCal -;lgrnOldal-shaped curves reveal mt1ectlon pomts near the pKa of 

their respectIve diaqua complexes. Lowenng the pKa of the dmql a complex has the effect 

of generatmg the actIve hydroxy-aqua specles at a lo'ver pH. It IS lIlterestmg ta note that 

the maxImal rate for both complexes are slmIlar: (k2' = 5 -t X 10-4 s-1 and ~.9 x 10-+ s·l for 

[Cu(neo)(OH)(OH2)1+ and [Cu(5-N02-PPf')(OH)(OH2)1+, respectively) It was 

anticipated that the 5-t'lJ2neo copper(II) complex would indeed <.~isplay a lower maxlmal 

rate smce us metal-hydroxlde IS less basIC and hence less nucleophlhc than the neocuprome 

complex. However. the dlfference In reactIvIty IS not large. Perhaps the lower 

nucleophIllclty IS offset by the greater leWIS aCldlty of the 5-N02neo complex thereby 

maldng the phosphorus centre more electroplllhc upon coordmatIon. 

ÔÛN Ray, S Tyagl and B Hathaway, Acta Cryst 1982, 838, 1574 
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3.2.5 Other Ligands 

Sefore we began our srudy with CuOl) phemUlthrohne complexes. we .Uluclpatet! 

that the mtroductIon of methyl groups adjacent 10 the I11trogen atom~ of 1.10-

phenanthrohne would enh<U1cc the acuvay of the eopper çomplex 111 hyüroly /lng pho!\pha[e 

diesters. We thought that stene mteraCtlons between the methyl group'> and the Tlldal 

bound oxygen atoms m [Cu(neo)(OH)(OH2)]+ wou Id resulr In cornpre,>,>wll nI the O-Cll'() 

bond <U1g1e compared to char for lCu(phen)(OH)(OH21]+ C()[]~mctlOn 01 the ()-Cll-() 

bond angle should faellnate the rate-detenmmng four-membered rIng fonn.ltlon ,>tep rhe 

evidence for the stene InteractIon IS that although neocuprome (pKa = 5 H5) 1" .dnHht 10 

tunes more basiC than phenanthrohne (pKa = 4- 9~), the eqUllIbnll!11 con-.t,UI! lor h1l1thng 01 

Cu(ll) to neoeuprome ln water (log K = 6 1) 1S 500 tune" le~" th:m th.1l lor hmdmg 01 

Cu(II) ta phenanthrohne (log K == 8 g ).01 [f stene factor ... are not lIlvolved then Ihe 

formation constants for these type of complexes are approxunately proportlonal [0 

pKa.62 ,69b 

The mcreased strarn of the metal complex Impo'\ed by the methy! group" doc ... nOl 

force the eoordmated water molecules closer togt'ther but cau"c) ,1 progre))IYe dl!\tortIO[] 

towards a tetrahedral geomerry61 It IS weIl known that the tctrahedral geornetT) prder) 

Cu(l) over Cu(II), thus, the Cu( II) neocuprome complex underglle" autOleJlIctwn to the 

Cu(l) complex.63 Upon standmg for a few week~ at TOom temperature .• ut .1queou ... 

sollJtion of [Cu(neo)(OH2h12+ produces an mtense VISible ab~orp(!on maXllnlllTl .It 4-5511111 

which is mdicative of Cu(!) complexes 63 At elevated temperature ... , thl) procc',) 1) 

accelerated. ThlS is why [Cu(neo)(OH2h12+ medmteJ hydrolY'\ls ot pho,>phate e ... ter ... were 

carried out at 25 oc. Ar room temperature, the 'decOmpOSltlOn' ot the Cu( Il) comp!ex wa\ 

not significant dunng the course of the hydrolysl~ reaCHon HydroIY"'J'" ot pho ... pha[e 

diesters promoted by the bulkler 2,9-dlethylphenanthrolme-Cu(1l) complex wlIld not he 

monitored even at room temperature smce the reducuon process tntertere~ wlth the '\tudy 01 

the phosphate ester hydrolysls reactIon. 

61H. Irvmg and D H. Mellor, J Chem Soc, J962, 5237 
62B R. James and R J, P Williams, J Chem Soc ,1961, 2007 
63a) J. R Hall, N K. Marchant, and R. A Plowman, AUSl J Chem. 1962. 15. -lXO h) J R H..tll.:-.J 
K. Marchant, and R A Plowman, AUSl J Chem, 1963, 16,34 C) S Kltlgawa, \1 ~unakala . .mG A 
Higaslue,lnorg Chlm Aela, 1984.84, 79 d) H Dome, Y Yano,.md T W ~waddlc, Inor~ Chem, 
1989. 28, 2319 



The tnvial name 'neocuprome' was assigned to 2,9-dlmethyl-l,lO-phenanthrohne 

by SmIth and McCurdy64 who first descnbed its application as a ~peclfic chromogemc 

reagent tor copper The common name 'cuprOlne' was a~slgned ta 2,2'-blqumohne by 

Hoste65 bccau~e ItS reactlon wlth cuprous IOn IS analogous to the ferrom reactlon between 

terrous IOn and 1.1O-phen<.mthrolme Wolden. Hammet, and Chapmanbo . m 1931. 

mtroduced the use of tns( 1,1 O-phenanthrolme )Iron( II) as a hlgh potennal redox mdlcatar, 

but lt was Glcu who fir<;t suggested, the now common name 'ferrom' as an dbbrevIatlOn 

for, ln hl~ words, "thlS most Important and best oXldlmetrlC mdlcaror, ... the 

phenolphthalem of oXldlmetry .. "67 For the analyucal cheml'1t, neocuprome IS 'Iupenor to 

cuprome hecause ot ilS greater )olublhty m aqueous solutIOn and ilS greater molar 

absorptlvlty for ItS Cu(l) che1ate6 l.l 

The rcasons glven for the greater efficlency of ICu(dpa)(OHù~12+ compared ta 

[Cu(neo )(OH21212+ for phosphate dlester hydrolYSlS are sull vahd One may argue that the 

methyl groups wIll hmder the approach of the oncommg phosphate dlester. It IS unlikely 

that the Cu(II)-dlpyndylamme complex IS more reactlve than the neocuprome camplex due 

to ste rie consIderatIons smce both complexes have sImIIar reactIVIt1e~ for hydrolYllng p

nItrophenol acetate (pNPA). The metal promoted hydroly~l~ of pN PA occurs VIa a 

nucieophllIc metal-hydroxlde mechanlsm (see 'IeetIons -+ -+ and 6 1 coneemmg met al 

complex hydrolySlS af pNPA J. If hmdrance were a factor then [Cu(neo)(OH2)212+ 'ihould 

hydrolYl..e pNPA less eftïclemly than [Cu(dpa)(OH2h]2+ 

Compared wlth the phenanthroline system, the Cu(ll)-dpa camplex IS by tar the 

most efficIent complex aI hydrolyzmg phosphate dIesters We wanted to a. .... eellam If 'ihght 

modificatIons ta the dlpyndylamme lIgand would have an effeet on the resultmg CuOI) 

complex towards phosphate dlester hydrolysis. The lIgands that were studled are shown fi 

figure 3.6 and the rates of the Cu(II) complex promoted hydrolYSIS of BDNPP are hsted fi 

table 2.7 

Addmon of methyl groups adjacent ta the nmogen atoms of phenanrhrolme 

prevented dlmenzatIon of the Cu(II) complex. SlmIlarly, we hoped that mtroductIon of 

methyl groups onho to the mtrogen atoms of dlpyndylamme would also prevent 

dimenzauon of the resultmg c0mplex. Unfortunately, m aqueous ~olutlon. both metal and 

ligand preclpl!ated out of solutIon. Metal complexauon could not occur beea!J~e of the 

640 F Smlth.md W H McCurdv Jr. Anal Chem. 1952, 24. 371 
65 J Ho.,te. Anal Chlm Acta. 19'50, 4, 23 
660 H Walden Jr. L P Hammet, and R P Chapman, J Am Chem Soc. 1931.51.3908 
67K Gleu. L Anal Chem. 1933. 'i5. 305 

bilA A SChllt, 'InaIYll<.ùl '\ppilwtw/1,'; OJ / .lO-pherwnthrolme and Relùted Compounds • Pergamon Press, 
O\ford., 1'i6(j, p 71 

54 
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inhospitable steric environment around the nltrogen atoms. Compared with 

[Cu(dpa)(OH2hj2+, no significant effect IS observed for the metal complex promoteu 

hydrolYSlS of BDNPP by [Cu(5,5'-dlmethyldpa)(OH2hI 2+. Apparently, the methyl 

groups ID 5,5'-dimethyldpa are 100 far away fram the metal centre to have .my ~lgmhcant 

effect on the copper complex.. 

H H 

~N~ 
~'N N~ 

(Y N'ri 
yN Ny 

CH) CH 3 

2,2'·dlpyndylamlne 
bls(2·pyndyl)amlne 

dpa 

bls[2-(6-methylpyndyl)jamIn6 
6,6'-dlmathyldpa 

2,2'dlpyndylsulflde 
bls(2-pyndyl)sulflde 

dpa 

o 

2.2'-dlpyndyl ketone 
b.s(2-pyndyl)ketone 

dpk 

bls[2 (5 melhylpyndyl)jammo 
S,S'·dlmathyldpa 

~ 
~'N N~ 

2,2' -dlpyndylmethane 
bls(2-pyndyl)methane 

dpm 

bls(2-pyndyl)methylamlne 
NMedpa 

Figure 3.6. Modlfled dlpyndylamme ligands used ln thls study 

A significant difference for BDNPP hydrolysis is observed by changmg the 

bridging group between the two pyndyl mOleties. Hydrolysis of the pho'iphate dle.,tcr 

could not be studied for ICu(dps)(OH2hI 2+ because of precipitation of the complex at 

neutral pH. The Cu(ll) complex [If dlpyridyl ketone was also mactlve aI pH X. 
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( Studles have revealed69 (ha! dpk coordinaces with Cu(II) VIa (he two mtrogen 

atoms but the keto group IS actually present m the fonn of a gemmal dio!. At pH above 

4.5, one of the gemmal hydroxy groups becomes deprotonated leadmg ta a rearrangement 

of the bmdmg 'lues from a 'iIx-membered N ,N chelate ta a tïve-membered N.O chelate as 

'ihown In figure 3 7. The resultmg N ,0 chelate IS mefflclent for pho'iphate dlester 

hydrolYSIS. 
Of the four complexe~ listed In table :2 7, the Cu(lI) complexes of dpm and 

NMedpa are the least effICient for promotmg the rate for BDNPP hydrolysis In other 

words, the most efficIent complexe~ are those WhlCh have a NH bndgmg group between 

the two pyndme nng~. Compared WIÛl the Cu(II)-dpa complex, (Cu(dpm)(OH2)2J2+ and 

ICu(NMedpu)(OH2>2J2+ are 2.6 illld 3.9 tlmes slower at hydrolYlmg BDNPP respectlvely 

(table 2.7) The result l~ mtere~tmg considenng all four complexes have slmilar pKa and 

Kdlm values (table 2.1). 

o 

1 
N N ,,/ 

cu·· 

Figure 3.7. Hydratlon and rearrangement of Cu(II)-dpk complex (ret 69) 

For Cu(II)-dpa and Cu(II)-5,5'-dimethyldpa complexes, the ligand is planar through 

resonance of Ûle electron donatmg ammo group mto the pyndine nngs. No such resonance 

is possible for the Cu(II)-dpm complex. X-ray structures show fonnatlon of a planar six

membered nng between dpa and Cu(II)60,70 while the formation of a chelate in the boat 

l'orm IS achleved between a met al Ion and the dpm IIgand.71 For phosphate ester 

hydrolysls, It should be easier [0 form the four-membered nng transition state structure 

from the geometry of the fonner complex; It follows that ICu(dpa)(OH2hI2+ lS more active 

than ICu(dpm)(OH2hJ2+ for BDNPP hydrolYSlS. 

69a) B E Flscher.md H Slgel./norg Chem. 1979, 18,425. b) B. E. Fischer and H Slgel, J Inorg 
Nuc/ Chem. 1975. 37. 2127 
7~ Ray. S Tvagl and B HalhawdY, J Chem Soc, Dalton Trans, 1982, 143 
71 0 Newkomc. V K Oupta, C R Taylor, and R R Fronczek. Organometallics. 1984. 3. 1549 
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For [Cu(NMedpa)(OH2)z]2+, unlike [Cu(dpa)(OH2bJ2+. coplananty of the hg<.mu 

and conjugation over the bndgmg N utom IS dlfflcult to mumtam hecause 01 the 

unfavourable steric mteractIOns that WOU Id result between the methyl group ~md the 3 ,md 

3' hydrogens on the pyndine nngs Therefore. In order to avmd the .,[t'nc hllldranct'. a 

geometry slmllar ta the Cu(II)-dpm complex should be dlspl,l)'ed. rhu" 

[Cu(NMedpa)(OH2h))2+ IS not as efficient as [Cu(dpa)(OH2bI 2+ for phosphatè e:-ter 

hydrolysis. 

3.3 OTHER METAL(II) COMPLEX PROMOTED HYDROLYSIS OF 

PHOSPHA TE DIESTERS 

It has been shown in thlS study that, depending on the lIgand ... tru<.:ture. Cu(ll) 

complexes cao be efficIent ai hydrolyzmg phosphate diesters. How does th .... compare 10 

other divalent metal complexes? The complexes fonned from the 1 1 additIOn of M(I\) Ion 

and the neocuprome hgand were studled We chose the neocuprome IJg.md 10 avold the 

complications ansing from dimerÎlatlon processes. 

The pH-rate profIle (fig 2.6) for the CuOI) complex promoted hydroly'>.' of 

BDNPP shows a pH mdependent reglOn aI pH>7. whereas the CoOl) complex th:-play ... ,\ 

pH independent reglOn at pH>9. These observations CaIl be explamed by the dltfenng pK.t 

values for the coordmated water molecules (table 2.8). 

An Imponant role of the metal .on. for phosphate ester hydroly-;I ........ to aet as J 

Lewis acid acuvatmg the phosphorus towards nucleophlhc attack. Although Coi II) ., ,\ 

weaker LeWIS acid than Cu(II), its coordmated hydroxlde amon IS more nucleophlilc Il 

seems that the se two effects cancel each other SInce the max.mal rate" tor Cu( Il ) ,U1J Co( 1 [) 

comptex medlated hydrolysis of BDNPP do not dIt'fer slgmtIcIDtly (tahle 2 -l and 2 ~) 

Interestingly, compared to Cu(lI) and CoOl), the Nl(1l) complex. ,lt pH 95 ..... 

appproximately two urnes more reacuve at hydrolYling BDNPP The lull pH-rate profIle 

could not be obtamed because of preclpnanon of the complex above pH () 5 The Zn( Il ) 

neocuprome complex preclpnated out as Zn(OHh at neutral pH 

It lS difficult [0 draw general conclUSIOn, ba..,ed upon the re,>ult,> ot the,e three 

complexes. Several factors are Involved other than dltfenng Lc\\< 1 ... JCld Ille ... and <lud 

dissociatIon constants. The three metal complexes have dltterent geometncal ... tructure ... 

Cu(II) IS square planar, CoOl) .s tetrahedral72a. and the ~.(!)) cornplex ., ou,Ùledral72h 

na) F. Walmsley. A A Pmkerton. and 1 A Walm~lcy. Polyhedror!, 1989, X. (ilN h) Il 1) PrC\IO[J .mu 
C. H L. Kennard, J Chem Soc, Chem Commun. 1967, 1167 
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(the axial positIons are occupied by water). The geometry of the metal complex can 

sigmficantJy affect the efficlency of the metal catalyst. 

The 'il/.e of the meral IOn can also play a major raie For example, Hendry and 

Sargeson 71 'ihowed that the rate of hydroly~Is of the Ir( III) complex. CIS

len2Ir(OH)OP(O)(OC2Hs)(OC6H..t-N02)!+, I~ 1 O~ fold slower than the analogous Ca(lll) 

complex desplte the more basIc coordInated hydro;üde on the [r(III) IOn The reductlon In 

rate was ~cnbed to the lurger 'ilLe of the Ir( III) IOn compared ta Co( III) whlch made nng 

closure more dltïï.cult. 

The advantage of the N\(II) and CoOl) complexes over CuOI) \., thm the former 

complexes are less redox actIVe However. they are only active In the a1kalme pH range 

whereas Cu( II) complexes are actIve at hydrolyLing phosphate e~ters ln the preferred 

phYSlOlogJcal pH range. 

3.4 COMPARISON OF Cu(lI) COMPLEXES WITH Co(lIl) 

COMPLEXES ON PHOSPHATE OmSTER HYDROL YSIS 

Although the CuOI) complexes are ... quare planar and the Coi III) complexes are 

octahedral, there are Important slmliantIe~ between the two type ... of complexe~ on 

phosphate dlester hydrolY'ils FIrst. the metal bound warer molecule~ are In the Cl'i 

onentatlon In both the copper and cobalt complexes Second. the metal bound water 

molecules have comparable aCldlt1es. Thlrd. maxImum reactIvlty of the cobalt and copper 

complexes can be obramed at neutraI to shghtly alkahne pH Th\." mechanlsm~ tor 

(L)Cu(OH2)2]2+ and [C'LtlCo(OH2hI2+ promated hydrolysIs ot BDNPP are comparable 

For both types of complexes, the structure ot the lIgand can ~Igmtkantly mtluence the rate 

ofhydrolysI~ on phosphate dlesters. The companson between \Cu(neo)(OH)(OH2)]+ v.,. 

[Cu(dpa)(OH)(OH211+. and [Co(tren)(OH)(OH2)]2+ vs ICo(trpn)(OH)(OH2)]2+ are 

smkrngly ~Imllar In bath cases. the complexes contammg a ~Ix-membered nng opposIte 

the hydroxy .md Jqua IIgand~ are better able ta stabilIle the propo.,ed tranSItIon "tate four

membered nng .,tnIcture than the complexes contamIng a fIve-membered nng oppo~Ite the 

hydroxy ~U1d .!qua lIgands 

However, CoOl}) complexes are stIll more effICIent than CuOl) complexes at 

hydrolYlmg phosphate ùlesterli. For example. compared Wlth \Cu(dpa)(OH)(OH2)]+. 

71p Hendry .md A M S.ugeson. J 4m Chem Soc. 1989. Ill. 2521 
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[Co(trpn)(OH)(OH2))2+ promo tes the hydrolysis of BDNPP and BNPP 5 7,mt! I-t. l1me~ 

more rapidly. respectively (table 2.5). 

3.5 Cu(II) PROMOTED HYDROLYSlS OF' PH()~PHATE 

MONOESTERS 

3.5.1 Hydrolysis of Good Leaving Groups 

Up ta now the discussIon has pnmanly focussed on Cu( II) complex promoted 

hydrolYSlS of phosphate dlesters to monoesters As shown In table 2 10. Ihe 'ülb.,equent 

hydrolysls. that IS, the hydrolysis of the pho.,phate nHH10e.,ter promoted hy 

[Cu(dpa)(OH2hI2+ lS not a~ eftJclent. At 1 mM concentration 01 CUI II) cnmpln (pli X. 

and 25 OC). only a slx-fold rate enhi.tncement, over me uncaraly/ed r~lle. 1 ... oh ... erved tor the 

Cu(ll) complex promoted hydrolY~,ls of DNPP wherea." a 6 J '( 1 0 ~ told r,lIe enh:UlcernelH 

IS observed for the hydrolysls of the pho ... phate tlIe ... ter. BDl'<PP ln ,Idd Il 1011. 

[Cu(dpa)(OH2>21 2+ hydrolYLèS DNPP twelve lImes ..,Iower th,ln the LOITL''Ipondlng 

phosphate dlèster. 

