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Absfrucr: Th: convenion of a-kc&acids to a-am&acids is performed in soae enzyme model.6 by 
-on, usiog pyridoxamine derivatives. when the pyridoxamixe i6 attached to @cyck&xtrin 
the simpk enzyme mimic shows substrate sckctivity and also the induction of optical activity in the 
products. When base catalytic gmups w attach& to proxy the prawn mm&x6 arc catalyzed by 
the buic groups; if they arc mounted &rally on a rigid framework they also in&cc optical activity in 
the ptoducts. When these lines arc combined, artificial enzymes arc produced that bind a substrate 
selectively and tkn pc_rform a chirnl pmtnn transfer to plo<hre optically active amino acids with e.e.‘s 
ranging from 74% to 96%. 

Two types of combination have been examined. In CM of them tbc optical inductian is only fairly 
good, but in the other the sekctivity is excclknt. The key seems to be the use of a particular bifunaional 
basic catalytic group, an ethylencdiamine. This group is the best yet examined at catalyzing proton 
transfer6 in tranuunination reactions. Its ust in a chiral anificiai enzyme system lead6 to the observed 
high enamiosekctivity. 

Zn~oduct~n. In Nature optically active amino acids are produced by fiction (Scheme 
1). 1 An a-ketoacid teacts with pyridoxaminc phosphott under the influence of a fnnsaminast enzyme to 
form the a-amino acid qnd pyridoxal phospUc (or an qqmatic derivative). ‘Ilmw in a second step a 
second amino acid is sacrificed, tcconverting the pyridoxal phosphate to pyridoxaminc phosphate while 
forming a new a-kctoacid. The optical activity in the product is generally undentood to reflect the 
a6ymmctric environment of the enzyme. 

Such stercosclectivity in an cnqmatic reaction is only one of four types of selectivity commonly 
exhibited by enzymatic proccs6cs.2 They generally 6hOW a selectivity, & selectivity, 

. . . . 
nnoscfecuvlrv,and-. Alloftbcscarcofintcrcstin -t&l leactions, including 
reactions catalyzed by enzyme mimics. We have examined ati of them, but bcrc we will focus on 
stcno6clectivity. Specifically, we will dexribc the current state of our effort6 10 produce optically active 
amino acids by using ani.Gciai m cnxymC6. 

When we attached ~-cyclodextrin to pyridoxaminc we produced a compound 1 that showed 
substrate 6CkCtiVity.3*4 mt is, it sclcctively converted a-ketoacid.6 such as phcnylpyruvic acid or 
indolepy~vic acid to p~ny~~~e 2 or tryptopban 1. because the aromatic ring bind6 into the 
cyclodextrin cavity. The reaction for these a-ketoacids is fasttr with catalyst j, than it is with simple 
pyridoxaminc. because the binding accekntes the rcacticn. By contrast. the rate of -ion of 
pynavic acid to alanine is essentially unaffected by tlx! cyclodexuin ring. Most intcn6tingly. the 
phenylalaninc or tryptophan produced by .l. was optically active. Transamination in the chiral 
cyclodextrin cavity leads to optical induction in the product, although the optical ratio wa6 only 5:l for 
phenylalaniM 2) and 2: 1 for tryptopban (3.). buth preferring the L isomer. 
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Scheme 1: Enzymatic Transamination 
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Such accitkotal production of optical activity, bccauae of the chita& of tht cydodcxti cavity, is 
not very casity con&led. Pbr instance. with a r&ted cwnpoued 3 in which the pytidoxami~ is 
attached on tk sccoadq face of &cyclodcxtrin the optical rcoults were quite diffe=G This 
compound showed no optical ptcfcrcnce in tk formation of phenylal&ite, and a 1.8: I p&futce for I!K 
fotmationof*oypoDgbln. Tbutwetetouttapmduce$rtopdcrlrtivityby,r~nbedtothrt 
usedeqmatka&: puttkprotatonthcnewoptMcuUerintkuninoacidbytntufcrf$ansblUc 
groupkMontkcorrectfaaoftk~int#mdiut. 

In~an(Scbemel)lhaa_lecorcidfoemsa~bse~withpyrkbxrmiDepbo6q?bste, 
andtkpyridiniumfotmofthis~istkn~ aniaalpkcPrbmbyancttzym&ktcgmupto 
fotmanintermediate~tkt ksbo&azwittcrionicandaneutml m farm. This inreftnedi8tc is 
thenprotonrtedoaiLtgrmuarcarboatoformthencwschiflbsse~fhrthy~~toformrhtpoduct 
amino acid and pyridoxll phosphate. [In the cnqmatic tea&on, this “hydrolysis” is normally an 
aminoiysis by the lysinc &NH2 group of the enzyme. Thus tk pmduct is not pyridoxal phosphate, but its 
Schiffbasc with the enzyme.1 Pyridoxaminc phosphate is rcger~mtcd by nmning this PRXCSS backwards 
withasccondaminoacid. 