The observation th~.t Cu(ll) complexes hydrolY/e pho ... phJte monoe.,tep., les ... 

efficlently than phosphate dlesters seems to be a general trend 7vlorrow ,mu l'rogkr .., 1.\ 

observed that the rate fm [Cu(bpy)(OH2)2)!2+ promoteù hydr(lI~"'I'" ot \lPP ,II 75 oC, 

pH 8. IS three urnes slower (k = 6.4 x 10-' M-IS-I) cornpared to the hyurolY'lh 01 thL' 

analogous phosphate dlester, BNPP (k = 2 x 10-2 M-I,,-I) The re ... ult 1'1 Illtere ... tJng 

consldenng that !TI che absence of any cataly~t. pho~phate morH)e'itL'r ... lJyurolY/c more 

rapidly than phosphate dlesters (see tables 1 1 anù 2 10 and hg.1 13) 

The Cu(IJ) prornoted hydrolYSlS of DNPP can tollow three pO ...... lhle reaCllO!1 path ... 

as outlined m fjgure 3.8. Il IS proposed that the ':u(Il) complex promotcu hyuroIY'II'" Dt 

DNPP occu:s D} the same mechanism ta that presented lor pho"phate ule ... ter" 'L ... ..,hown III 

figure 3.1. (and rnecl1amsm A ln fig 38.) The hydrolY"ls reactlon ..,hou/d not occur hy 

the metap!lOsphate mecha111sm (mecham'im B fIg 3 X) 'iJl1ce. lor DÏ'<PP. the unwtalY/cd 

hydrolySlS of the monoa111on lS much 'i/ower th.m that tor the dl,U1H)I11 x (\I~ 1 10) Il 

mechamsm B IS operauve, then the Cu(lI) complex will tnhlhn (or retaru) pho ... phate 

monoe~ter hydrolYSlS. 



Mechanlsm A Mechanlsm B 

Mechanlsm C 

Figure 3.8 Possible mechanlsms for Cu(lI) complex promoted hydrolysis of DNPP 

Chelation of the phosphate monoester followed by attack by an extemal nucleophIle 

as depicted by mechanism C can also be ruled out. Tins mechamsm is analogous to 

\Co(trpn)(OH2h]3+ promoted hydrolysls of phosphate monoesters WIth po or leaving 

groups47 (fig 1.21 and 1.22). ThIS mechamsm is unhkely sm ce hydrolysls of methyl 

phosphate could not be detected (see sect. 3.5.2). 

One of the reasons why phosphate dIesters are stable towards hydrolysls IS because 

of unfavourable electrostattc InteractIons between the the phosphate anIOn and the 

oncommg amonie hydroxlde nucleophlle IS 1111S electrostatlc barner IS reduced when the 

dlester 15 bound to the Cu(ll) ion thus facilitatmg an mtramolecular metal-hydroxlde attack. 

For the dianIOnIC phosphate monoester. unfavourable electrostauc mteractIons sull eXlst 

between the coordinated monoester and the metal-hydroxlde It follows rhat CuOl) 

medlated hydrolysis of phosphate dlesters are more effICIent tharI that for phosphate 

monoesrers. This does not explam why the trend is reversed for Co(III) complexes. 

Co(IIl) como'exes promote the hydrolYSIS of phosphate monoesters mueh more efficlently 
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than for phosphate diesters,33c.38b .. U yet the mechamsms for Co(lll) and CU(Il) compl~x 

promoted hydrolYSIS of phosphate esters are the same. 

3.5.2 Hydrolysis of Poor Leaving Groups 

It has been shown In our lab by Chm and Bana.'\l.c/ykP that \Co(lrpn)(OH2L!I~+ 

promoted hydrolYSlS of phospho-monoesters wlth poor leavmg grollp~ IS lh fferent 

compared to hydrolysis of mose with good leavmg groups. Addition of one eljlllvaient Dt 

[Co(trpn)(OH2h13+ to memyl phosphate produces a stable cobalt complex .1 (hg 1 21) 

that subsequently hydrolyt'es upon further addItIOn of the Co(lll) cornplex It wOlild hl' 

interestrng (Q detenmne If thls same mechamsm would apply lor \Cu{dpa)(OH2 \:.1 2+ 

Vnder the same condmons employed for the [Co(trpn)(OH2hIJ+ case (50 oC lor 'ièvèml 

hours), hydrolYSIS of methyl phosphate was not detecteù by the adùltlon ot IWO eqUlvaknts 

of the Cu(il) complex. ThiS rèsult is not surpnsmg consldenng that the Cu(ll) complex 

was not very efficient al hydrolyzmg the more reactIve phosphate monoe-,ter. DNPP Ât 

pH 7, 25 oC, the spontaneous rate of hydrolYSIS for DN pp (k = 2.22 x 10-') -, -1 ) IS 105 

tunes more rapld man that for methyl phosphate (k = 2.6 x 10- 10 ..,-1) 

For the Co(lII) complex promoted hydrolysls of methyl phosphate. It IS the chelatell 

phosphate monoester that acts as the 'true substrate ' Cu( II) complexes are not ettïl:lent at 

hydrolyzmg phosphate monoesters, but would 'cooperatIve catalysls' oecur for methyl 

phosphate hydrolYSlS by the 1:1 addmon of IC(\(trpn)(OH2hJ3+ and ICu(dpa)(OH2h1 2+" 

FIgure 3.9 Proposed mechamsm of methyl phosphate hydrolyslS by the 1 1 addition of 

[Co(trpn)(OH2)213
+ and [Cu(dpa)(OH2)l+ 
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Figure 2.7 shows the 1 H NMR spectra for the production of CH30H from the 

ICu(dpa)(OH2hj2+ promoted hydrolYSlS of [Co(ttpn)(P030Me)]+. Cu(II) complexes 

wuh one less available coordmauon site, such as [Cu(terpy)(OH2)]2+. do not hydrolyze the 

Co(lII) chelated pho~phate monoester Therefore, the mechanism of hydrolYSlS should be 

slmiJar ta the one proposed for the [Co(trpn)(OH2hj3+ case, whlch IS shown m figure 

3.9. 

The 'iystem WhlCh employs 2 eq. of [ro(trpn)(OH2hj3+ is sull two times more 

reactive at hydrolY.lIng methyl phosphate than the system which mvolves the 1:1 addItIon 

of Co(In) and Cu(Il) complex. However, at 5mM metal complex concentration. a 

sigmficant amount of the Cu(Il) complex IS m Its mactIve dlmer fonn. The actual amount 

of the active monomer present m solution IS less than one half the concentration of the 

CoOII) complex 74, thus, the dlfference in reacu vit y is mamly due ta the greater 

concentration of [Co( trpn)( OH)( OH2) )2+ over that for [Cu( dpa)( 0 H)( OH2) 1+. 

74The concenlrauon of monomer IS 2.38 mM calculated from eq. 5 usmg Kdun = 230 M' 1 (see append1x) 
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4. INTRODUCTION 

4.1 ARTIFICIAL ESTERASES AND PEPTIDASES 

4.1.1 Importance of Developing an Artificial Esterase/Pr()tea~e 

The abllity of proteolytic enzymes ,mû chemlcal reagents to 'iclcctIvely cleave 

peptides and proteins at defined sequences has greatly faclhtated ~mdles ot protem stntcturc 

and functlOn.75 In companson Wlth the number ot ~equcnœ 'iclectlve nucle'l'ies avallablc 

for analyzmg and manlpulatmg nuclelC aCld structure. only a Illl1lted number of 'ielectlve 

peptide cleavage agents eXlst The development of lU1 artlf1cull protC<L"C tlwt 1" capable ot 

cleavmg peptIdes at specifIc sites would greatly facIlltate the rnappll1g 01 protcm srlUl.:tural 

dornams and protem sequencmg. ln addltlOn. sllch moleculc~ would Itkely leat! to the 

development of new therapeutic agents to selectlvcly hydroly le protcm coat'i of Vlruses, 

cancer cells, or other physicloglCal t .rrgets. 76 

The development of an aruficlal estera.'iC wou Id also le:.Hl to ncw therapcutlc agents. 

Nature has made wlde use of the carboxyhc ester. For cxamplc, tnacylglycerol" "ervc as 

efficIent reserves tor the srorage of energy, and acetyIchohne, a ncurotran'itnlUer, 1., 

illlponant for nerve Impulse transmiSSIon. Phosphohplds, the major "tructuralltplds ot ail 

biological membranes are also compnsed ot carboxyhc ester~ (flg 1.2) M,my blOchetnll:ul 

processes mvolve ester formatIon. transacylauon, or hydrolY'ils. 

For the orgamc chemlst, amftclal esterases may be used for 'itereot>elec!lve acylatlon 

and for kmetlc resolutlon of alcohols. In the fIeld of orguIlIc .,ynthesls, one cali Imagme the 

use of these molecl.lles for reglOselectlvely removrng blockmg group~. 

4.1.2 Previous VVork 

In the past decade, the strategy of most research teams for developmg anJtlclal 

esterases or proteases was ta mcorporate, into thelr systems, functlonal groups derermmed 

to be present in the enzyme's actIve SIte and whteh were essenl1al tor rnamtammg the 

enzyme's activtty. The most often mlmlcked enlymes were e.,ter<L..,es or peptlda...,e'i hke 

chymotrypsm, papam, and carboxypeptidase A. 

750 Hoyer, H Cho, and P G Schultz, J Am Chem Soc, 1990, 112, 3249 (rclcrcnccs thcrcln) 
76p G. Schultz, R. A. Lemer. dIld S 1 Benkovlc, Chemlcal and Engineering New~. 1990, 01H22), 26 



D'Souza and Bender?? have developed a 'mmiature organic mode!' of 

chymorrypsm. The senne protease uses the imldazole group of histidine 57, the hydroxyl 

group of senne-195, and the aspanate-l 02 carboxylare group to perfonn the hydrolYSlS of 

peptides and e'iters. Bender and D'Souza's enzyme model ;ontamed the aforcmentlOned 

tnaù of catalytJc groups. The model conslsted of an umdazole-benLoate group covalently 

attached to the "econdary side of ~-cyclodexmn (6 m fig. 4.1). The kmetic constants for 

hydrolysis of m-(ten-butyl)phenyl acetate by 6 at as pH optimum of 1O.Î were compared 

wtrh those for hydrolysis of p-mtrophenyl acetate by chymotryp~1l1 at us pH optimum of 

8.0 Smce KcadKm tor 6 caralyzed hydrolYSIS of m-(tert-butYI)phenyl ace tare was very 

close tu that for rhymotrypsm catalyzed hydroly~ls of p-mtrOfJhenyl aœtate. the authors 

believed that 6 caraly /.ed the hydrolYSIS of the ester by usmg the charge-relay mecharllsm as 

depicted ln fIgure 4.1 Recently, however, the mechamsrn has been re-examined,78 It IS 

now generally accepted that the mechanism mvolves nucleophlhc attack by an iomzed 

cyclodextnn hydroxyl, Wlthout mvolvement of the lmidamle-carboxylare moiety. 

6 

o 2=<=-;) 
~H~ 0 __ ~ ___ O ~:---. o. 

~ s, L ;N-H-1 

1 ~~ 
"'(" CH, 

, .......... 

Agure 4.1 The 'miniature organlc model' of chymotrypsin and the proposed charge-relay 
mechanlsm for ester hydrolys''J (ret Tl) 

Lehn and Serhn 79 have {Jrepared a chIral crown ether catalyst belli mg cystemyl 

resldues ta mlmiC the enl.yme papam (fig. -t2). The catalyst complexes pnmary 

77y T D'SoU/.!.mU M L Bender. Ace Chem Re~, 1987, 20, 146 
?Ha) R Brcsluw.mu S Chung, retrahedron ut! , 1989,30,4353 b) S C ZlOunerman. Tetrahedron 
LeU. 198Y, 10. 4357 
79J M Lchn .mu C Sul Ill, J Chen: Soc Chem Commun. 1978,949 
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ammonium salts and displays enhanced rates of thlOlYSIS for dlpeptlde ester substrate~ lt 

also shows hlgh chIral recognitIOn for the L-enantlomer (70 urnes fa~(erl ot a raœmlL' 

mixture of glycylphenylalamne p-nttrophenyl e~ters TIle 10'-1 ()4 rarc acœleratton ovt'r 

uncomplexed substrates are due to cornplexatlon ot the pnmary a1l1mOnlUm ."tlt 1!l the 

crown ether cavlty and the parucipauon of an SH group ot the cy,telllyi re~ldlle" lO ~Ive ~U1 

S-acyl mtennediate nll~ aruficlal enlyme mode! dl'iplays molecular compkxat 1011. rate 

accelerauon, and structural and chmi1 dlscl11mnation ;malogous (0 tnle olOloglcal (ataly'i(~ 

Rgure 4.2 The dlpeptlde substrate. glycyl-gtycme p-mtophenyl ester. bmds ta the macracyctlc 
receptor to undergo transacytatlon (ret 79) 

More recently. Tecùla and Hrumltonxo have synthes17.ed a catalytlC '>y,>tem In whICh 

a pepude-ltke sub~trate IS ileld, )olely bv hydrogen bond,>, ln pHmmlly to .m Ltppended 

thlOl nucleophlle The researcher~ took advantage of the 'itrong hexa-hydrogen honulIlg 

complementanty that eXlsts hetv.een barbtturate'i and two 2.6-dldIlIH.lopynUll\e unit,> Imk.ed 

through an Isophthalare "pacer (fIg 4- 3) A barbnurate denvatlve wnh an .lcetate e"ter 

substItuent ID the 5-pO'lltlOn, H-bonds (Via 6-H-bond" a'l .,hown ln tlg 43) lO the rd.cptor 

BOp Tecllla and A D HamIlton. J. Chem Soc. Chem Commun. 1990. 1232 
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and undergoes thlOlYSlS. A rate acceleration of more than 104 is observed for the 

tmnsacylauon reactlOn 

FIgure 4.3 Thiolysis reactlon of a H-bondmg receptor complexed to 
a barblturate acetate denvatlve (ref 80) 

A strategy for the generauon of selectlve protem cleavmg agents I~ ba~ed on 

oXldatlve cleavage ut the polypeptide backbane SChUltl and hl~ co-worker~S 1 have 

attached the metal chelator, EDTA. ta blotm (hg 4Aa) Thl~ conJugate ~elect1ve1y delivers 

redox-actIve Cu2+ or Fe 1+ In clo~e proxlmHy to the polypeptIde backbone at the biOtrn 

bmding sIte of streptavldm. resultmg m selel.:uve prorem cleavage at that ~}[e Thl~ ..,rrategy 

IS slmIlar ta the one employed for developmg amticlal nuclease~ In whlch EDTA-Fe2+ 

conJugates ot DNA brndmg groups are used to oXldauvely cleave nuclelc aCld~ 

A simllar approach has been mdependently de~cnbed by Schepanl und Cuenod~2 

where EDTA was covalently tethered 10 the calmoduhn antagom~t. tntluuperaLlne (TFP), 

to produce an .lfflmty cleavage rt'agent for calmoduhn (fig 4. 4.b) The tntluoperaLlne

EDT A adduct bmds ta the protem m a Ca2+ dependent manner. thu~. m the presence of 

Ca2+. Fe2+. <h and dtthlOthreuol, the 1 FP-EDT A conJugate cleaves calmodulm 10 produce 

SIX major cleavage fragments. 

81D Hoyer. H Cho . .md P G SchulLZ. J Am Chem Soc. 1990. 112.3249 
82A Schcpanz and B Cuenod. J Am Chem Soc. 1990. 112.3247. 
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Flgure 4.4 a) Blotm·EDTA conJugate (ref 81) b) Tnfluoperazlne·EDT A conjugale (ref 82) 

In the past few years, anubodles have been useJ ta catalytè the hydwlyw .. Dt e\ter\ 

and amldes,76,83 le has become ~osslble, wlth the advent ot hyhndoma tcchnology, 1O 

generate homogeneous. hlgh affinny Jlluhmhe'i that ~eJect1vely reLOgnl/è vmu.tlly ,P,y 

molecult! of mterest Catalysis IS ach)l;~vet1 hy I mmuIlI/lng .m ,u1llnal Vv 1 th ,\ tr:U1~1t10n ,,>tale 

analogue that, In both ~hape and charge dl~tnburIOn, re-;emhle" ,\ 11Igh L'nergy "truLlun.' 

thought to be a rate-hmItlllg tranSItlon "tate ln the rl'actlon p,lIhv. ,1;' l'hl' gl'lll'r,lIl'd 

anubodies catalyte the de~lred rl'actIon through hllldmg ton:e" thJt IOv,L'r the l'rIergy 01 the 

mterrnedlate. and thu~ reduce the overall realt!on hamer 1 he Ilr\t exalllple" ot cHalylle 

anubodles speclfic for tran~lt10n stare analogue ... bound tetrahedral. negauvd) charged 

phosphonate transltIon state anologues tor the hydrolY\I'> ot e ... ter-.. \,lonoclon,tl ,ITllIhodle ... 

specIfie for a tetrahedral tran~ltJon state :malogue 7 (tlg -+ 5) were lound t() "ekLllvely 

catalyze the hydrolySI~ of tlte eorrespondtng e'>ter li Rate Jceekratloll, 01 1 Il 1_1 ()tJ were 

observed. Smce the tirst reports of anubody cauly'll) III !9Xh. hydroIY"'I" of lInac!lvatèd 

esters and amIdes have also heen pubh~hed. In :1ddltIDn, a LOll"llderahle l1umher ot lbtlèrent 

reacnons have been cata!yted Wlth specIficJty ,md etficlency 

Remarkable as al! ot the above artlftclal protea~e and e,>tera...,e modeh are, wlth the 

exceptlon of catalytlc ,mubodIe'i, they faileon~lderably "hon 01 natural erllyme" Whcrca..., 

natural enzymes hydrolyt.e unactIvL!ted e'itl'rs Jlld amlde~. the JrtltIClal e\tera~c.., only 

rransacylate actlvated esters or, a.~ ln the c~e ot the protea~e model..,. oXldatlvely c1eave 

83p G. Schultz, Ace Chem Res, 1989, 22, 287 (and rcfcrence~ thcrem) 
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amIde bonds. Although catalytic anubodies have been shawn to hydrolyze sImple esters 

--
Substrat. Transltlon-atate 8 

o 0 

-o-
~ \'pl' OH 

02N 'I 'l O/~ 
-- 0 

Transltlon-state analogue 7 

Agure 4.5 Phosphonate ester as tranSltlOn-state analogue for antlbody catalyzed hydrolysls 
of esters (ref 76) 

and amIdes wlth grear effIClency, thelf competency l'i greatly redw.:eu wh en hyurolynng 

more complex <;ub~trates Thl~ I~ bt>cau~e the ~etrahedral pho~phonate transltlon ~tate 

analogue contnbute~ les'i to the overall bmdmg atfimty of a large armgen to the annbody. 70 

Clearly, there IS a neeJ to design a simple yet ettïcîent ~y~tem that hyJroly/e~ unactlvated 

esters and amides. Pan ot my research ha.'i focussed on developmg ~uch catalyst~ 

".2 MECHANISM OF ESTER HYDROLYSIS 

In order to deSign eftiClent catalysts for the hydroly~ls of esters, Il I~ nece~sary ta 

understand the mechamsms of carboxyhc ester hydroly~lS m the absence of any catalyst. 

By domg SO, one can abo lay the groundwork tor detennmmg the catalyuc mechamsm~ of 

hydrolync enLymes. 

The mecham~m for ester hydrolySls IS well under~tood x.l CarboxyiIc e,>ters can be 

hydrolY/-t.'d In elùler basiC or aCHilc solutIOn. The meChafllStlC deslgnatlons AAC2 and 

BAC2 are glVen ta the dCld and ba'ie catalY/.ed mechamsms. respectlvely. The letter A 

114F A Carey.md J Sundbcrg. Advanced Organte ChemtSlry. Par: A SlruUure and WeLharu~m. Plenwn 
Prcs~ New York, 1~84. pp 421-430 

68 



stands for acid catalYSIS. B denotes base catalysis and AC tndieates acyl-oxygen tï~s\On, 

The digit 2 represents the blmolecular nature of the rate detemlllllng ..,tep The ,1Clti ,md 

base mechanisms are shown In figures 46(.1) .md 46(0) lèSpeCtlvely EVllÎenœ 

supponmg these mechantsms Illclude the expectcd dependenœ of hydrogell Ion .md 

hydroxlde Ion concentrauun, and Isotope labdhng ~tudles that prove the :\\:yl-o'\ygen. nO\ 

the alkyi-oxygen bond, l~ cleaved dunng hydrolY'\IS, E~ters wahoUl ..,peelal ~lnlClural 

features hydrolyze by these mechamsms 

a) 

0 'OH HO + 
OH 2 Il Il H20 \ 1 

C + H' - C - C 
R""'" " 0 R ' - Fr' 'OR' - R"'" ........ OR' slow 

Il 
0 HO OH 
Il \ 1 

Fr""C, + R'OH .. H' 
OH 

C + R"'" ........ 0 R' 
H 

b) 

0 0 OH 0 
Il \ 1 Il 
c + OH -- C - C . OR' 

R""'" ........ 0 R ' - R""" ........ 0 R ' R""" ........ OH 
slow 

Il 
0 

/1 

~C""""O 
. HOR' 

Flgure 4,6 a) ACld catalyzed hydrolysls of esters (AAC2 mechanlsm), 
b) Base catalyzed hydrolysls of esters (BAC2 mechanlsm) 

Alkyl-oxygen fission may occur when the ester is denved from a teruary alcohol 

The change in mechanism is due to the stabilny of the carbonium ion that can be formed by 



c-o heterolysls, and probably also to a decrease in the rate of nucleophllic anack at the 

carbonyl group beeause of stene tactors. 

The e')ter hydrolysls mechamsm~ dlscussed thus far have penamed to aqueous 

~olu[Jom, of ... trong acld ... and strong bases. ln media U1 WhlCh other aClds and bases are 

pre')ent, general aCld/b~e and nucleophlhc catalysls mu~t be con~ldered Ir has been 

observed that general base catalY"'ls occur~ If the leavrng group I~ several pK umts more 

basiC than the catalyst The tranSlIlOn "tare tor esters undergorng hydroly,)l~ by a general 

base catalyt,ed mechamsm mvolves partIal proton removal tTom the attackmg warer to the 

general ba....e In the formatIon of the tetrahedm11l1termedmteX5 (fig 4.7). 

8:) R 
H \ 
\..--... C=O 
o / 

/ OR' 
H 

H R 
1 .r - O· ••• c~O -1 1 

H OR' 
slow 

o 
Il 
C + R'OH _.--

~ 'o' 

R 
1 

HO--C-O 

1 
OR' 

l 
o 
Il 
C + OR' 

Fr'" 'OH 

Agure 4.7 General base catalyzed hydrolyslS of eHers (ret 85) 

NucleophIlic caralysls occurs If the anacking nucieophIlI' is more basic than the alkoxy 

le:lVmg group. For exarnple. esters of relatIvely acldic alcohols (m partlcular. phenols) are 

hydrolyzed by the nucleophlhc catalysls mechamsffi ln the presence ot Iffildazole85 A 

more detalled analysls of thlS mechamsm WIll be preseuted in the dIscussIOn concemmg 

nucleophlhc catalysls of esters (sectlon 6.1.1). 

85) F Kitsch and W P Jencks, J Am Chem Soc. 1964, 86, 837 
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4.3 MECHANISM OF AMIDE HYDROLYSIS 

The mechamsms for amide hydrolysis are more complex cornpareJ wuh the 

mechanism for ester hydrolysls. The hydrolysis ot amides to CJIDOX)' he .u':ld'i .mo .1I111nc-. 

requires constderably more vlgorous conditions than those tor e~ter h~droly"l-' Reœlltl~. 

Kahne and StlW~6 have developed a :iensltlve radlOassay capable ot me.l-.unng peptide 

bond hydrolYSlS at neurral pH and room temper:l!'Jre The pseudo-flN-Ortier rate COll~tm1t 

of hydrolysis of a mpepude was reponed to be 3 '( 1')-9 sol Which corre'ip()nd~ to .1 hait -Itle 

of approximately seven years. In general, amIdes ,'se thousand~ ot tlIne~ les" re .. lwve th.m 

esters (table 4 1). Because of the mherent stabI!tty of amloe bond~. mn ... t ... tuoIe~ mvolvlIlg 

amIde hydrolYSIS deal wllh actIvated anudes 

Table 4.1 Second-order rate constants for hydroxlde Ion catalyzed hydrolysls of 

esters and amides al 25 Oc 

Substrate k (M-19·1) Rel. rate rel. 

CH:)COOCH3 1Sx10·1 2027 107 

CH3CONH2 74x10 S 1 a 

HCON(CH3}2 1Sx10 4 243 b 

a T Yamana. Y Mlzukaml. A TSUII Y Yasuda. and K Masuda. Cham Phann Bull 1972 20 881 
b J P Guthrle. J Am Chom Soc. 1974.96.3608 

In sorne amIde hydrolyses. the breakdown of the tetrahedral Illtermeùlate rnay 

proceed through the fonnatIon of a dlanion. For example. the mechanmn 01 hyùrolY"I\ (lI 

p-nttroacetanIlide~n (tig. 4 8) tnvolve~ nucleophtllc ilttack 01 hydroxlde Ion to tom1 .1 

tetrahedral mterrnedlate, followed by lonIlatlOn ta a dlamon. and rate determlnmg 

ummolecular breakdown ta acetate Ion and antllde IOn At pH> 11, the addition 01 

hydroxlde ta form the tetnthedral mtennedtate bec ornes the mte-oetenntmng -.lep 

86D. Kahne and W. C. SulI, J Am Chem Soc, 1988, 110,7529 
87R. M. Pollack and M L Bender, J Am Chem Soc, 1970,92, 7190 
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-slow 

l[oH 

Figure 4.8 Hydroxlde Ion catalyzed hydrolYSIS ot p-nltroacetanillde (ret 87) 

Fot' acyl-actlvated amIdes, simple proton transfer 10 the leavlng group ln the 

tetrahedral mtermediate IS rate detenmnmg for poor leavmg groups (pKb<9) wuh the 

subsequent C-N bond cleavage bemg rapid, while good leavmg groups (pKb>9) follow 

rare-determmmg ftsslon of the C-N bond proceeded by fast proron tran~fer (fig. 4.9)88 

r d s proton transfor 

XH for ArOH pKb<9 

• 

1 
HO'or H20 F3C + N-4r 

M. 

0 '0 OH CF3COO 

À HO' X + 

F,C N-Ar F,C N-Ar HN-Me , , 1 

M. M. Ar 

0 t 
HO' or H20 

F3CA OH ·~-M. 1 
• 

r d 5 C·N bond deavBge 
for ArOH pKt?9 Ar 

Figure 4.9 Hydrolysls of acyl-actlvated amides (ref 88) 

S8a) L. D. Kcrshner and R. L. Schowen, J Am Chem. Soc ,1971,93, 2014 

72 



, 

The principal difference between ester and amide hydrolysis (I.e. for unacllvated 

esters and unactIvated amides) lies m the poorer ability of amuie Ions (form.ùly RNH-) Hl 

act as leavmg groups compared ta alkoxldes. As a result, protonatwn at 1I1trogen IS 

required pnor to or in concert wlth the breakdown of the tetrahedral tntermedlat~ For 

amides wlthout any specIal structural features (i.e. unactlVuteù ,umde~). hydroly'm, .1l 

neurra! pH proceeds accordmg to a rate-lÎmlUng tetraheùral mtenneùlilLe breakùown 

mechanism (fig. 4.10). The mechanism involves additIOn of the hyùnmùe 10 the amIde. 

fOITfling the tetrahedral mterrnedlate Tl followed by proton transfer T2 and the rate

detennirung expulslOn of the amme leavmg group. 89 

'0 1::6 O«R' ><:R, rd s 
.. Producls 

c!J · ~R2 OH . H 

OH T1 T2 

Figure 4.10 Hydrolysis of unactlvated amides 

General acldlbase catalysts can alsa greatly faclhtate anmk hydroly"l~ ~4 It 1" nOl 

unusual to observe bIfunctlonal butTer catalysis where the actual ,>truelure nf the butter 1" 

imponant towards catalysIs. For example. Cunningham and SLhrntr)llld oh"lerved that 

lmidazole buffers were meffectlve at catalYllng the brea"-down Dt the tetrahedral 

mtermediate !TI the hydrolYSIS of 4-hydroxybutyramhde CalalY"I" W~l"l oh"lerved only lor 

those buffers WhlCh eamed both a proton and a ba~lc centre "Iucll .I!'! pho"lphate or 

bicarbonate IOns (fig 4 II). For 4-hydroxybutyramhde hydroIY"I", the hreakdown 01 the 

tetrahedral mtermedlate IS rate determmmg at low pho-;phate lonœntratlOn.., .mu 1'> 

accelerated at mcreasmg phosphate concentrations untIl Jt I~ ,l"l Ia."t a . .., the tommllOlI 01 the 

intennedtate At hlgher concentratIOns of phosphate. the fiN "Itcp, tormatlon ot the 

tetrahedral mterrnedIate, becomes rate determmmg and the rate !Jeeome"l mdepenuent ot 

buffer concentratIOn 

89a) D. Drake. R. L Schowcn, and H. Jayaraman, J Am Chem SOG, 1973, <JI), 454 h) 1 Mcrc~a:.\f .UlU 
L Bran, ACla Chem Scand, 1974, A 28, 2 c) S 0 ErIksson and C Hoht. A(/a Chem .\( and. 1966, 
20,1892 d) A J Klrby and A Fem.ht, Prog 8100r8 Chem. 1971.1, 1 C) R W Hay, A K Ra.~ak. 
M. P PuJan, and A PeMU. J Chem Soc Dalton Tram. 1989. 197 
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Agure 4.11 Phosphate butter catalyzed hydrolysis ot 4-hydroxybutyroanlllde (ret 89d) 

-4.4 METAL ION PROMOTED HYDROLYSIS OF ESTERS AND AMIDES 

ln 1951. Kro1l28 discovered that Cu2+ caralyœd me hydrolysil\ of armno aCld esters 

(fig. 1 15). For phenylalarune ethyl ester. !he rate enhancernent due ta Cu2+ was 106 at pH 

7 3. Since that ume there have been numerous studles on metallon promoted hydrolyses 
of a-amino aCld esters and amides. Most studles involved substItutionally men Co(llI) 

complexes sa !hat reactlon mtennediates could he Identlfied and mechamsms could be 

differennatedYo 

+ HO' 

9 

Agure 4.12 Co( III)-promoted hydrolysis of l3-alanme ester (ret 90) 

Coba1t(III) complex promoted hydrolYSIS of ammo aCld esters can oeeur by two 

rnechanlsms' 1) by coordinatIOn of the meral IOn ta the acyl oxygen followed by 

intennolecular hydroxlde anack. 2) by intramolecular nucieophille anack of a cobalt bound 
hydroxlde ton. ISO-tracer studtes wnh the glycme and p-alanine chelates showed that the 

90For a revlew ~ec P A SUt[on and D A Buckmgharn. Ace Chem Research. 1987. 20.357. 
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chelate ring remains intact during hydrolysis and that acyl-oxygen cleavage oœurs for 

esters of primary and secondaI)' alcohols. The directly actIvated ester~ are .Il'Ct'Ierated 1 (JO 

fold by the rnetal. However, for t-butyl esteTh, alkyl-oxygen hond fls~lOn tlccur" .md nnly 

a 30 fold rate enhancement is detected. For the chelated [3-al.mme e"ter. ehmm4l1lon ot -OR 

is rate deterrnmmg below pH 8 5 but above thls pH, deproWnatlOfl 01 1) (h~ ..t 12) 

becomes slgniflcant 50 that by pH 10, rapld loss of -OR from tt~ COf1Jug.lte ha~e I~ the 

preferred route and additlon of hydroxlde Ion becornes rate detenmnmg 

Hydrolysis of ammo aCId esters by coordll1ated hydfO:\ILie Ion W.1S ttr"t 

demonsnated by Buckmgham et al.9 } 10 1969 (fIg. 4.13) Metal-hydmxlde attac,," was 

found to be the rate-deterrmnmg step. For the ~-alanIne ester system. hydfl)lysl~ by thls 

mechamsm IS 3 x 105 tIrnes slower compared wnh the LeWIS aCld mechwmm However, 

since the intramolecular metal-hydroxIde mechamsm IS dependent on lhelate nng lil/C. slich 

differcnces cancel In formmg five-membered nng systems. 

FIgure 4.13 Metal-hydroxlde mechamsm for Co(III)-promoted hydrolysis 
of amlno aCld esters (ref 90) 

Amides of ammo aclds are also susceptIble to hydrolysIs by Co(llI) complexe<;l)\, 

however, the rate enhancements brought about are very much lower than those oh<;erved 

for the correspondmg esters This IS due to the greuter baslcIty or the poor leavllIg group 

nature of the ammo funcHon. AmIde hydroly'ns promoted by Co( III) cornplexc<; W,l', 

shawn to occur by both Lewl<; aCld and metal-hydroxlde mecham.,m,> At pH 7, the 

intramolecular metal-hydroxlde mechanism lS 1 00 tIme~ f..L.,ter than the l.ew 1-; aCld 

mechanism. 

The effectIVeness of metaJ-hydroxide~ 111 hydrolYllng cliter<; III bunolecular 

reactions have also been mvesugared.n The results of the<;e "tuùleli .,how that rnetal-huund 

hydroxIde IOns can be effectIve catalysts ln hydroly~es reactlon~ where good leavmg 

groups are involved, su ch as 4-nttrophenyl acetate. 2A-dmItrophcnyl acetatc . .tnd 

91D A. Buckmgtum, D M Fmter , A M Sarge~on. J Am Chem .\OG. 1969, !JI, 4102 
92D. A. Buclungham. BIO/oglcal Aspects 01 InorganlG Chem~try. A W Addl~OIl. W R \ullcn, D 
Dolphm, B. R James, Eds, Wiley. New York, 1976, Ch 5 
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propiomc anhydnde The catalysis invo!ves the direct attack by rnetaJ-hydroxide on the 

carbonyl centre The cataJytIC ablhty of M-OH WiW found ta depend solel)' on the pKa of 

the rnetal-bound warer, however, thls dependence was found [0 be srnaJI For exarnple, for 

the hydrolysis of proplOntC anhydnde, the meral-hydroxlde caraJy!ed rate mcreases by less 

than a tactor ot 100 when the pKa of the meral-bound warer IS mcrea.)ed by ~lX. 

Metal Ion promoted hydrolYSlS of unactlvated esters and amlde~ have been shawn 

to occur only m the presence of sorne concentratmg factor which forces the reactants into 

juxtapositIOn Duerr and Clamlk93 reponed Cu2+ catalyzed hydrolYSlS of an unactlvated 

ester covaleOlly !mked ta a chelatmg ethylenedtamme umt. The system Involved the weil 

known revef'i1ble conJugate additIon of ammes to enones (fig 4.14) It was observed that 

Cu(II) catalyt.ed the hydrolYSlS of the methylacrylate adduct by a factor ot 16000 over the 

uncatalYl..ed rate. 

Ph 

l./-\/ 
r:~cu/ '-yo .... OH. 

OCH, 

Ph 

l./--\/ 
r:~cu/ " yo .... OH, 

OH 

(ret. 93) 

Figure 4.14 Cu(lI) hydrolysls of an unactlvated ester based on reverslble conJugate addition 

Groves and Dms29 reported Cu(II) prornoted hydrolYSlS of a metal coordinatmg 

lactarn (fig. 1.16). At pH 7.6, the copper-hydroxide rnechamsrn displayed a rate 

enhancemem of approxlmatel} 1 x lO6 urnes greater than that calculated for the base 

Q3B F Duerr.ll1d A W ClaTIllk, Tetrahedron Lett , 1989, 30, 6951 
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catalyzed hydrolysis of the amide at the same pH. The authors reasoned that such a large 

rate enhancement was observed because ai twa factors: 1) Ideal proxlmlty .md nnentatIon 

of the metal-hydroxlde with respect 10 the amide carbonyl. ThIs arrangement -.hould hlghly 

favour a nucleophilic M-OH attack leadmg to the tetrahedral mtermedmte. 2) Rate

determining breakdown of the tetrahedral mtermeJlute IS greatly faCllnated duc to 

confarmatlonal restrictions Imposed on thlS mlennedmte. Deslongchamp'" I11Yesugalllllls 

of stereoelectromc control dunng hydrolyses reactIons mdlcate !hat deavage of a C-O or e
N bond IS facilItated only when two heteroatoms of the tetrahedr.ù ll1terrnedwte each have ,\ 

lone parr onented arItiperiplanar ta the departrng O-illkyl or N-allo.yl group Sllch LI SituatIOn 

exists in the Cu(Il) pramoted hydrolysls reactlon, thus, ll1 the metal-bound tntermedtate, 

anchimenc assistance from antlpenplanar lone paIrS facthtates breakdown ut the tetrahedral 

imermeillate (fig. 4,15). In the absence of a metal ion, the tetrahedral mtennethate IIlvolved 

is much more flexible Wlth free rotallon about C-O bonds. 

o 

Figure 4.15 Anchlmertc assistance from antlpenplanar lone pairs 
faclhtates breakdown of the tetrahedralmtermedlate (ret 29) 

Other examples of metaI ion promoted hydrolYSIS of amides wIll be dt~cllssed ln 

section 6.6.2. 
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4. S PLAN OF STUDY 

There is a great deal of interest in developing cataIysts that efficiently hydrolyœ 

carboxylic esters and amides. Numerous repons exist for metaI ion promoted or cataly I.ed 

hydrolysis of esters and amides. However, these systems elther possess both the ester (or 

amide) and the metaI-binding ligand covalently linked together, or the substratf's being 

hydrolyzed are highly activated esters and amides. 

The plan is to study the mechanism of hydrolysis of vanous esters (pNPA, MTA, 

MeOAc) and amides (DMF) caiaIyzed by SImple Cu(II) complexes. The efflclencles of 

different Cu(II) complexes are 10 be compared in order to determine the stmctural 

requirements of a metaI catalyst for hydrolyzing carboxylic esters and amides. A detailed 

kinetic analysis shall provide a mechanistic ration ale for the observee! reactlVlties. ft wIll 

aIso give an insight 10wards the mechanism of met.ü containing pepudases such as 

carboxypeptidase A. 

7K 

= 



5.0 RESULTS 

5. 1 CuCU) COMPLEX CA T AL YZED HYDROL YSIS OF r:STERS 

The rate constants for hydrolysis of pNPA, MT A, and MeOAc by various catalysts 

are listed in table 5.1. Catalyzed hydrclysis of MIA and MeOAc were measured by the pH 

stat method, following the production of acetic acid. The rate of hydrolysis of pNPA was 

measured spectrophotometrically by following the production of p-mtrophenolate ion at 

400 nm. 

Table 5.1 Rate constants (s-1) for hydrolysis of pNPA and MuOAc at 25 oC and 
MT A at 5 oC wlth and Wlthout catalysts (1 mM) at pH 8.0 

Catalyst pNPA 

none 956 x 10.6 

Imldazole 5.8 x 10,4 

[Cu(terpy)(OH2)] 23 x 10,4 

[Cu(dpa)(OH2)2] 2.1 x 10,4 

(a) extrapolated from the hydroxlde rate 
(b) too slow to be detected 
(c) at 10 mM copper complex concentration 

MTA MeOAc 

1.2 X 10,2 15x10,7 (a) 

1.2 X 10,2 (b) 

3.0 X 10,2 2.0 x 10,7 (c) 

16x10,2 
1 

98x10,7 

lmidazole IS an efficient catalyst for hydrolyzing pNPA but not for hydrolyzing 

MTA and MeOAc. In contrast, the Cu(terpy)-complex is efficient at catalyzing the 

hydrolysis of pNPA and MTA but not MeOAc. The Cu(dpa)-complex efficlently 

hydrolY7..es all three esters. 