We needed to lcam whether we could catalyze the proton transfer from the alpha carbon to tk 
gammacarbonthatispartoflhijsoqataa,Pnd~tgmntestheotwrwrcwKtriccaraefintheamino 
acid. If so. then a chimily mounted basic catalyst for such proton transfers could produce xn optically 
active product. 

Our first wo&fi simply established that a basic sidechain attached to pyxidoxaminc, as in 2, would 
catalyze the Otis of a-ketoacids ~u~tic~y (Sckmc 2). Fmn the dqcmkne of activity 
on sttucturc, it was ckar that tk basic group was catalyzing both patts of the pnxzcss.7 That is, the base 

nocoalyrtmowaaprolroafrom$r~~brtit~plutbt~ncntotbtlpmmr~ This 
is not requited by any general principles; it wouM have beat potaible that the brse only tanoved tk 
proton in LQ to generate intetmcdirte U, and tk proton&on at tk gamma carbon to produce 
intermediate 12 with a tltw aaymmcbic center could have been pccfotmed by sane species in the solvent 

CH~N-..lj;. 
1 ’ 

Scheme 2 
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With this me&an&tic evidence it was possible to turn w attention to the &sign of catalysts that 
could use the geometry of a bt8sic sidechain to induce optical activity in the amino acids, resulting from 
atnsrunination by a pyridoxaminc uullog. A simpk uymmctric center in a fkxibk s&chain was not 
very effcaive,~ so we decided to NIX the&k&aim with rigid links. 

Ho 

13 14 

Anrylchl tmnraminms arying hhdiag and cataiytk groapr. Some years ago we set 
outtoprcp8re8onX tnnsaminasc mimics with a cyclodcxtrin unit, a pyridoxaminc unit. 8nd a chitally 
mounted proton tmnsfcr group.10 Our appmach w8s to combine in a singk m-k the same types of 
structures that had been successful in our previous work. We want& to att&ch the gCyclode.xuin by a 
thiocthcr link to the mcthyknc substituent at C-5 in py~40xaminc as in compound 1. and we also wanted 
to aaach a basic s&chain to this same mcthykne group as in compound 2. Thus the general stmctul‘t 
desired was u. 

. . . 
We thought that such a system would show both substfatt aPecifrcitv and StCnOSDeClftUtY. 

Futthcrmorc. the binding of a substrate phcnyl or indok ring into the cyclodextrin cavity would defuse 
the geometry of the system. Such binding produocs a large ring (e.g. 16). so that with a singk cnantiomcr 
of the catalyst tbc sidechain basic group can teach only one face of the nansamination intcm&iatc. Thus 
it should not be narss~lly to use a metal ion to ccmpkx with the intermediate and define its geometry, as 
had been needed with our previous catalysts that lack a cyclodtxtrin binding site. IItis is of special 
intcrtst, since fnunsaminsje enzymes thcm.5cfves do not requite metal ions as cofactors. 

The synthetic challenge was to pro&et pyridoxamine so that the needed operations could be 
conducted on the C-S methylene c8rbon. After some experimentation we found that iminoethcr 
formation did the job. Reaction of pyridoxaminc Q with trimethyl orthobetuoate formed the iminocther 
rB. and this ~8s oxidized to the aldchydt fi. ‘Iben reaction with the Grignard reagent derived from NN- 
dimethyl-3chlompropykminc afforded the alcohol 2p. with a basic sidechain attached. This was then 
converted to the comspording thiol 21 by Micro reaction with thiolacttic acid and hydroiysis of the 
nsulting thiocstcr. 

At this point we did some studies with the racemic material, although we also resolved the thiol into 
its eneuttiomers. Reaction of the thiol21, with B_cyclo&xtrm-640~ ;tz and deprotccttm artoided the 

cycbdcxtrin thioether 22. In comparison with our simpk cyclodexbin/pyridoxaminc compound 1. the 
new compound 21 transaminatcd py-ruvic acid 15.17 times faster in our U.V. kinetic assay. However, 