The pH-rate profiles for Cu(dpa)-complex catalyzed hydrolysis of MeOAc and for 

Cu(terpy)-complex. catalyzed hydrolysis of MTA are shown 10 fIgures 5.1 and 5.2 

respectively. Gata points are averages from at least three consecutive mns. The rate of 

acetic acid productIon is given by kobs[CuT][ester] where [CUT] is the total Cu(II) catalyst 

concentration alid k"bs IS given by equatlon 5.1. 
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[
Ka 

kobs = C -K-a-+ -[H-j (5 1) 

where Ka is the acid dissociation constant for the coordinated water molecule. The data 

were fit according to equation 5.1 us mg an iterative non-linear least squares curve fmmg 

program.t For Cu(dpa)-romplex catalyzed hydrolysis of MeOAc, C = k2K 1 where KilS 

the equilibrium constant for complexauon of the ester substrate to the copper complex LUlÙ 

k2 is the rate constant for metal-hydroxide attack on coordmated ester The constants. C 

and Ka, obtained from the calculated curve are hsted undemeath the appropnate pH-rate 

plots. 

-2.5 -.----------------------, 

-3 

-ut 
.a 
0 

.:.Ii: -3.5 -el 
0 
...1 

-4 

-4.5 +-r---r-...,.-__ -r-r--""'T"-...,-__ ...,.-r-""'T"-r---I 

5 6 7 8 

pH 
Figure 5.1 pH-rate profile for Cu(dpa) (1 mM) catalyzed hydrolysis of methyl acetate 

(1 M)at25 oC. Ka=2.8x 10·7,K1k2= 1 x1Q·3M·1 s-1 

The data for the pH-rate plots are listed in tables 5.2 and 5.3. For the Cu(terpy) 

catalyzed hydrolysis of MT A, the background rate of hydrolYSlS was subtracted from the 

observed rate of hydrolysis. At pH>8.5, the background rate ot ltydrolysis (i.e. the 

hydroxide rate) becomes faster than the copper complex catalyzed rate. 

t Kaleidograph, verSIOn 2.0.2, devfJoped by Abelbeck software. 



Table 5.2 Second·order rate constants. kobs. for the hydrolysis of MeOAc (1 M) 
catalyzad by [Cu(dpa)(OH2)212+ (1 mM) at 25 oC al dlfferent pH values. 

·1 

·1.5 

·2 

.. 
al ·2.5 
0 
..J 

·3 

-3.5 

Figure 5.2 

kobs X 10 4 

pH (M'1S'1) log (kobs) 

5.5 0.~J6 ,402 

6.0 2.33 ·363 

6.5 433 -3.36 

7.0 7.17 -3.14 

7.25 8.83 ·3.05 

75 9.33 ·3.03 

775 883 -3.05 

8.0 983 ·3.00 

• 

6 6.5 7 7.5 8 8.5 9 

pH 

pH·rate profile for Cu(terpy) (1mM) catalyzed hydrolysis of MTA (2 mM) at 25 oC. 
Ka :' 2.8 x 1 O·g. C = 7.1 x 10.2 5.1• 
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Table 5.3 

pH 

6.5 

7.0 

75 

8.0 

8.5 

Rate constants (S-1) for hydrolysls of MTA (2mM) catalyzed by 
[Cu(terpyHOH2)]2+ (1 mM) at dlfferent pH values 

koba 
a 

kLincat 
b 

k C log k 

65 x10·3 60x10·3 56 x10 4 ·32 

90 X 10,3 69 x 10,3 2 1 x 10,3 -2 7 

1 6 x 10,2 97 X 10,3 6,2 X 10,3 -2 2 

3.0 X 10,2 1 2 X 10,2 1.8 x 10,2 -1 7 

5.8 x 10,2 2.6 X 10,2 32 x 10,2 -1.5 

a) koos = observed rate of hydrolysis uncorrected for the spontaneous (control) hydrolysis 
b) kUncal = sponlaneous raIe of hydrolysis ln the absence of metal complex 

c) k = kobs ' kuncal 

Producùon of methanol due to Cu(dpa)-complex catalyzed hydrolY"ls of MeOAc 

was confirmed by l H NMR. Figure 5.3 shows the dlsappt:arance of the MeOAc sIgnais (0 

2.05 and ô 3.65) and the appearance of the methanol signal (3 3.3). The acetate "Ignalls 

quenched owing to interaction of acetate with the paramagnetIc copper complex. The non

coordinatmg buffer, 2,6-1utldine, was used to mamtam a constant pH of 7 throughout the 

course of the reaction. The l H NMR signal ansmg from the methyl groups (lI IUlIdme (0 

2.4) were omitted for clarity. No observable productIon of 'nethoooi was detected usmg 

Cu(terpy) as the catalyst. 

The rate constants for the base catalyzed and rCu(dpa)(OH2)21 2+ catalY/ed 

hydrolysis of methyl acetate and acetylcholine :lfe compared In table 5~. The Cu(ll)

complex hydrolyzes the less reactive ester, MeOAc, more efflclently No catalysl~ is 

observed from the one ta one aqueous addItion of CuCh and bl ,,-12 -( 5-

carboxypyridyl»)methylamine (lmM each) at neutra! or alkalme pH. For thlS llgood. metal 

complexation does not occur, thus at pH>7, precipitation of Cu(OHh IS ob~erved. 
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(c) 

(b) 

(a) 

r-rT,l" 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
4.5 4.0 3 !5 3 0 2 5 2.0 1 5 1 0 PPMO ~ 

Figure 5.3 1 H NMA spectra of methyl acetate (20 mM) ln D;P after addlng [Cu(dpa)(OH2)212+ 

(10 mM) in 2.6-lutldme buffer (100 mM) at pD 7, 25 oC Elapsed tlme' (a) 0 mm, 
(b) 2 days, (c) 7 days. 



Table 5.4 Rate constants (S·') for hydrolysls of methyl acetate and acetylcholme (1 Ml 

Wlth and Wlthout [CU(dpa)(O~)212+ (1 mM) at pH 7 O. 25 Oc 

Ester kOH [Cu(dpa)(OH2)2]2+ 

AcCh 20x10·7d 45x10 7 

MeOAc 015x10·7b 72x10·7 

a M Nakagakl and S Yokoyama. Bull Cham Soc Jpn. 1986. 59. 1925 
b fromref 107 

5.2 Cu(II) COMPLEX CATALYZED TRANSESTERIFICATION AND 

SYNTHESIS OF MeOAc 

Figure 5.4 shows the 1 H NMR spectral changes due to Cu( NMedpa H.:omplex 

catalyzed transestenfication of ethyl acetate to methyl acetate and ethanol m CD10D 

Toluene was added ta the system as a reference (ô 2.3) The tlIsappearance of the cthyl 

acetate signal (ô 4 1. quartet) IS accompanied by the appearance of the ethanol "lIgnai (/) 36, 

quartet). The Cu(dpa) complex could not be used because ot lts InsolubIilty In methanoL 

however, the transestenticanon reactIon may be observed u'img the Cu(dpa) cornplcx 111 

CD30D in the presence of 15% DMSO. Production of MeOAc from acetlc aCHJ In CD10D 

can also be detected by 1 H NMR. Figure 5.5 shows the appearance of the MeOAc 'ilgnal 

(ô 2.05) al different ume intervals. Toluene (S 2.3) was added to thlS ~y'item ,L, a reterence 

marker. In all cases, acetate SIgnaIs are quenched owmg ta the lJlteractlOn ot acetate wllh 

the paramagneuc copper complexes. Tndentare CuOI) complexe" whlch pO'i"es~ only one 

free coordination sne, such as Cu(terpy) and Cu(dien), do not catalyœ the~e reactIon'i. 



(e) 

(b) 

~ ___ ..JA~ __ ._--,,,--- '--___ 1' ... __ _ (a) 

1 i i i i 1 i , , il' , , , l ' , i , l ' , , , l' i , '1 ,i, 1 l , i i 1 
4.!! 4.0 J 5 3 0 2 5 " 0 1.5 1 0 l'PIIO 5 

Figure 5.4 1 H NMA of ethyl acetate (80 mM) ln CD30D alter addmg [Cu(NMedpa)(CH30HJ2+ 
(20 mM) at pO 8, 50 oC. Toluene (80 mM) IS added as reference. S 2.3 Elapsed 
tlme (a) a mm, (b) 21 hrs, (e) 74 hrs. 



(c) 

(b) 

(8) 
ri r r r r 1 r r 1 r 1 r r r ri r r r r 1 r r r r 1 

3.0 2 5 2.0 I.e 1 0 PPt4 0 5 

Figure 5.5 1 H NMR 01 acetlc aCld (80 mM) ln CD30D after addlng [Cu(NMedpa)(MeOHl2l2+ 
(20 mM) at pD 8, 50 oC Toluene (80 mM) 15 added as a relerence marker, Ô 23 
Elapsed tlme' (8) 1 day, (b) 6 days, (c) 16 days 
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5.3 ACETATE BINDING TO [Cu(dpa)(OH2hJ2+ 

ft ha., been 'ihown by X-ray cl'ystallogTaphy that acetate bmds to the Cu(dpa) 

complex ru; a bldemate lIgand fonmng a fouT-membeTed nng.60 The eqUlhbnum constant, 

~,foT the dlssoclauon of acetate from [Cu(dpa)(OH2hJ2+ was obtamed by potenuometnc 

tirration The pH correspondmg ta the mldpoint of the buffeT reglon of the tltratlOn curve 

for [Cu(dpa)(OH2)2J 2+ Jncre~es when mCTeased amounrs of acetute are added. This 

relauonshlp IS due to brndmg of acetate to the copper complex. RepTe"entatIve tmanon 

curves for [Cu(dpa)(OH2hJ2+ rn the presence of varymg concentration" of acetate are 

shown 10 figuTe 5.6. 

10 -r------------------------------~----~ 

9 

pH 8 

a 

o 0.2 0.4 0.6 0.8 1.2 

eq. NaOH 

Figure 5.6 Tltratlon curves for the [Cu(dpa)(OH2)21 2+ system a) 1 mM 
[Cu(dpa)(OH2)2J2+ + , mM AcOH b) 1 mM [Cu(dpa}(OH2)212+ + 20 mM AcOH The butter 
raglon for AcOH IS Offiltted for clanty 1 eq. NaOH represents 1 mM NaOH added 
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The following eqUlhbna are consldered to take place dunng tItfauon 

[(L)Cu] + OAc 

[(L)Cu(OAc)) 

[(L)Cu) [OAc) 

[(L)Cu(OAc)] 

[(L)Cu/OAc) 

[(L)Cu] + OAc 

[(L)Cu] [(L)Cu(OH)] + H+ 

Ka = 
[(L)Cu(OH)] [H1 

[(L)Cu] 

Cr = [(L)Cu] + [(L)Cu(OH)] + [(L)Cu(OAc)] 

(52) 

(53) 

(54) 

where Kd IS the eqUlh brium constant for dlS'iociation ot acetate a11lon (OAc) from 

[Cu(dpa)(OH2hI 2+ (represented as [(L)Cul). Ka represents the aCHJ liJ~soclatlOn con~tant 

of the coordmated water molecule, and Cr represents the total concentratIon ot Cu(ll)

complex present In solutIon. Water molecules coordmateli tu the copper Lomplex lue 

orrutted for clanty 

By subsututmg equauons 5 2 and 5.3 mto equutlOn 5 -t., one ootam,> the total 

copper complex concentratIon as a funCHon oÎ the concentratIon ot the hydroxy-aqua 

species present m soluuol':. (eqn. 5.5). 

[ 

[H] 
Cr = [(L)Cu(OH)] - + , 

Ka 
+ [H] [OAc] 1 

Ka~ 
(55) 

At the midpoint of the tItranon curve, the concentratlon of the hydroxy-aqua 'ipecles 'ihould 

he one half the total met al complex concentratIon (I.e [(L)Cu(OH)] = Cr/2) , therefore 

Cr = Cr [[H]rrnd + 1 + [H)mld [OAC)] 

2 Ka Ka~ 
(56) 



2 

Rearrangmg equatlOn 5 6 produces, 

[Hlmld 

[OAc] 

Ka K:J Ka 
(57) 

where 1 Hln1ll1 I~ the H+ concentr,ltlOn al the mIdpoilll of the lltra110n curve al a given acetale 

concentratIOn. A plot of I/Hmld versus acetate concentratlon gives a stralght Ime wnh a 

'1lope of l/KaKd and lnlen:epl of l/Ka. (see tigure 5.7), TIle calculated values for these 

constants are llsted ln the capllOn of tïg 5 7 

10 -r--------------------------------------------------------, 

8 

1"-
0 6 .,.. 
)oC 

1:1 

E 4 [J l: -.,.. 
[J 

2 

o 0.005 0.01 0.015 0.02 0.025 

[OAc] moJ/L 

Figure 5.7 Dependence of 1/Hmld on acetate Ion concentration 
SI ope = 1/Kal<d = 314 x 109, y-mtercept =1/Ka = 1 2 x 107, thus, Ka = 83 x 10-8, Kd = 
38 x 10-3 M 

5.4 TURNOVER FOR [Cu(dpa)(OH2hJ2+ CATALYZED HYDROLYSIS 

OF MeOAc 

The turnover ume for [Cu(dpa)(OH2hI2+ catalyzed hydrolysis of MeOAC IS 23 

min ru pH 7.0. 25 oC. At ImM catalyst concenttatlml, the aforemenuoned turnover ume 

translates to a reacuon rate of 7.2 x 10-7 M-l acetIc aCId produced per second. [10-3/23 x 
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60]. Figure 5.8 shows the turnover versus ume plot for [Cu(dpa)(OH2hI2+ catalY/ed 

hydrolysis of MeOAc. Up to three turnovers are observed wlthout a sigruficant decrease 111 

rate. 

... 
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Rgure 5.8 Catalyzed hydrolysis of MeOAc (1 M) usmg [Cu(dpa)(OH2)i+ (1 mM) at pH 7 O. 25 Oc 

s.s Cu(II) COMPLEX CATALYZED HYDROLYSIS OF AMIDES. 

The rate constants for [Cu(dpa)(OH2hI2+ and hydroxide IOn catalyœd hydrolysis 

of DMF are compared fi table 5.5. [Cu(dpa)(OH2hI2+ medlated hydrolysl~ IS ob .. erved at 

pD 8 and 100 oc. 

Table 5.5 Rate constants (S·1) for [Cu (dpa)(OH2)212
+ (10mM) and hydroxlde Ion catalyzed 

hydrolysis of DMF (10 mM). 100 oC. pH 8 

Catalyst k (S·1) rel. rate 

[Cu(dpa)(OH2)i~ 1 3 x 10-6 
44 

-OH 297 x 10 8 (a) 1 

(a) extropolated from data rangll1g from 70 to 90 Oc 
S langloIs and A Broche, Bull Soc Cham Fr, 1964, 812 
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Under similar conditions, other cis-diaqua Cu(II) complexes, such as 

[Cu(phen)(OH2hI2+ and [Cu(en)(OH2h]2+ are inactive at hydrolyzing the amide, whereas 

{Cu(neo)(OH2hJ2+ and [Cu(tmen)(OH2h]2+ de compose at 100 oC. Mono-aqua Cu(II) 

complexes are aIso not active at catalyzing the hydrolysis of DMF. Catalyzed hydrolysis of 

DMF by rCu(terpy)(OH2hJ2+ could not be ob~erved, however, [Cu(dpa)(OH2>2J2+ lS two 

orders of magnitude less reactive than [Cu(dpl1)(OH2h]2+ al hydrolyzing formamide.94 

The catalyzed hydrolysis of DMF by [Cu(dpa)(OH2h]2+ was monitored by IH 

NMR spectroscopy (fig. 5.9). With the progress of the hydrolysis reaction, the decrease in 

the IH NMR signais of DMF (ô 7.92, Ô 3.00 and Ô 2.85) is accompan1ed by an increase in 

the dimethylamine peak (ô 2.71). The formate signai is quenched by the mteraction of 

formate with the paramagnetic copper complex. 

To 10 mM [Cu(dpa)(OH2h]2+, buffer catalysis was nor observed Wlth the addition 

of such buffers as acetate (20 mM), 2,6-1ul1dine (lOOmM); DMAP (10 mM); and 

N,N,N',N'-tetrarnethyldiarninomethane (100 mM). Addition of phosphate buffer (10 mM) 

inhibits the copper catalyzed hydrolysis reaction. With the addition of hydrazine (10 mM) 

and upon heating the reaction to 100 oC, decomposition of the Cu(dpa) complex was 

observed. 

94J. Chin, V. Jubian, and K. Mrejen, J. Chem. Soc. Chem. Commun. 1990. 1326. 
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FIgure 5.9 

c 

b 

a 

iii' i i i Il 1 li 1 i 1 il l' i Ij 1 Iii 1 i i i i 1 il 1 'ii 1 i i 1 il " I" il 1 
'.0 1.5 '.0 ".5 l! , 0 2 5 2 a 1. 10 0 a 

ppm 

1 H NMA of N.N-dlmethyl formamlde (10 mM) after addrng ICu(dpa)(OH2)2J2+ 

(1 OmM) at pD 8. '00 oC. Elapsed ume (a) 0 hr, (b) , 50 hrs, (C) 600 hrs 



6. DISCUSSION 

6.1 Cu(I1) COMPLEX CA T AL YZED HYDROL YSIS OF ESTERS WITH 

GOOD LEA VING GROUPS 

6.1.1 The p-Nitrophenyl Ester Syndrome 

Catalysts whieh are efficient at hydrolyzing esters with good leaving groups will 

not necessarily be suecessful at hydrolyzing esters with poor leaving groups. Reeently, 

Menger and Ladika95 comed the phrase p-nitrophenyl ester syndrome to caution 

researchers of the common mlsconeeption that catalysts which are reactive towards 

activated substrates should aIso be reaetive towards unactivated substrates. A remarkable 

3.3 x 105 acceleration )fi hydrolysis rate was observed by Breslow et a1. 96 when p

nttrophenyl 3-ferrocenylacrylate was fully bound to l3-cyclodextrin (ftg. 6.1). This 

corresponds to a half-life of 7.4 seconds. However, Menger and Ladika observed that the 

analogous ethyl ester, which 1S only 56 times less reaetlve than the p-nitrophenyl ester 

towards basic hydrolysis, d1d not reaet with a half-life of a few mmutes, (Le. 56 x 7.4 s) as 

one may anticipate, but reacted wnh a half-life of at least two years. Insufficient binding or 

a different mode of eomplexanon of the substrate to the cyclodextrin host was not a factor. 

In other words, large rate enhancements occurred for esters with good leaving groups but 

not for esters possessing poor leaving groups. 

+ RO' 

-
Agure 6.1 Cyclodextnn catalyzed hydrolysls of esters ot 3-ferrocenylacrylate. (ret. 95, 96) 

95F M. Menger and M Ladlka,J Am Chem Soc ,1987,109,3145. 
96 a) R Breslow, G Tramor, and A Ueno, J Am Chem Soc, 1983, 105, 2739. b) R. Breslow. M. F. 
C/anllckl, and J Ernen. H Harnaguchl, J. Am Chem Soc., 1980, 102, 762. 
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Another example of this dilemma is the weil known imiduole-catalyzed hydrolYSlS 

of esters.85 Imidazole is an efficient nucleophihc catalyst for hydrolYlIng esters with goou 

leaving groups Ce.g. p-nitrophenyl acetate) and is comparable with hydroxlde Ion but for 

hydrolyzing esters with poor leaving groups (e.g. methyl acetate), Imld.vole 1S mIllIons of 

times less reactive than hydroxlde ion. 

T1 T2 

Figure 6.2 Tetrahedral mtermedlates for Imldazole catalyzed hydrolysls of esters 

These observations can be rationalized in terms of pamttomng the tetrahedral 

intennediates Tl and T2 for the imidazole catalyzed hydrolYSlS of p-nitrophenyl aeetate 

and methyl iicetate respectively (fig 6.2). The Tl intennediate should ew.,ily break down Hl 

either acetyl imidazole or p-mtrophenyl acetate smce the basicmes of me two Ieavmg groups 

are comparable. For esters of poorer leavmg groups (eg methyl aeetate), the tetrahedral 

intennediate T2 revens back 10 the starting matenals since Imlda/ole IS a mueh better 

leaving group than methoxide. In fact, a nuc\eophIlic mechamsm IS no longer observed 

and imidazole now acts as a general base to catalyze the hydrolYSlS ot methyl acetate. 

The same analysis can be applied ta metal-monoaqua complexe'\. The mechamsm 

of hydrolysis of p-nitrophenyl acetate (pNPA) by metal-monoaqua complexes, '\ueh as 

Cu(terpy), involves a metal-hydrox1de nucleophllic attack on the ester sub~trate.l)2 The 

resulting tetrahedral intermediate (T3 in fig. 6.3) should break uown ta produets 'Imœ the 

basicity of the metal-hydroxide 1S greater than p-nitrophenolate. However, Cu(terpy) unes 

not catalyze the hydrolysis of methyl acetate smce methoxide IS mueh more basIC (1 e a 

poorer leaving group) than the M-OH, thus, the tetrahedral intermedtate reven'l back to the 

starting materials. 



6.2 CuCII) COMPLEX CAT AL YZrO HYDROL YSIS OF ESTERS WITH 

POOR LEA VING GROUPS 

6.2.1 Hydrolysis of Methyl Trinuoroacetate (MT A) 

The rCu(terpy)(OH2)]2+ complex is an efficient catalyst for hydrolyzing pNPA and 

MTA but not for hydrolyzing MeOAC. Figure 5.2 shows the pH-rate profile for 

(Cu(terpy)(OH2) 12+ catalyzed hydroiysis of MT A. The efficiency of the catalyst mcreases 

wtth increase JO the solutIon alkahnity and then begms ta level off near the pH 

corresponding to the pKa of the copper bound water molecule (pKa=8.0). There IS only 

one free coordmatlon SIte avallable in the Cu(terpy) complex; thus, there are two classical 

mechanisms that can account for the observed pH-r~e profIle. One 15 the metal-hydroxide 

mechanism lllvolvmg direct nucleophllic attack of the copper-hydroxlde on the ester and the 

other is the Lewis acId mechanIsm involving free hydroxIde attack on the metal-coordinated 

ester. These two mechanisms are kinetically indistinguishable. However, based on the 

reactivtty-selectivity prrnciple, the Lewis acid mechanism can be ruled out. According ta 

the reacttvity-selectivlty pnnciple, selectIvity decreases with mcrease in reactlvlty. Since 

mt: al coordmated esters are more reactive towards nucleophIltc attack than the 

correspondmg free esters, hydroxidc should be less selectIve 'owards the metal coordinated 

esters thart ta the free esters. ft follows that less reactive thl::! ester, the greater the expected 

rate accelerauon upon coordmatIon of the ester ta the metal. Expenmentally, a greater rate 

acceleration IS observed for MT A h~drolysis lhan for MeOAc hydrolysis which is 

inconsistent wnh the Lewis acid mechanlsm. At pH 8 and ImM Cu(terpy), a rate 

acceleranon of 2 5 over ttle uncatalyzed rate IS observed for MT A hydrolysis whereas 

catalyzed ilydrolYSlS of MeOAc is undetected under similar conditions (table 5.1). In 

contrast, the metal-hydroxide mechanlsm is consistent wnh the experimental results. 

Metal-hydroxIdes are less nucleophilic than free hydrOXIdes and hence are more selective 

towards esters than are free hydroxides. Therefore, metal hydroxides are expected to glVe 

a greater rate acceleration for MT A hvdrolysis than for MeOAc hydrolysis. 

ln the previous section (6.1.1), one may conclude that metal catalysts WhICh act on 

their ester substrates solely by a metal-hydroxide mechanism will not be efficient at 

hydrolyzmg esters WIth poor leaving groups. If the results for Cu(terpy) catalyzed 

hydrolysis of MT A are rationalized m terms of partnioning the tetrahedrai intermediate T3 

(fig. 6.3) then the tetrahedral interruediate should break down ta the stanmg materials more 

rapidly than to the products smce the metal-hydroxlde is a much better leavmg group than 

methoxide. If this 1S the case then 11 is easy to understand why Cu(terpy) does not catalyze 
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the hydrolysis of MeOAc but why does Cu(terpy) efficiently cawlyze the hydrolysls of 

Mf A? 

(terpy)Cu-'OCH3 

+ 
• CF3 o .' 

~OH 

'0 

~ \ .•. CF3 

ÀOCH3 
(terpy)Cu-OH 

T3 

1~ 
'0 

~ 
•• CF3 + 

OCH3 
HO 

T4 

II 
'0 

\ .••. CF3 

Î'OCH3 
HO 1 

CU(lerpv) 

(terpy)Cu-OH 2 

Figure 6.3 Proposed mechamsm for [Cu(terpy)(OH2)]2+ catalyzed hydrolySls of MT A 

The metal-hydroxide mechanism for Cu(terpy) catalyzed hydrolysis of MT A IS 

shown in figure 6.3. In hydrolyzing esters wnh poor leavmg groups. there \0.; a 

relationshlp between effective nucleopl)ilic catalysis and the hfeume of the tetrahedral 

intermediate.97 The hfetlme of the tetrahedral mtermedmte T" (hg. 63) tOT MTA 

hydrolysis is much longer than tha! for MeOAc hydrolysls. ReverSIOn of T3 [0 the o.;tartlllg 

materials can be significantly reduced if the metal-oxygen bond IS cleaved more rapldly than 

the carbon-oxygen (metai hydrate) bond. The stabtlity of T4 enables "metal tramfer" tn 

take place. Coordination of the metal complex ta the methoxlde mOlety makes Il a better 

leaving group so that breakdown to products is now feaslble. For metal-complex catalyzed 

hydrolysis of MTA there is enough lime for T4 ta encounter the metal complex and break 

97J. Chm and X. Zou, J Am Chem Soc. 1984, 106. 3687 
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down to the products or to the staning materials. If the breakdown of 14 is catalytic its 

formation mu!\t also be catalytic according to the principle of microscopie reversibility. 

For MeOAe, met al eatalysis cannot oeeur by thlS mechamsm because, eompared to 

the Iifetime of T4, the lifetIme of the corresponding tetrahedral mtennediate for methyl 

acetate hydrolY'>ls IS too ~hon ta encounter the rnetal cmalyst. Therefore, meral complexes 

possessing only one free coordmatlOn SIte (Le. monoaqua complexes) can only hydrolyze 

activated e,>tcp; (pNPA, MTA) via a metal-hydroxide mechanism but do not hydrolyze, to 

any signlficmu extent, unac:ivated esters such as methyl acetate. 

6.2.2 Hydrolysis of Methyl Acetate (MeOAc): Structural Requirements for 

a Metal Calalyst 

In order for a metal catalyst to efficiently hydrolyze MeOAc, the lifetime of the 

tetrahedral mtermediate correspondmg to T4 should be increased and the metal migration 

should be made to be more efficient. Bath of these goals may he reali7~d with a cis-diaqua 

meta) complex such as ICu(dpa)(OH2hJ2+. It was anticlpated that the Cu(dpa) complex 

may forrn the tetrahedral mtermediate T5. The only difference between T5 and 14 is that 

the amome oxygen of the tecrahedral interrnedüue is coordinated ta the metal in 15. This 

should stablli/-c the interrncdiate and at the same time provide an intramolecular mechanism 

for the metal to coordinate to the methoxide leaving group. It is not possible for monoaqua 

complexes, such as Cu(terpy), ta form this type of intennedlate in the hydrolysis of 

MeOAc. FlIrthermore, ev en If Cu(terpy) were to fOTm the tetrahedral intermediate 

corresponding to T5 lhis interaction would be non-productive. Although Cu(terpy) will 

stabilize the tetrahedral intermediare ra the same extent as the ClI(dpa) complex, Cu(terpy) 

has no addttional coordmation SIte available ta facJlttate an intramolecular metal migration; 

thus. Cu(terpy} lS inactive at catalYllng the hydrolysis of MeOAc. 
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6.3 [Cu(dpa)(OHzh]z+ CATALYZED HYDROLYSIS OF MeOAc 

6.3.1 Mechanism 

The hydrolysis of aIl three esters (pNPA, MT A. and MeOAc) are efficlèntly 

catalyzed by [Cu(dpa)(OH2)zj2+. Based on the pKa of the copper coordmated water 

molecule and the pH-rate profile (fIg. 5.1), the proposed mèchanlsm lor 

[Cu(dpa)(OH2)z]2+ catalyzed hydrolysis of MeOAc mvolves coordmatloll ot the e<;ter to 

the metai followed by mtramolecular metal hydroxide attack on the coonltnated ester as 

shown in figure 6.4. The proposed mechamsm IS Slmllar to the olle proposed lor 

[Cu(dpa)(OH2h]2+ promoted hydrolYSlS of phosphate esters and re4111re~ the fonnatlon 01 

a four-membered nng. Since Cu(II) IS substltutlonally labIle. K 1 ~hould Ilot he the rate

determining step; thus, either fonnatIon or breakdown of the tetrahedral mtemledlate 1<; the 

rate-limiting step. 

K1 Q' -N C OCH3 

" /0 \j 
HN Cu ==:\) 

U 
'o=-- CH3 

_N H 

\. ;} 

--

Q' -N 
" /OH

2 

HN Cu 

Products 

(J" 'OH N 2 

" j 

Figure 6.4 Proposed mechanrsm for [Cu)dpaHOH2)212
+ catalyzed hydrolysls of MeOAc 



The k2 step In figure 6.4 may be broken down mto several steps. Two paths may 

exist for the breakdown of the tetrahedral intermediate T6 (fig. 6.5). In path A, hydrogen

oxygen bond cleavage occurs followed by product fonnatlOn. This mechamsm lS not 

unreasonable If we cons1der the breakdown of the tetrahedral mtermediate as a nucleophilic 

dlsplacement (of methoxlde) al carbon uy the lone parrs on the two oxygens. In path B, 

T6 undt!rgoes metal-oxygen bond cleavage followed by ligand exchange ta yleld products. 

P.th A --

P.th B It 

• Products 

Figure 6.5 Possible pathways for the breakdown of the tetrahedral mtermedlate for the 

[Cu(dpa)(OH2)212
+ catalyzed hydrolysis of MeOAc. 

The mechamsm for path B is sunilar 10 the one proposed for Cu(terpy) catalyzed 

hydrolysis of MTA in figure 6.3. The only difference between the mechanisms shown in 

fig. 6.3 and 6.5 is that, in fig. 6.5, the anionic axygen of T8 is caordinated ta the metal. 

nus sausfies the requrrements for catalyzed hydrolysis of unactivated esters as discussed in 

the previous sectIons (6.2.1. and 6.2.2). 
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For both pathways the posslbility of buffer catalYSlS eXlsts. In path A, the sltuallon 

is ideal for a proton sWItch mechamsm slmllar to the one deplcted ln fIgure 4.11 

However, buffers WhlCh possess thlS capabl hty, '\uch JS phosphate, coord1l1ate ... trongly to 

the metal complex and mhlbn the hydrolysls reactIon Butfer cataly"l~ wa~ nm obserwd 

when the non-coordinatmg buffer, 2,6-1undme, was used. 

For path B, the role of a butter would be te deprotonate the .lkohol mOl~ty ot Til ln 

order ta accelerate Its breakdown to products. Buckmgham et JI (li ob'lerved mild catalY'lls 

wirh non-nucleophllic buffeTS. such as a-plcolme and 2.6-luudme. In the Co( Ill)-promoted 

hydrolYSIS of p-alanme ester (fig. 4 12). However. no Illcrease III rate W:l.'i ob~ervetl ln the 

present system USll1g lundme as butter. In the Co( III) case, (fig . ..f.12) the leav1l1g group I~ 

not coordinated to the metal, thus, deprotonanon IS reqlllred to alll ln the eXpUI'ilOn ot 

alkoxIde. ln contrast, the leavmg group IS coordmated ln T8, therefore, lIeprotonauon 1'1 

not necessary ta acceltrate the breakllown of thlS mtennedlate. 

Path A can he ruled out; thIS mechanIsm IS not m accord WIth the pH-rate protile If 

parh A is operative, then an additlOnal mtlectlOn pomt n~ar the pKa of the cOt1rdinarcd 

alcohol moiety of T6 should he observed. No 'iuch Increa~e ln rate, .lttnhlltahle to the 

formatIon of T7 IS observ.:.d. 

If the mechanlsm of hydrolYSlS follows path B, then the metal comp\ex .. hou Id he 

an efficIent catalyst for rransestenficanon processes. Expenmentally thl~ I~ the ca. .. e: ethyl 

acetate IS smoothly convened to methyl acetate ln methanol at neuIral pH when the 

Cu(NMedpa) complex IS added. Figure 5A shows the 1 H ~MR ... pectral change .. ouc to 

the metal complex catalyzed transestentïcaCIon of ethyl :!cetate to methyl acctate In CD10D 

The proposed mechanIsm IS analogous to path B and IS shown In fIgure 6 6 

If (Cu(dpa)(OH2h]2+ IS a true catalyst, then catalyuc turnover 'ihould ht! ob .. crved 

(see section 6.3.2) and it should also catalyœ the reverse ot the hydrolY'II'i reactIon. 

lndeed, methyl acetate IS fonned when a cataly!lc amount Dt the cornplex 1 .. added to a 

solutIon of aceHC aCld In merhanol (fig 5,4) In accordance WIth Ihe pnnclple of 

mlcroscopIc reversibIhty, the mechanIsm for synthesls of methyl acetate ... hould be the 

reverse of the hydrolyuc mechamsm shown ln fig 67 
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figure 6.6 Copper complex catalyzed transestenflcatlon of EtOAC ta MeOAc 
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FIgure 6.7 Proposed mechanrsm for [Cu(dpaHOH2)212
+ catatyzed hydrolysls of MeOAc 

6.3.2 Binding of Acetate to [Cu(dpa)(OH2hI2+ and Turnover 

The mechamsm for ICu(dpa)(OH2hI2+ catalY/.ed hydrolY<"I<" of MeOAc mvolve<., 

the formation of a four-membered fmg. Although generally four-membered nng~ are 

unstable, lt has been shown by X-ray crystallography that the product of MeOAc 

hydrolyslS, acetate, is able ta bmd to [Cu(dpa)(OH2hI2+ as a bIdentate ligand to fmm a 

four-membered ring.60 The dISSOcIation constant, Kd, for acetate dISSoclatmg trom 
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[Cu(dpa)(OH2hJ2+ was detenmned ta be 3.8 x 10-3 M (log Kd = -2.4). ThIS value IS 

'ilmilar to the wrrespondmg Kd value for aqueous CuOI) (log Kd = -2 2) 98 The 

dlfference m log Kd values between [Cu(dpa)(OH2hJ2+ and aqueous CuO!) IS simllar to 

the dlfference between [Cu( bpy)( OH2)z J 2+ and aqueous CuO!) 99 Our results are 

~omewhat ~urpmIng, from the Kd "alues, there IS no ob~ervable Increase In stabiitty from 

whtch a c'1elate lonna{Ion could be deduced, yer Jt IS known from X-ray crystallographic 

"tudles tha! chelatIon of acetate to [Cu(dpa)(OH2hJ2+ is possible 

The rCu(dpa)(OH2JzJ2+ complex catalyzes the hydrolysis of MeOAc at pH 7 and 

25 oC wnh a turnover ume of 23 mmutes (tïg 58) ln thiS system. product mhIbmon 

'ihould he neghglble when the product concentrauon IS less than the dIssociatIon constant. 

Indeed, up to three turnovers can be observed Wlthout slgmficam decrease in th~ hydrolysis 

rate. 

6.3.3 Rate Comparison to Real Enzymes 

ln order ta compare the efflCIency of the copper complex with real enzymes the 

constants KI and k2 (fig. 6.4) must be detennmed. The eqUlhbnum constant, KI, for 

complexatlOn ot methyl acetate to the copper complex cannot be measured duectly. 

However, KI can he approxlmated as follows. There IS a hnear free energy relatlOnshlp 

between the ba'ilclCy of the lIgands, L, and the equihbrium constant for complexanon of L 

ta aqueous Cu(II) (equa!iOn 6 1)100, 

log K = 0 45 (pKa - 7) + 3.26 (6.1 ) 

where K=!Cu(H2Ü)5(L)12+/{ [Cu(H20)612+ + [L]} and pKa IS the aCld dissociation 

constant for the conJugate aCld of L. The pKa of protonated methyl acetate is 

approxlmately _6.0. 101 Therefore, usmg equation 6.1, the eqUlhbrium constant for 

bmding methyl Jcetate ta aqueous Cu(II) should be about 2.6 x 10-3 M-I This is an 

extended extrapolatIon con~ldenng that equauon 6.1 is based on a senes of 3-, 4-, and 5-

subsmuted pyndme~ However, log K for L=-H20 calculated from equatlon 6.1 {log K = 

IJHStab,lIty Constants OJ ,'rie tai-Ion Complexes, Complied by L G SI\len and A E Mane\l, SpeCial 
~UbhCal!On No 17. The cheffilc.ù Society, Bu.lmgton House, W 1, London, 1964 
9R Gnesser. B PnJs. and H Slgel,lnorg Nucl Chem Let/ers, 1969, 5,951 

\(Xlal M S Sun and 0 G Brewer. Can J Chem, 1967,45,2729 b) J Hme. Structural Effects On 
Equ",brla ln OrgamL Cheml,Hry, Wlicy, New York, 1975, p 1~. 
lOIR A Cox.md K Yates. J Am Chem Soc. 1978. 100.3861 
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0.45 ( -1.72 - 7) + 3.26 = -0.66} is in good agreement with what it should be Ilog K = 

log(6/55) = -0.96}. 

Kinetic analysls of the pH-rate profile (fig. 5.1) glVes Klk2=1 x 10-' M·ls·1 

Assuming that the affinity of methyl acet.1te for aqueous copper JI1Ù for ICu{ùpa)(OH:!)212+ 

are comparable, then k2 = 3.8 x 10- 1 S·I (half-llfe = 2. s) Tlll~ IS a 10'> told rate 

enhancement over the water rate (3 x 10.10 s'I) 102 for tree methyl aectare hydrolysl~ 

T.lis is truly a spectacular rate acceleration for such a "Impie catalyst Tre k2 value 1" 

comparable to the kcaL values for chymotrypsm cataly I~Ù hyùrolyse~ of ester" (5 '\ 1 0. 1 ~. 

1 ).103 However, nature's most effiCIent esterase. Whldl hydroly les the neurotran~lllllter. 

acetylcholine, is m a league by Itself (acetylcholinesterase: kç.ll = 2. 5 x \(t~ ,,·1) 1()4 

The rate of ICu(dpa)(OH2hI 2+ catalyzed hydrolysis ot acctykhohne I~ al:tually 

slower than that observed for MeOAc even though the uncatalY/eù rate 01 hyLirolysls ot 

acetylcholme is faster than MeOAc (table 5.4). ThiS is probably due to a 'imaller hllldmg 

constant of acetylcholine to the metal arIsmg from unfavourable electro',[atlc II1teractlOlls 

between the two positively charged molecules It was antlclpated that bmdlllg ot 

acetylcholine to the metal complex would be mcreased by placmg carboxylate groups m the 

5 positions of the dipyndylamine lIgand as shown below. 

Unfortunately, this system was inactIve at catalyzing the hydrolysls of e"iter~i. Placmg 

negatively charged groups al the aforementioned positions makes the ligand macce"islble for 

N,N-coordination to Cu(II), as a result, precIpitatIOn of the met al occurs In neutral to 

alkaline pH. 

102J. P Gulhne, J Am Chem Soc. 1973, 95, 6999 
103C. Walsh, En:zymatlc ReactIOn Mechamsms. Freeman, San Franclsw, 1979, p 79 
104L. Stryer, BlOchemlstry, Freeman, New York, 1981, 2nd Edwon p 890 
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6.4 REQUIREMENTS FOR MET Al.. COMPLEX CA T AL YZED 
HYDROL YSIS OF AMIDES vs ESTERS 

There IS a great deal of interest in developing catalysts that hydrolyze amides. 

Researchers who are designing. synthesizing and examining organic systems that in sorne 

way mimic or model enzyme acnvity very often use p-nitrophenyl esters as substrates.95 It 

is convenient for the scientist ta use p-nitrophenyl esters since their hydrolyses can be 

followed easily by spectrophotamerry. In contrast, amtdes are much less reactive than 

esters and the hydrolyses reactions are much more difficult ta mOnh)[ There is a real need 

to test the actiVlty of anificial enzymes directly on amides smce the st! l( ':lral requirements 

of a catalyst for hydrolyzing a p-nitrophenyl ester (or an unactivated ester such as MeOAc) 

are nOl the same as those for hydrolyzing an amide. 

There have been only a few ex amples of significant c.ltalysis of amide bond 

hydrolysis. A priruc: i"eason for this lack of reactivity is that many divalent melal complexes 

deprotonate in weakJy basic solution to gIve complexes of the type 10105 (fig. 6.8) when 

coordinated to primary and secondary amides. When deprotonated, these complexes are 

not susceptible to nucleophilic anack by hydroxide ion.106 Amide hydrolysis at neutral pH 

proceeds according to a rate-limiting tetrahedral intermediate breakdown mechanism, 

because, contrary to ester hydrolysis, which involves the relatively facile expulsion of an 

alkoxide leaving group, amide hydrolysis involves a po or leaving group (RNH-) which 

must be protonated either prior to, or in concen with C-N cIeavage. Therefore, in order for 

a metal catalyst to display significant rate accelerations for hydrolyzmg amides, it is 

necessary for the catalyst to facilitate the rate-limiting tetrahedral intennediate breakdown 
step. 

A' 0 

Y- + w 

AN 

10 

Figure 6.8 Metal Ion deprotonatlon of pnmary or secondary amides. 

There are two major requirements for a metaI catalyst to efficiently hydrolyze 

amides. One eritenon stems from stereoeleetronic considerations: the large rate 

105For a revlew see H. Slgel dIld R. B. Marun, Chem Rev. 1982, 82, 385. 
l06R. W. Hay. A. K. Basak, M. P PuJan, and A. Peroll1, J. Chem Soc Dalton Trans .. 1989, 197 and 
references therem. 
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enhancements for amide bond hydrolysis displayed by Graves' model (fig. 4.15) was 

partIy anributed to favourable Ione pair orientations which facilitated the CoN bond c1eavage 

step. Therefore, any· geometrical restrictions Imposed on the armde by the metaI complex 

should not preclude such stereoelectromc requirements. The other requuement IS that the 

metal should not interact wnh the leavmg nitrogen at the tetrahedral mterrnedlate stage 

where the nitrogen has developed full basIC character, smce. this would mhibIt the reqUlred 

protonation at nitrogen. A metal coordmated to the leaving mtrogen (RNH2-M) cannat be 

nearly as good a leaving group as a proton (RNH3+).107 A dlfferem SItuauon eXlses tor 

ester hydrolysis, where, in contrast to CoN cleavage with amIdes, C-O deavage oceurs 

without prior protonation. Thus, coordination of the metaI to the leavmg alkoxIde oxygen 

(as shown in fig. 6.7) improves leaving group ability in thIS case. Therefore. 

[Cu(dpa)(OH2h]2+ mediated hydrolysis of amIdes and esters should r.ot occur by the same 

mechanism. 

6.5 Cu(II) COMPLEX CATALYZED HYDROLYSIS OF AMIDES 

The [Cu(dpa)(OH2h]2+ complex catalyzes the hydrolysls of DMF at a rate of 1.3 x 

10-4 M-Is-I at pD 8.0, 100 oC, whereas [Cu(terpy)(OH2)!2+ does not catalYle the 

hydrolysis of DMF to any significant extent. It IS estlmated lhat the diaqua complex is at 

least two orders of magnItude more reactive than the monoaqua complex lfl hydrolYllflg the 

amide.94 

For monoaqua complexes such as [Cu(terpy)(OH2) 12+, two kinettcally 

indistinguishable mechanisms are possible: the leWiS aCld mechanism (mechamsm a), and 

the metal-hydroxide mechamsm (mechanism b). For diaqua complexes an additJonal 

mechanism is possible (mechanism c) in WhiCh the leWIS acid mechamsm and the metal

hydroxide mechanisrn are combined (fig. 6.9). If eIther mechanism a or mecharmm b IS 

more efficient than mechanism c then the reacnvlty of monoaqua metaI complexes -;hould 

be comparable to that of diaqua met ai complexes. If mechamsm C IS most effiCIent then 

diaqua metaI complexes should he more reactlve than monoaqua complexes. It I~ unlikely 

that the difference in reactivity between the two complexes IS due to any stene efteet Stnce 

[Cu(terpy(OH2)]2+ is slightly more reactive than ICu(dpa)(OH2hJ2+ \TI hydrolYlIng pNPA 

(table 5.1). Also, it is unlikely that the difference m reactiv'ty is due to any electronIc effect 

since the difference in the acidity of the water molecules coordinated co the metal Ion In 

l07L. M. Sayre, J Am. Chem Soc. 1986, 108. 1632 
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rCu(dpa)(OH2hJ2+ (pKa = 7.2) and [Cu(terpy)(OH2)J2+ (pKa = 8.0) is less than an order 

of magnitude. 

mach.nlsm a 
Lewis aCld mechaOlsm 

o 

tH." 
'OH 

mechanllm b 
metal-hydtoxlde mechamsm 

machanlsm c 

Figure 6.9 Possible mechanlsms for Cu(II)-complex catalyzed hydrolysis of amides. 

The simplest mechanism that can account for the difference in the reactivity between 

(Cu(terpy)(OHûJ2+ and [Cu(dpa)(OH2h]2+ is shown in figure 6.10. 

Producta 

CuT1 CuT2 

Figure 6.10 Propesed mechanism 1er [Cu(dpa)(OH2)2]2+ catalyzed hydrelysis of amides. 

Except for the involvement of the metal complex, the mechanism shown in fig. 6.10 is 

essentially the same as that for the uncatalyzed mechanism for amide hydrolysis (fig. 4.1 0). 

The proposed mechanism shows an acceleration for the formatIon of the tetrahedral 

intermediate CuTI. Although the rate-detennining step is most likely 10ss of amine from 

the tetrahedral intermediate, it would be wrong to suggest that the catalytic acceleration of 

the attack of water will result in no observable catalysis of the overall hydrolysis. The 

effect of the met al is to increase the concentration of a normally insignificant, but highly 

reactive, intermediate species. Therefore, one way to accelerate the rate of amide 
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hydrolysis would be to stabilize the tetrahedral intermediate T2 (fig. 4.10) chereby 

increasing its steady-state concentration. [Cu(dpa)(OH2hI2+ stabihles T2 by I.:helation 

(CuT2). This four-membered ring intermediate is similar to the one proposed for 

[Cu(dpa)(OH2h]2+ catalyzed hydrolysis of MeOAc. 

The cleavage of the C-N bond is rate determimng but thls does not make the 

distinction betwel!n mechanisms a, b. or c moot. Mechamsm c can be much more effiCIent 

than mechanism a or b if the equilibrium concentratIon of the doubly coordinated 

tetrahedral intermediare is greater chan the eqUIlibrium concemration ot the s1I1gly 

coordinated tetrahedral intermediate (arising from mechamsm a or b). Furthennore. it is 

not the acceleration of the tetrahedral intermediate formatIon step that makes mechanism c 

more efficient than the other two mechanisms but lt IS the consequences of slich a 

mechanism on the C-N bond cleavage step. The tetrahedral mtermedlates ansmg from 

mechanism a, b, ~md c are depicted in figure 6.1l. The reactlve intennedlates are C uT2 

and CuT4. It is more likely that CuT4 will ariS\! from CuT3 (mechamsm b) than from 

CuTS (mechanism a) since Metal bound alcohols are more aCldlc than free akohols. 

Breakdown of the tetrahedral intennedlates to products can be thought of as a nudeophllic 

displacement (of nitrogen) at carbon by the lone paITS on the two oxygens, and the rate of 

this process should be directly related to the nucleophilicity of the electrons on the oxygcils 

in the tetrahedral intennediate. If this is the case, then CuT4 (mechanlsm b) -;hould be 

more reactive than CuT2 (mechanlsm c). However, mechanism c provldes stabtlizauon of 

the tetrahedral intermediate through metal chelation, thus, the lower reacuVIty of CuT2 

compared with Cu14 is more than compensated for by as greater concentratlon. What 

makes mechanism c Most efficient is stabilizauon of the tetrahedral mtermedtate through 

chelation, and the pKa lowering effect of the met al to enhance the nuc\eophIlicIty of the 

second oxygen in the tetrahedral intermediate. 
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Figure 6.11 Proposed tetrahedrallntermedlates aflslng fram mechanlsms a . b. and c 
for Cu(II)·camplex catalyzed hydrolysls of amides 

There are other possible mechanisms which are available for diaqua metal 

complexes but not for monoaqua metal complexes. Figure 6.12 depicts one other 

possibility. 

n OH 

>-{ ~ I~H 
HN 'cu"~C 

U 'o.H ""', _N H 

\ J 
CuT6 

+ HHM'2 

Figure 6.12 [Cu(dpa)(OH2)2]2+ general base/acld catalyzed hydrolysls of amides. 

In this mechanism, the intermediate CuT6 may arise from the metal-hydroxide mechanism, 

Lewis acid mechanism, or as shown in the figure, it may arise from a general base 
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mechanism. The rate-limiting C-N cleavage step may be accelerated by the coordmated 

water molecule acting as a general aCld catalyst. Based on the ... ucees... tor 

[Cu(dpa)(OH2h]2+ medIated hydrolysis of phosphate esters and carboxyhc esters, ~U1d the 

ease with which thlS complex may form four-membered nngs. the mech'U11..,m ~hown 111 

fig. 6.10 is preferred overthe one shawn In tïg. 6.12. The mechaI1l~m 111 tlg. 6 10. wl1lch 

employs simuitaneous carbonyl activatlon and mtramolecular metal-hydnlXlde partIcipatIOn. 

parallels the mecharIisms proposed for Cu(II)-complex mediated hydrolysis of phosphate 

diesters and MeOAc, while at the same ume lt satistïes the reqUlremenb necessary for 

metal-compLex catalyzed hydrolYSlS of amtdes dtscussed In the prevlOus sectIOn. 

Although the reaction is carried out near neutral pH, hlgh tempe ratures (100 OC) an' 

required ta observe armde hydro!ysls. The rate enhancement for ICu(dpa)(OH2hI2+ 

catalyzed hydrolysis of DMF IS not spectacular The Cu(ll)-complex cataly les tht> 

hydrolysis of DMF only 40 rimes faster than the free hydroxlde rate under the same 

conditions (table 5.5). However, [Cu(dpa)(OH2hI2+ IS two orders Dt magnItude more 

reactive at hydrolyzing unactlvated amides than [Cu(terpy)(OH2)12+ The tormer complex 

is unique in that it IS able to stabilize four-membered chelates and lt does not decompo ... e al 

high temperatures. Other Cu(ll)-diaqua-complexes are not stable at hlgh lemperatures 

6.6 CARBOXYPEPTIDASE A: AMIDE HYDROLYSIS MECHANISM 

6.6.1 CPA Active Site 

Bovine carboxypeptidase A is a hydrolytic metalloenzyme of molecular welght 

34,472 containing one zinc ion bound to a simple polypeptide chain of 307 ammo aClds toM 

Its biological function is the hydrolysis of C-terminal ~mino aClds from polypeptide 

substrates, and it displays a preference toward those substrates possessmg large, 

hydrophobic C-terminal slde chains such as phenylalarune. 

The enzyme is active in the pH range 6.9 to 9.0 Wlth the maximum actIvIty occunng 

around neutrality. The zmc Ion is essenual for mamtaming the en.lyme\ actlvlty The 

apoenzyme produced by removal of the metal IOn by competitIve complexatlOn wlth 

chelating agents such as 1,1O-phenanthroline is completely mactIve, but the en/yme's 

reactivity is restored on addmg the reqUlred amount of metal Ion ASlde from pepuda.'ie 

108D. W. Chnsl1anson and W. N Lipscomb, Ace Chem Res. 1989,22,62 
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activity, CPA has aIso been shown to possess esterase activity. Other transition metal ions 

like Co2+, Ni2+, Mn2+, and Fe2+ are known to be good substitutes for Zn2+ but with 

varying degrees of enzyme acuvity.l09 

The first high resolution X-ray structure of carboxypepudase A included the slow 

reactIng substrate glycyltyrosine in the enzyme's actIve site. llo The X-fay structure 

revealed that the ZinC ion was coordinated [Q the enzyme through [WO histIdmes (His-69, 

His-196) and glutamic acid (Glu-72). The carbonyl oxygen of the amIde substrate 

coordinated to the metal by displacing the metal bound water molecule. The only parts of 

CPA which are near enough to the peptide bond to be directly involved m the catalysis are 

Glu-270, Tyr-248, Arg-127, and Zn2+. The only other group of the prote in within 3Â of 

the substrate's amide bond is Arg-145 is considered ta aiJ fi substrate bmding. I10 A 

generaIized picture of this complex is shown in figure 6.l3. 

1\ 
GIU 27yO 

O· 

Rgure 6.13 Glycyltyroslne ln active site of Carboxypeptldase A. (ret.110) 

109J. T. Groves and R. M. DIas m The Coordu"ltIon ChemlStry of Metalloenzymes. 1. Serum. R. S. 
Drago. C. Luchmat, Eds. D. Reldel Pubhshmg. Dordrecht. 1983. pp 79-92. 
11Ow. N. Lipscomb, Ace Chem Res. 1970,3,81. 
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6.6.2 Possible Mechanisms Proposed From Previous Model and Enzyme Studies 

The hydrolytic mechanisrn of CP A has been the tople of much ùcbate. Bascù on 

the arrangement of functIonal groups In the enzyme's actIve sile. there have been several 

different rnechamsms proposed for the actlon of carboxypeptiùase A. It IS now generally 

accepted that Tyr-248 is not involved in catalYSIS. Usmg sile ùlrected mutagenesis. Tyr-

248 was replaced by phenylalanine. ThIS Phe-248 mutant of CPA retaIned us caralync 

ability ta hydrolyze peptIdes or relare esters at near normal aCtlVI[Y III 

Investigations on the hydrolYSIS catalyzed by CP A on HS natural and artlhcial 

substrates have resulted 10 sorne contllcting opmIOns regardmg the mcehanism of the 

hydrolytic reactions. There are currently three basIC hydrolyuc pathways under 

consideration. The frrst X-ray structure of CPA complexed v;lth the pscudo-substrate 

glycyltyrosine revealed lhal the substrate was bound to the enlyrne with us carbonyl 

oxygen coordmated to the zinc ion of the enzyme. N aturally, researchers thought that the 

metal must act as a Lewis acid, thus, the frrst two mechanlsms thar will be dlscussed will 

involve the metaI actmg in this manner. ln the first mechamsm, the Glu-270 carboxylate 

serves as a nucleophùe to afford an acyl enzyme mtermedlate whlch IS sub~equently lablll 

to hydrolysis (fIg. 6.14(a». EVidence for thlS mechanism mcludes the apparer t 

spectroscopie detection of an accumulating mtermedmte, presumably the acyl enzyme, of 

certain ester substrates at subzero temperature. 112 However, Breslow and Wermck 11] 

demonstrated in a landmark 180 isotope labelling expenment that an acyl enlyme 

intennediate is not involved in the synthe SIS or hydrolYSIS of typical peptide substrates. It 

was demonstrated that CPA catalyzes the 180 exchange m benzoylglycme only In the 

presence of an added amino acid like phenylalanine. As the pnnclple of mlcroscopic 

reversibility would dictate, a hydrolytic enzyme should also catalYle the synthesls of 

peptides. Thus, the observed 180 exchange of benzoylglycine ln the ~··resence of an added 

amine acid can be explained as thallaking place during the hydrolysls of the olpeptlde 

synthesized by CPA. By the same princlple, the existence of an acyl-enzyme mtermedlate 

in the hydrolyuc step would also require 180 exchange ta take place wlthout the added 

amine acid, which is not observed. However, the se researchers dld not rule out an acyl

enzyme interrnediate in esterolyslS. 

llla) S. J. Gardell, C S Crruk, D. Htlvet, M. S. Urdea, and W J RUller, Nature (LoruJon). 1~8S. 317. 
551. b) D Htlvert, SD.] Gardell, W. J Rutter, and E T KaIser. J Am Chem Soc. 1986, IOH,5298 
112a) M. W. MakmeTl, L. C Kuo, and] J Dymowslu, J BIOL Chem. 1976, 254,156 b) M 
W.Makmen. K. Yamamura, and ET. KaIser, Proc Nall Acad. SCI USA 1976, 71, 3882 
113R Breslow and D. L. Werruck, J Am Chem Soc. 1976, 98, 259 b) R. Breslow and D L Wcmlck, 
Proc. Natl Acad SCI USA. 1977, 74, 1303 
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Figure 6.14 Proposed LeWIS aCld mechanisms for CPA catalyzed reactlons: 
(a) Nucleophilic mechanism for Glu·270, 
(b) General base mechamsm for Glu·270. 

+ 

(ref.114) 

ln the second mechanism, the zinc ion acts as a Lewis acid and the Glu·270 behaves as 

a general base delivering a hydroxide ion to the carbonyl group to forrn the tetrahedral 

intennediate. In the second step, Glu-270 acts as a proton switch by transferring a proton 

from the oxygen of the tetrahedral intennediate to the leaving nitrogen thus pennitting a 

catalyzed decomposinon of the tetrahedr:.1 interrnediate in the forward direction. 1 14 The 

mechanism is shown in figure 6.14(b). Evidence for such a mechanism is given in 

Schepartz and Breslow's enzyme model for carboxypeptidase A.114 In this model, 

114A. Schepartz and R. Breslow, J Am. Chem Soc. 1987, 109, 1814, 
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Co(m)-chelated amides undergo hydrolysis with btfunctional buffer catalysls. The Co( lin 
centre behaves as a lewIS acid and acetate buffer (or phosphate buffer) mlmlCS the role of 

Glu-270 (fig. 6.15). 

OH -

Figure 6.15 Hydrolysis of an amide ln a carboxypeptldase model uSlng Co(llI) and 
blfunctlonal catalysis. (ret. 114) 

Sorne researchers believe that glycyltyrosine may be bound wah CPA ln a 

nonproductive manner. The structural information on enzyme-pseudo substrate complex, 

though extremely useful. may not totally represent the bmding ot the en!.yme and the 

typical r~active substrates. More recently, the X-ray structure of CPA-glycyltyrosme 

complex has been detennined with hlgher resolullon (l.6 Â resolutlon) 115 It was 

deterrnined that both the peptide carbon yi oxygen aJl.d the arnmo terminus (as the tree hase) 

coordinate to the zinc Ion in a chelate interaction. The zmc-carbonyl coordmauon may be 

sirnply a consequence of the chelate effect. The N-unprotected dlpepude, glycyltyro'iInc, IS 

hydrolyzed nearly 5000 urnes more slowly than N-protected peptIdes; therefore, the !.mc

carbonyl interaction cannot model a productive mteraction m the mechamsm of peptide 

hydrolysis. It IS like~y that all dipeptide substrates of CPA that carry an unprotected ammo 

terminus are poor substrates because of such favourable bldentate coordmatIon ta the metal 

ion of the enzyme. 

Lipscomb, as weIl as other researchers, beheve that a more productive 

representation of enzyme-substrate interaction may be found m the complex ot CPA Wlth 

the substrate artalog, 2-benzyl-3-(p-methoxybenzoyl)propanoic acid, m WhlCh the mtact 

1150. W. Chnstianson and W N. Lipscomb, Proc Natl Acad SCI USA, 1986.83, 7568 
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carbonyl of thIS ketone is not coordinated co the metal but is H-bonded to the guanidinlUm 

moiety of Arg-127. The mechanistic role of the metal may he to promote a water molecule, 

Wlth the assistance of Glu-270, to attack a peptide bond polarized by Arg-127. 

Evidence for a metal-hydroxide mechanism was provlded m Groves and Baronts 

enzyme model. I16 In thlS model, due to geometric restnctIons, coordinatIOn of the amIde 

carbon yI oxygen to the metal is prevented. Rate enhancements of 1.7 x 107 and 5.3 x 108 

over the free hydroxide rate are observed for the Co(III) mediated amide hydrolysis of 11 

and 12 respectlvely (fig 6.16). The mechanism involves a meral-hydroxlde attack on rhe 

amide acyl carbon. Compared WIth 11, the presence of a pendant carboxylate Ion as in 12 

increases the observed rate of hydrolYSlS by two fold. The carboxylate ffilmlCS the role of 

Glu-270 by removing the proton from the mitially formed tetrahedral intermediate and 

transfering It ro the leavmg nitrogen in order to facilitate decOmpOSItlOn of the tetrahedral 

mtennediate. 

11 R. CH, 

12 R. CH2C02' 

Figure 6.16 CPA model tor the metal hydroxlde mechanlsm. (ret 116) 

Recently, X-Tay structures ofnonactivated ketones such as 5-benzamido-2-benzyl-

4-pentanoic acid and N-(tert-butoxycarbonyl)-5-amino-2-benzyl-4-oxo-6-phenylhexanoic 

1161. T. Groves and L. A. Baron, J Am Chem. Soc. 1989, 111, 5442. 
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acid complexed to the enzyme were detennined. 108 The SmIctures show that these ketones 

bind to the enzyme as tetrahedral hydrates, more tmportantly, the hydrated ketones 

coordinate in a bidentate fashlOn to the active site lillC Ion of carboxypepndase A (fIg 

6. 17(a». The result IS surpnsmg consldering that these ketones are estImated 10 eX1st kss 

than 0.2% 10 the hydrated form in solutIon. The enzyme has perfonned a hydrauon 

reaction on the intact carbonyls of the ketones to result ln the gem-dlOlate .lilalogue ot the 

proteolync tetrahedral mtermedlate. 

ChristIanson and Lipscomb have classified the se ketones a~ reaccwn C(}OrduUlte 

analogues. ThIS term de scribes reversibly reactIve substrate analogues that bmd to en/yme 

active SItes as analogues of catalytIc intermedtates. A reactlOn ;,;cordmate :malogue c;m 

undergo a reverslble chemlcal reactIon Idenucal wlth the fmt elementary ~tep(s) ot 

catalysis, yet it cannot complete the chenustry of the entue catalytlc cycle due 10 a 

subsequently msunnountable barrier (e.g. in thlS case, the expulslOn of an unfavourable 

carbanlOn).108 

OH 

GIU2~. ____ .... :XR~ .......... A~' 
\/ U7 

Znh 

/1" 

GIUnv--( OH ...... R:.<,R' 
O····· .. ··HO O·· .. ······A~· 127 

\/ 
Zn 2 • 

-'1 " 

Figure 6.17 

(a) Carbonyl·contalnlng reactlon·coordlnale analogues 
blnd to the Zn2

+ of CPA as hydrate adducts ln a bldantate 
fashlon (ref 108) 

(b) Proposed tetrahedrallntarmedlate for CPA catalyzed 
hydrolysis of peptides (ref 108) 

(c) Proposed tetrahedral tntermedlate for [Cu(dpa)(OH2ll+ 
catalyzed hydrolysis of DMF 
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6 . 6 . 3 Proposed Alternative Mechanism 

It IS Impossible to prove enzyme mechanisms based on simple model studies or 

structures of enzyme-pseudosubstrate complexes. Nevertheless detru.led mechanistic 

studles on Simple enlyme models can pro vide valuable inslght into how enzymes work. 

Interestmgly, the mechanism for /Cu(dpa)(OH2hI 2+ catalYled hydrolYSIS of 

dimethylformaImde appears to parallel the mechanism for carboxypepudase A catalyzed 

hydrolysis of pepndt>s 80th reactIons Involve the formatIOn of a four-membered nng 

bldentate complex (hg 6 17). Chnstianson and Lipscomb used the X-ray structure of the 

CPA-hydmted-ketone complex to support a metai-hydroxlde mechanism, (mechamsm b of 

fig. 6.9) but considenng the present results on Cu(ll)-complex catalyzed hydrolYSIS of 

amIdes, the aforementioned X-ray structure suppons a double actIvatIon mechanism 

(mechamsm c) even better. The role of Glu-270 would be ta act as a proton switch to 

transfer a proton from the oxygen of the tetrahedrai intennediate to the leavmg mtrogen. 

Unfortunately, m the Cu(II)-complex model, buffer catalysis is not observed. AddItIon of 

phosphate to mimlc the role of Glu-270 inhlbits the Cu(II) catalyzed reaction due to 

complexanon of the phosphate to the metai ion. Simi1arly, buffer catalysls IS not observed 

Wlth the additIon of acetate buffer. 

There has been much controversy as to whether the met ai ion catalyzed hydrolYSIS 

of amides by CPA would occur by a leWIS acid (mechanism a) or by a metal-hydroxide 

mechanism (mechanism b). Enzyme models exist 10 support either mechanism, however, 

this distmction may not be crincal smce mechanism c was observed to be more efficient 

than euher mechanism a or b for Cu(II)-complex catalyzed hydrolysis of formamides. 

Funhennore, the mechanism seems 10 parallel the mechanism for CPA catalyzed hydrolysis 

of peptIdes. In future enzyme model studies, a bifunctional mechanism (mechanism c) for 

the role of the metallon of CP A should be taken i;1to conSIderation. 
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EXPERIMENTAL (PART 1 and PART II) 

7.1 GENERAL 

IH NMR and l3C NMR were taken on Vanan XL-2ùO and XL-300 "pectrometers 

respeetively. Data IS reponed in pans per mIllion (ppm) downfIeld from the followmg 

referenees: tetramethylsilane (CDel3) and 3-(trimethylsIlylH-propiUle-sulfol11c aCla (D20) 
for IH NMR; 13CDe13 (877.0), 13CD3S(0)CD3 (839.5), or IA-dlOXime (8 66 5 ll~ed tor 

D20 solutions) for 13C NMR. The resldual proton ~lgnals of DMSO and methanol 
(assigned values of 8 2.49 and 8 3.3 for 1 H NMR) were used as reference In the"c 

solvents. 

Kinetic studies were camed out by a UV -VIS method usmg a Hewlett-Pack:.lrd X45l 

diode array spectrophotometer eqUlpped with a Lauda RM6 thermostat or a PYE UNICAM 

PU88 UV NIS spectrophotometer eqUlpped wah an Accuron SPX 876 Senes 2 

Temperature Programme Controller. 

Titrations of metal complexes were camed out wlth a RadlOmeter PHM63 pH meter 

equipped with a Radiometer RTS822 automat!c tItnttor and a warer bath them1O~tà... 

Elemental analysis were performed by Guelph Chemical Laboratones Ltd. 

Tetrahydrofuran was dlstilled from sodIUm benzophenone ketyl Toluene wus 

dried over sodIUm Wlre. N,N-Dimethylformannde was dned by shakmg wtth KOH 

followed by distillatIOn, at reduced pressure, from BaO. 

Thin-layer ehromatography (1.1.e.) was performed usmg Kleselgel 60 F254 

aluminum-baeked plates (0.2 mm thickness) and visuahzed by UV (À 254 nm) usmg a 

Ultraviolet Produets !ne. Model UVG-54 Mineraltght Larnp. Kleselgel60 (Merck 230-400 

mesh) silica gel was employed for column ehromatography. 

7.2 MATERIALS 

The following chemieals were purehased from Aldrich Chemlcal Company and 

used without further punfication: l ,1O-phenanthroline, neocupro1ne, 2,2'-ulpyndylamme, 

2,2'-dipyndylketone, 2,2':6',2"-terpyndine, 4-nitrophenyl acetate, methyl tnfluoroacetate, 

methyl acetate, and 4-ethylmorpholine. Bis(p-nitrophenyl)phosphate and the blOloglcal 

buffers, MES and CHES were purchased from Sigma Chemical Company 
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The following compounds were synthesized according to the literarure procedures: 

B is(2 ,4-din itrophen yl)phosph ate 21c , 2,4-dinitrophenyl phosphate 117, 2,2-

dipyrid Y lmethane 118, 2,2' -dipyrid Y lsulfide 1 19, and 5-n itroneocuproine 120, and trpn. 14 

7.3 SYNTHESIS OF LIGANDS 

2,9-diethyl-l.lO-phenanthroline 

This compound has previously been synthesized in 45% yield by nucleophilic 

alkylation of 1,1O-phenanthroline using 2 equivalents of ethyllithium 121. The following 

procedure avoids the difficult preparation of an ethyllithium solution: To a stirred solution 

of phenyllithium (4.32 mmol) in cyclohe',ane/ether (2.26 mL, 70:30 v Iv), neocuprome (0.3 

g, 1.44 mmol) dissolved in 10 mL anhydrous tetrahydrofuran was added dropwise under a 

f10w of nitrogen. The strrring was continued for 1 h at room temperarure during which 

ume a dark red solution resulted. The reaction rruxture was placed in an ice bath and chilled 

to 0-5 oC. Iodomethane (0.27 mL, 4.3?- nunol) was then added, the temperature was 

slowly raised to room temperature, and the reaction was allowed to stir ovemight. During 

this time, the red colour dlsappeared. Water (10 mL) was slowly added followed by 

concentrated Hel (-2 mL). The aqueous layer was removed and neutralized with sodium 

carbonate. The eTUde reaction product separated as an oil and was extracted with methylene 

chloride (4 x 15 mL). The extracts were combined, ciried (Na2S04), and rotory-evaporated 

ylelding a yellow oil. The product was purified by flash column chromatography over 

sihca gel (ethyl ether, Rr0.54). Recrystallization from ether/water afforded the desired 

product as a colorless solid (0.15 g, 40% Yleld): m.p. (monohydrate) 40-43 oC (11t. 121 43-

44 OC). lH NMR (COCl3, 200 MHz) Ô 1.40 (t, 6H, CH3), 3.26 (q, 4H, CH2), 7.52 (d, 

2H, ArH3, ArH8), 7.66 (s, 2H, ArH5, ArH6), 8.12 (d, 2H, ArH4, ArH7). Coupling 

constants (Henz): JCH2.Clb = 7.6, J ArH3.ArH4 = 8.3. 

1170 RawJt and R. M. Mtlburn, J Org Chem. 1981, 46, 1205 
118A. J. Canty and N. J. Mmchm, Aus J Chem. 1986, 39, 1063. 
11ge Chachaty, O.c. Pappalardo, 0 Scarlata, J Chem Soc, Perkin /l, 1976, 1234. 
120L. P Hammett. 0 H. Walden, Jr , and S. M. Edmonds, J Am Chem. Soc. 1934, 56, 1092. 
121p. J PtJper, H. Van der 0001, H Tunmerman, and W. Th. Nauta, Eur J Med Chem ·Chlm Ther .. 
1984, 19. 399. 
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Bis-(2-pyridyl)methylamine 

Under a flow of nitrogen, 2-(methylamino)pyridine (3 g, 28 mmol) was added 

slowly to a strrred suspension of sodium hydride (60% 011 disp., 1 g, 30 mmol) ln dry 

toluene (50 mL). The mixture was gently refluxed for 3 h. 2-Bromopyridine l·t42 g, 28 

mmol) in dry toluene (10 mL) was added dropwise to the above mixture over a penoti of 1 

h and then refluxed for 24 h. The reaction was momtored by t.1.c. (EtOAc, RI O.l)4 for 2-

bromopyndine, Rf 0.38 for 2-(methylamino)pyridine, and Rf 0.55 for the desired producr). 

After cooling, water was slowly added (1-2 mL), the mixture was filtered, .md the '\ohds 

washed with methylene chloride. The filtrates were combined and evaporated ln vacuo ta 

give a yellow liquid. Vacuum distillation (90 oC, 0.01 mm) afforded the deslred protiucl 

(4.4 g, 85% yield) as a colourless liquid. IH NMR (CDCI3, 200 MHL) Ô 363 (s, 3H, 

CH3), 6.83-6.8Q (ddd, 2H, pyH5), 7.15-7.20 (ddd, 2H, pyH3), 749-7 SR (ddd, 2H, 

pyH4), 8.33-8.37 (ddd, 2H, pyH6). Coupling constants (Hertl). Jpy H1-pyH4 = 842, 

IpyH3-pyH5 :::: 0.96, JpyH3-pyH6 = 0.84, JpyH4-pyH5 = 7.18, IpyH4-pyH6 = '2 00, I pyH5-pyH6 

= 4.96; \3e NMR (CDC13, 75.4 MHz) 35.79 ppm (CH3), 114.04 (C3), 116.66 (CS), 

136.90 (C4), 147.88 (C6), 157.49 (C2). Anal. Calcd for CllHIIN3: C, 71.33; H, 599; 

N, 22.69. Pound: C, 70.91; H, 6.10; N, 22.82. 

Bis-[2-(S-bromopyridyl) ]methyla mine 

Bis-(2-pyridyl)methylamine (3 g, 1.62 )( 10-2 mol) dissolved 10 dioxane (30 mL) 

was gradually added to a stirring solution of bromme (5.82 g, 3.65 x 10-3 mol) ID dlOxane 

(60 ml) at 0-5 oc. After the addition, the reaction was allowed to sm ovemlght at room 

temperature. Aqueous sodium hydroxidc, (5% w/v) was added to the reactlon mIxture unul 

it was alkaline to litmus (-90 ml). The mixture was then allowed to 'itIr for a few mmutes. 

The resulting preClpnate was collected and crystallized 10 methanol. RecrystalhzatlOn 

afforded the product as a white fluffy solid (4.72 g, 85% yield). m.p. 103 oC, 1 H NMR 
(CDCI3, 200 MHz) Ô 3.57 (s, 3H, CH3), 7.11 (d, 2H, pyH3), 764 (dd, 2H, pyH4), H.36 

(d, 2H, pyH6). Coupling constants (Hertz): JpyH3-pyH4 = 8.29, JpyH4-pyH6 = 2.23, l1e 
NMR (CDCI3, 75.4 MHz) 36.16 ppm (CH3), 112.21 (C5), Ils 50 (C3), 13967 (C4), 

148.73 (C6), 155.77 (C2). Anal. Calcd for CIl H9Br2N3: C, 38.52; H, 264, Br, 4659, 

N, 12.25. Found: C, 38.42; H, 2.49; Br, 47.00; N, 12.15. 
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Bis-r 2-( S-cyanopyridyl) ]methylamine 

Under a flow of nitrogen, bis-[2-(5-bromopyridyl»)methylamine (3 g, 8.75 mmo1) 

was added tQ dry N,N-dimethy1formamide (30 mL) containmg copper(I) cyanide (3.13 g, 

350 mmol). TIIe mixture was refluxed overnight. While still hot, the dark brown mixture 

was poured into a flask containing concentrated ammonium hydroxide (150 mL) and water 

(150 mL). The mixture was stirred while allowed to cool to room temperature. Methylene 

chloride (250 mL) was added, the flask was stoppered and then shaken until a fine 

suspension resulted. The reaction mixture was fùtered, the organic layer of the filtrate was 

separated and washed with a dilute arnmonia solution (2 x 100 mL) followed by water (lx 

100 mL). The organic extract was dried (Na2S04), filtered, and rotary evaporated ta a 

solid. This crude yellowish solid was recrystallized in rnethanol to aVmd a colourless solid 
(1.49 g, 77% yield): rn.p. 200-205 oC; lH NMR (CDCI3, 200 MHz) 0 3.71 (s, 3H, 

CH3), 7.41 (d, 2H, pyH3), 7.85 (dd, 2H, pyH4), 8.63 (d, 2H, pyH6). Coupling 

constants (Hertz): JpyH3-pyH4 = 8.83, JpyH4-pyH6 = 2.33; l3C NMR (COCI3, 75.4 MHz) 

35.l3 pprn (CH3), 102.99 (CS), 114.25 (C3), 117.10 (CN), 140.12 (C4), 151.82 (C6), 

158.11 (C2). Anal. Calcd for C13H9N5: C, 66.37; H, 3.86; N, 29.77. Found: C, 66.58; 

H, 4.07; N, 29.62. 

Bis-[ 2-(S-carboxypyridyl) ]methylamine 

Bis-[2-(5-cyanopyridyl)]rnethylamine (1.22 g, 5.46 mmol) was dissolved in 

concentrated HC1 (40 mL) and refluxed ovemight. The solution was al10wed to cool and 

the precipitate was collected. The product was recrystallized from water/DMSO ta afford a 
yellowish solid (l.2 g, 80 % yield). 1 H NMR (020 and KOH, pD>9, 200 MHz) 53.34 

(s, 3H, CH3), 7.03 (d, 2H, pyH3), 7.94 (dd, 2H, pyH4), 8.49 (d, 2H, pyH6). Coupling 

constants (Hertz): JpyH3-pyH4 = 8.86, JpyH4-pyH6 = 2.25; l3C NMR (020 and KOH, 

pO>9, 75.4 MHz) 36.78 ppm (CH3), 114.46 (C3), 126.06 (CS), 139.39 (C4), 148.80 

(C6), 158.51 (C2), 173.07 (COO-). Anal. Calcd for C13HllN304·H20: C, 53.61; H, 4.5; 

N, 14.43. Found: C, 53.57; H, 4.19; N, 14.45. 
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2-Bromo-6-methy Ip yridine 

Bromine (7.5 mL, 0.15 mol) was added dropwise to a stirred solution containing 

2-amino-6-picoline (5.4 g, 0.05 mol) in HBr (48% w/v, 19 ml, 0.11 mol) at 0-5 oc. A 

solution of sodium nitrite (8.71 g, 0.15 mol) in water (12.6 ml) was added dropwIse over 

a period of 0.5 h while keeping the temperature at 0-5 oC. The sumng was conunued tor 

an addition al 20 minutes. A solution of sodium hydroxide (13.2 g, 0.33 mol) 10 water (15 

mL) was added al such a rate so that the temperature did not nse above 20-25 oc. The 

reaction solution was extracted with methylene chloride (3 x 20 mL), the orgamc extracts 

were combined, dri~d (Na2S04), and concentrated in vacuo to glVe an oil WhlCh wm; 

vacuum distilled (b.p. 76-79 oC, 12 mm) [lit. 122 b.p. 65 oC (4 mm)l. lH NMR (CDCh, 

200 MHz) Ô 2.55 (s, 3H, CH3), 7.12 (d, IH, pyH5), 7.31 (d, lH, pyH3), 7.45 0, 1 H, 

pyH4). Coupling constants (Hertz): JpyH3-pyH4 = 7.5, Jpy H4-pyH5 = 7.5. l1C NMR 
(CDC13, 75.4 MHz) 14.83 ppm (CH3), 120.45 (C5), 127.72 (C3), 141.3~ (C4), 147.41 

(C2), 159.69 (C6). 

2-Bromo-S-methylpyridine 

This compound was prepared in 90% yleld in a manner identIcal to that descnbed 

for the preparatIon of 2-bromo-6-methylpyridine from 2-amino-5-methylpyndine. Vacuum 

distillation gave a colourless liquid: b.p. 80 oc (80 mm), which solidlfled at room 

temperature, m.p. 41-44 oC, 11t. 123 (45 OC). 1 H NMR (CDCl3, 200 MHz) 0 2 30 (s, 3H, 

CH3), 7.35, 7.38 (s, 1 each, pyH3 and pyH4), 8.20 (s, 1H, pyH6). \3C NMR (CDCh, 

75.4 MHz) 17.66 ppm (CH3), 127.41 (C3), 132.40 (CS), 138.85, 139.23 (C2 and C4), 

150.31 (C6). 

Bis-[2-( 6-methylpyridyl) ]amine·HB r 

2-amino-6-picoline (0.31 g, 2.9 mmol) was placed m a flallk contaming 2-bromo-6-

picoline (0.5 g, 2.9 mmol) and w~ lused at 180 oC for 2 days. The progress of the 

reaction was monitored by t.l.c. (EtOAc : Rf 0.82 for 2-bromo-6-plcolme, Rf 0.36 fOf 2-

122G. R. Newkome, D. C PantaIeo, W. E Puckeu, P L Zlelle, and W A DeuL,>ch, J lnon: Nud 
Chem , 1982, 43, 1529. 
123G. ThyagaraJan and E. L May, J Hel Chem, 1971,8,465 
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amino-6-picoline, and Rf 0.62 for product). The black solid obtained after cooling was 

dissolved in methanol, deeolorizing eharcoal was added and the mixture was boiled with 

stirring for 5-10 min. While still hot, the mixture was filtered, the filtrate was rotary 

evaporated to a solid, and the erude product was recrystallized from H20 as the 
hydrobromide salt (0.48 g, 60% yield). 1 H NMR (DMSO-d6, 200 MHz) Ô 2.62 (s, 6H, 

CH]), 3.38 (broad s, IH, NH), 7.17 (apparent t, 4H, pyH3 and pyH5), 8.0 (apparent t, 

2H, pyH4). l3C NMR (DMSO-d6, 75.4 MHz) 20.94 ppm (CH3), 110.17 (C3), 116.35 

(C5), 141.27 (C4), 151.18 (C6), 159.26 (C2). Anal. Calcd for CI2HI4BrN3·2H20: C, 

45.58; H, 5.74; Br, 25.27; N, 13.29. Found: C, 45.67; H, 5.38; Br, 25.5; N, 12.96. 

Bis-[2-(5-methylpyridyl) ]amine 

Under a flow of nitrogen, 2-amino-5-methyl pyridine (0.63 g, 5.82 mmol) in dry 

toluene (-20 mL) was added dropwise to a stirred solution containing sodium hydride 

(60% oil disp., 0.233 g) in dry toluene (20 ml). The mixture was allowed to stir at room 

tempe rature for 2 h during which time the colour of the reaction mixture became dark 

brown. 2-Bromo-5-methylpyridine dissolved in dry toluene (20 mL) was then added 

dropwise over a period of 1 h. The reaction mlxture was refluxed overnight. After 

cooling, any unreacted sodium hydride was destroyed by the slow additIon of warer. The 

reactIon solutIOn was washed with water t2 x 30 mL). The toluene layer was isolated, 

decolorizing charcoal was added, and the mixture was heated to a gentle boil for 10-15 mm 

and then filtered. The pale-yellow filtrate was dried (Na2S04), filtered, and rotory 

evaporated to dryness leavirlg a yellow oil. The product was purified by flash column 

chromatography over silica gel (1:1, hexanes:EtOAc, v/v, Rf 0.34) yieldirlg a yellowish 

solid (0.68 g, 60% yield): m.p. 93-94 oc. IH NMR (CDCh, 200 MHz) ô 2.25 (s, 6H, 

CH3), 7.4 (two closely spaced s, 4H, pyH3 and pyH4), 7.75 (broad s, lH, NH), 8.0 

(broad s, 2H, pyH6). I3C NMR (CDC!3, 75.4 MHz) 17.57 ppm (CH3), 110.99 (C3), 

124.88 (C5), 138.44 (C4), 147.28 (C6), 152.24 (C2). Anal. Calcd for C12H13N: C, 

72.34; H, 6.58; N, 21.09. Found: C, 72.16; H, 6.75; N, 21.43. 
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7.4 PREPARATION OF METAL COMPLEXES 

7.4.1 Preparation Of 1:1 Complexes Of CUCI2 With Diamine Ligands 

AlI Cu(II) complexes were prepared by the 1: 1 addition of an ethanolic solut1on of 

ligand to an ethanolic solution of copper(II) chlonde The following IS a general procedure 

for the preparation of Cu(II) complexes of the type, [(L)Cu(ClhJ, where L represents a 

diamine bidentate ligand: 

A solution of diamine (3 mmol) 10 absolute ethanol (10 mL) was added ~lowly, 

with magnetic stirring, to a solution of anhydrous copper(Il) chlonde (DA g, 3 mmoJ) In 

absolute ethanol (15 mL). The resulting precipltate was collected by vacuum filtratIon ,md 

was washed with cold ethanol (4 x 20 ml). 

[Co(neo)(Clhl and [Ni(neo)(Clhl was prepared as described above by substJtutIng 

copper(II) chloride by cobalt(II) chlonde and nickel(ll) chI onde respectIvely. 

7.4.2 Preparation Of Co(lIl) Complexes 

[(trpn)Co(OH2hj3+ was prepared by acid hydrolysis of the corresponding 

carbonato complex. 

This complex was prepared by the method of 

Dasgupta and Harris124, with sorne rnmor modifications. To a stIrred suspension of lead 

dioxide (12 g, 50 mmol), trpn (4.71 g, 25 mmol), and sodium hydrogen carbonate (0.42 

g, 50 rnmol) in ice-cold wateT (150 mL), was slowly added Co(CI04h 6H20 (9 15 g, 25 

mmol) in water (100 mL). The mixture was allowed (0 sur vigorously for two days at 

room temperature. Aqueous perchlonc acid (70% v/v, 6.5 mL, 50 mmol) was then added 

slowly. The mixture was filtered and the volume of the solutIon was reduced ta half by 

evaporation in vacuo. The crude product slowly preclpitated out of 'iolu(IOn which was 

then recrystallized from water (7.88 g, 70 % yield). UV -VIS: À-max 536 nm (E 120), 36X nm 

(e 148), Lit. 125 Âmax 532 nm (e 125),363 nm (E 153). 

124T. P. Dasgupta and G. M. Hams. J Am Chem Soc. 1975. 97, 1733. 
125S. S. Massoud, and R M. Mllbum. lnorg Chlm Acta 1988, 154, Ils 
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[(trpn)Co(H20hJ(CI04}J·2H20 The carbonato complex was 

converted to the corresponding diaqua species by adding aqueous perchloric acid (5 M, 0.5 

mL) to the fmely divided carbonato complex (1 mmol). The resulting effervescent solution 

was stirred ln vacuo (water asprrator) for two hours. The solid diaqua complex is isolated 

by removmg the water by freeze drymg. 126 

7.5 TITRATIONS 

Titrations to de termine the pKa of the water bound to metaI complexes were 

performed on solutIons of metal-ligand complex (5 ml, hnM) and titrated from pH 3 to 10 

using sodium hydroxide (0.01 M). The determination of the pKa of the copper coordinated 

warer molecule for complexes of the type, [(L)Cu(OHz)Z]2+, is compounded by 

dimerization of the copper complex. The acidity of the water molecuie and the equilibrium 

constant for dimerization of these complexes were obtamed by carrying out titrations at 

various concentrations of copper complex (0.25 mM to 10 mM). Sodium hydroxide (0.01 

M) titrant was used to titrate Cu(II) complexes (5 mL) of 0.25 mM, 0.5 mM, 1 mM, and 2 

mM. NaOH (O.lM) titrant was used to titrate Cu(II) complexes (5 mL) of 5 mM and 10 

mM concentrations. 

The equilibnum constant for binding of acetate ta [Cu(dpa)(OH2h]2+ was 

deterrnined by tttrating the copper complex (5mL, 1 mM), from pH 5 to 10 using sodium 

hydroxide (0.01 M) as titrant, in the presence of varying amounts of acetate (1 to 20 mM). 

126M. Banaszczyk. Ph.D. thesls. McGill Uruverslty. 1989. 
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7.6 KINETICS 

7.6. 1 Hydrolysis of Phosphate Esters and pNPA. 

The hydrolysis of BNPP, BDNPP, DNPP, and pNPA were momtored 

spectrophotometrically by following the production of p-mtrophenolate or 2,4-

nitrophenolate at 400 nm. The reactions were camed out under pseudo-first-order rcactIon 

conditions with a large excess of the copper complex over the ester. Butfers were used to 

maintain a constant pH during the course of the hydrolysis reactIon. For pH 5.5 to 6.5. 

MES buffer was utilized; pH 7 to 8, N-ethylmorpholine butfer; and for pH 85 to 10, 

CHES buffer was used. The utùlzation of these buffers dld not mcrease nor mhlbtt the 

copper complex promoted hydrolYSlS reaction. 

First order rate constants were calculated from the inmal slopes of the hnear plots of 

optical density agamst time by convenmg ta concentration umts (E400 ::::: 18000 for p

nitrophenolate, €400= 12S00 for 2,4-dimtrophenolate) and divlding by the mmal phosphate 

ester concentration. Reactions performed at pH<9 for BNPP and NPA hydrolysIs were 

corrected for the degree of ionization of p-nitrophenol (Ka = 7.08 x 10-8). 

In a typical kinetics expenment, a l-cm cuvette was filled wlth a freshly prepared 

aqueous solution (2 ml) contammg the Cu(II) complex (l mM) and butter «UH M) lhat 

had been preadjusted to the deslred pH. The hydrolysis reaCl10n was initmted by inlectmg a 

stock solution of ester (S ilL, 0.01 M) to the above solutIon. For BNPP an aqueous stock 

solution was prepared whereas a stock solution 10 acetomtrile was prepared for BDNPP, 

DNPP, and pNPA. The pH of the reaction did not change dunng the course of the 

reaction. 

7.6.2 Hydrolysis of MT A and MeOAc 

Hydrolysis of MeOAc and MT A were monitored by the pH-stat method. 

MT A hydrolysis: A MT A stock solution (20 ilL, 0.5 M in dIOxane) was added to 

the metaI complex (5 mL, 1 mM) at 5 oc. The productIOn of tntluoroacetlC aCld was 

followed by pH-stat, the pH being maintained wuh sodium hydroxlde (0.01 M) titrant 

The hydrolysis reaction was monitored to completion and the rate con~lant was obtamed by 

fitting the fust three half-lives of the reaction accordmg to a first order kmetlcs equatlon 
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MeOAc Hydrolysis: To an aqueous solution of Cu(U) complex (5 mL, 1 mM) al 25 

oC, MeOAc was added (0.4 mL, final conc. lM). The production of acetic acid was 

foUowed by the identical manner for MT A hydrolysis. The reacuon can be followed up ta 

4 turnovers. 
Production of methanol from [Cu(dpa)(OH2h]2+ promoted hydroiysis of MeOAc 

can be detected by IH NMR. MeOAc (20 mmol) was mixed with [Cu(dpa)(ClhJ (10 mM) 

in a 020 solutIon buffered with lutidine (0.01 M) at pD 7 or pD 8, 25 oC. IH NMR 

spectra were recorded at different rime intervals. 

7.6.3 Transesterification 

Production of ethanol from the transesterification of ethyl acetate to methyl acetate 

in methanol was detected by IH NMR. Due ta the low solubility of [Cu(dpa)(Clhl and 

[Cu(terpy)(CI)]Cl in methanol, [Cu(NMedpa)(ClhJ and [Cu(dien)(CI)]CI were used as 

potential catalysts. In a typical experiment, ethyl acetate (80 mM) was mixed with 

ICu(NMedpa)(Clh) (20 mM) in CD300 (pD 8) at 50 oC for 3 days during WhlCh time the 

reaction proceeded to 95% completion. 

The transestenfication reaction can be carried out with lCu(terpy)(Cl)]Cl or 

ICu(dpa)(Clhl as the potential catalyst by the addition of 15% DMSO-d6. This aIlows the 

complex to dWiOlve in the methanolic solution. 

7.6.4 MeOAc Synthesis 

Production of methyl acetate from acetic acid and methanol was detected by IH 
NMR by followmg the increase in the lH NMR signal due [0 methyl acetate (ô 2.05). 

Acetic acidlsodium acetate (3:1, 80mM total) was mixed u,ith [Cu(NMedpa)(CI)Zl (20 mM) 

and toluene (80 mM) in C030D. The toluene was used as an internai marker. The 

progress of the reacnon can be quantified by comparing the integrauon area undemeath the 

toluene and MeOAc signais. The integration area of toluene's methyl peak represents 

100% complenon of Ùle reaction. The solution was placed in an NMR tube, sealed, and 

heated to 50 OC for 2 weeks during which rime the reaction proceeded ta 95 % completion. 
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7.6.5 Hydrolysis Of Methyl Phosphate 

The hydrolysis of methyl phosphate was monitored by 1 H NMR by following the 

increase in me lH NMR signal due to methanol. In a typical experiment. 1 eq. of methyl 

phosphate (disodium salt, 4 x 10-5 mol) was added to a 020 solutIon contammg 

[Co(trpn)(OH2)z]3+ (4 mL, 10 mM). The solution was stirred for a few mmutes at room 

temperature. The reaction is initiated by the addition an aliquot (l mL) of the above 

solution to a D20 solution containing [Cu(dpa)(OH2hJ2+ (1 mL, 10 mM) at pD 7. The 

reaction is placed in 3 NMR tube, sealed, and heated to 40 oC. NMR spectra were 

recorded at different time intervals. 

7.6.6 Hydrolysis of DMF 

The hydrolysis of DMF in the presence of Cu(II) complexes was monltored by 1 H 
NMR. by following the decrease fi the lH NMR SIgnal due to DMF (ô 7.92, () 3.0. and li 

2.85) and following the increase in the dimethylarrune peak (ô 2.71). ln a typical kmetIc 

experiment, DMF (10-30 mM) was added to a D20 solution contaming ICu(dpa)(OH2hI2+ 

(5-10 mM) at pD 8. The solution was placed in a NMR tube, sealed, and heated to HX) oc. 
NMR spectra were recorded at different time intervals. 
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CONTRIBUTIONS TO KNOWLEDGE 

Considerable progress has been made in understanding the mechanism of 

hydrolysis of phosphate diesters promoted by simple transition metal complexes. 

1) The efficiencies of a series of structurally related Cu(II) complexes of the type 

[CL)Cu(OH2hJ2+, where L represents a bidentate diamine ligand, have been deterrnined ta 

differ significantly depending on the ligand structure. The mechanism involves an 

mtramolecular metal-hydroxide attack on the coordmated phosphate ester producing a four

memhered nng intermediate. A structure-reactivity relauonshlp has been elucldated based 

on the mechamsm of the hydrolysis reactIon. 

2) The complex [Cu(dpa)(OH2h]2+ has been shown to be the most efficient in 

promoting the hydrolysis of BDNPP; the rate of hydrolYSlS (1 mM Cu(dpa)(OH2h12+) at 

pH 8, 25 oC, is 1.5 x 106 times faster than the hydroxide rate under the same conditions. 

3) The mechanism of hydrolysis of phosphate diesters promoted by [(L)Cu(OH2hI2+ 

has been determined to be the same as that promoted by [(N4)Co(OH2h12+, and m both 

cases, slight modifications to the ligand stfllcture greatly influenced the reactIvlty of the 

complex. The understanding of thiS ligand effect may lead to the rational design of better 

catalytic systems which will he of considerable value in developing artificial restriction 

enzymes. 

The hydrolysis of carboxylic esters and amides catalyzed by simple Cu(II) 

complexes has also been invesngated. 

4) The minimum structural reqUIrements of a met ai catalyst necessary for hydrolyzing 

esters and amIdes have been explainerl in tenns of a detailed mechanistic analysis. 

5) Successful catalyzed hydrolysis of unactivated esters has been achleved. The 

complex ((dpa)Cu(OH2hj2+ efficiently catalyzes the hydrolYSlS of methyl acetate under 

ambient conditions. A 109 fold rale enhancement over the water rate for free methyl acetate 

hydrolYSlS was displayed. This spectacular rate enhancement is comparable to that 

achieved by enzymes. 
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6) The efficiencies of two Cu(m complexes for catalyzing the hydrolysis of amides ln 

neutral water have been investigated. Diaqua copper complexes (e.g. 1 Cu(dpa)( OHù,d2+) 

catalyze the hydrolysis of simple amIdes whereas monoaqua copper complexes (e.g. 

[Cu(terpy)(OH2)]2+) do not. The Cu(ll)-dpa complex has been proposed as an enlyme 

model for Carboxypepudase A, where the hydrolYSlS proceeds by a bl functlonal 

mechanism. 

The following papers have been published as a result of my Ph.D. study: 

1. Jik Chin, Vrej Jubian, and Karen Mrejen. 
"Caralytic Hydrolysis of Amides at Neutral pH." 
Journal of the Chemical Society: Chemlcal CommunicatIOns. 1990.1326-1328. 

2. Jik Chin and Vrej Jubwn. 
"A Highly Efficient Copper(m Complex Catalyzed HydrolYSIS of Methyl Acetate 
at pH 7.0 and 25 oC." 
Journal of the Chemical Society· Chemical CommunicatIOns. 1989. X39-841. 

3. Jik Chin. Mariusz Banaszczyk, VreJ J ubtan, and Xiang Zou. 
"Co(ill) Complcx Promoted Hydrolysis of Phosphate Diesters: Companson ln 
Reactivity of Rigid cis-Diaquotetraazacobalt(III) Complexes." 
Journal of the American Chemical SOCIety, 1989,111,186-190. 

4. Jik Chin, Mariusz Banaszczyk. and Vrej Jublan. 
"Novel Ligand Effect on Cobalt(lli) Complex Promoted HydrolYSIS of a 
Phosphate Diester." 
Journal of the Chemical Society· C hemlcal Communlcatwn~. 1988, 735-736. 
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8 APPENDIX 
Derivation of equation 2.1 

Cu(ll) complexes of the type [(L)Cu(OH2h]2+, dimerize to give a dihydroxy 

bridged dlffier, [(L)CU]2, that IS unreactive in promoting the hydrolysis of esters. The 

concentration of the active monomeric spedes, [(L)Cu], present in solution may be 

determined from the following relationships: 

2 [(L)Cu] --
Kœn = _[(_L)_C_U]_2 

[(L)CU]2 

[(L)Cu12 

Cr = [(L)Cu] + 2[(L)CU]2 

(1 ) 

(2) 

where CT represents the total concentration of Cu(II) complex present in solution. By 

substituting equation 1 into equation 2 one obtains the total concentration of copper 

complex as a function of the concentration of the monomeric Cu(II) species present in 

solution (eq. 3). 

Cr = 2Kc:tlm[(L)Cu]2 + [(L)Cu] (3) 

Equation 3 rearranges to the quadratic equation 4, 

o = 2~,m[(L)Cu]2 + [(L)Cu]· Cr (4) 

and solving the quadratic equation gives the concentration of the monomeric copper 

complexes present in solution (eq. 5) 

. 1 + ~1 + 8~,mCr 
[(L)Cu] = (5) 

The rate of BDNPP hydrolysis prornoted by [(L)Cu] is given by k*[(L)Cu]*[ester]. 

where k IS the second-order rate constant for [(L)Cu] mediated hydrolysis of BDNPP. 

Therefore, 
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(2 1) 

where kobs is the pseudo-frrst-order rate constant for [(L)Cu) promoted hydrolysis of 

BDNPP. 