this accckration was not as great as we had hoped for from our studies with pyridoxamines carrying basic 
catalytic groups. ‘Ibe modest base catalysis, suggesting that catalyzed proton transfer does not compktcly 
dominate undirected proton transfers from solution, may be nsponsibk for the limited optical specificity 
eventually !Sen in thii s&s. 
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The best optical nsoludon of the thioJ 21 was achieved by maction with enantiomerically pure (+) 
~-~a-~~~yl~~yl iSocyanatc. to form the thiour&anc_&. ~~tog~phy was ustd to separate the 
two dia.stemomcrs. The isomer with the higher Rf WBS convetted back to the thiol and allowed to react 

with B_cycltxkxtrit44odid to afford a s&t& diawrcomer of 22 after depmtection. This wan then 
examinedin tmmammation under a variety of cottditioas. Th: highest optical ratio (L&I) in Ibe product 
ammo acid wan 6.8, for tbc synthesis of phcnylakninc by transamination of phenylpyruvic acid. 
Although this is mspccmbk, it ir not an exciting ~ckctivity. 

Molecular models suggested that the chain in 2;1 might be a littk short, so dimcted proton transfer 
does not compete well with undiictcd ptotonation from Solution. To overcome this we pnpand 
compound 22 with two more mcthyknc gmup~ in the s&chain. The synthc~b followed the ~amc path 8s 
wan used for tbc shorter 211 except that the Gtignard magem WBS prepared by li~ium reduction of 
N,Ndimethylaminopcntyl phenyl thiocthcr, then addition of MgBr2. With this more flexible compound 
the optical Selectivity in vwwaination wgd even poorer. With phcnylpyruvic acid under various 
conditions the maximum optical ratio (t/D) in the product phenylalanine WBS 2.8 As will be diScuSsed 
below, it seems likely that the problem hen is poor proton transfer catalysis by a simple dimcthylamino 
group on a flexible chain 

25 26 

Our early work and proposal of this ~crics of catalysts had stimulated Tabushi to think about 
another approach to the ptobkm. He had bum interested in cyclodcxtrim carrying two subtttituenu, and 
had developed methods for the selective attachment of groups to two diffemnt glucose residues of p- 
cyC1odexUin.11 Thus WhCn WC proposed the SynthCSiS of our Series of compounds, with a basic catalyst 
and a cyclodextrin attached to pyridoxamine through the C-5 methylene group,10 he dtcidtd to try 
another approach.12 Tabushi reacted the 6AdB-cyclodcxtrin diiodide with one quivalent of our 
p~do~~~ol, and thtn with c~y!c~d~~. The msuhing compcumd 16 had a cyclodextrin ring 
carrying both a pyridoxaminc and a ba.sic chain, a~ a mixtum of A.B and B,A i~otrkn. 

These isomers am actually dia~tereomers, combining the chiiity of the glucose midues with the 
chirality of a clockwiSe or anticlockwise arrangement of groups around the cycknkxtrin rim. Thus they 
could be separated by careful chromatography. Remarkably, the Separated isomerS wen outStandm8 at 
tk production of optically active amino acids. Tabushi tcpott~ optical ratios of 98/2 for the production 
of phcnylakninc by one of these isomen, of 9515 for tryptophan, and of 98/2 for phcnylglycine.12 
Furthermote, the rate of ammo acid production was observed to be ca. 2080 fold farter than with simpk 
pyridoxamine under the ~amc conditions, an accekration rscribabk to both the cyclodextrin binding and 
the base CatalysiS. 

This catalyst wa.s US& in the absence of metal ions, and in the pnsence of high concentrations of 

phosphate buffer. The metal ions are normally needed to accelerate both the original Schiff base 
formation and thC SUbSqUUtt Steps, and to fix thC 8CUtXtQ’ Of thC tttkw so that proton tranStef on 
a “single face” tran~latcs into enantioselectivity. However, 8chiff base fotmation with such a catalyst as 
a 21, or 2.6 is promoted by cyclodextrin bindiig, and the net effect it larger without a competing metal 
ion binding. Ako rhe geometry is fixed by cyclodextrin binding, as we have pointed out above, So tht! 
metal ion is not needed for geometric control. Thus the acccktation is quite large when compared with 
pyridoxaminc that i?r a&o u.5c.d without metal ions. 

The need for high concentrations of phosphate buffer W curious. In our previous wodt on catalytic 
sidcchains4*6 such concentrated buffers were not used, since they would have competed with proton 
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transfer by the catalytic sidearm itself. Of course we had studied only the proton transfer step, by 
spectroscopic observation of the intetmediate Schiff bases. in the overall reaction being studied hen 
tbereisacoodcnarri~step.toformtfieSchiff~,aswcllrsaprol~~fersttptoisanerizeitand 
then a hydrolysis of the isomeric Schiff base to liberate the amino acid. Perhaps the phosphate buffer 
promotes these other steps. we had ururi this buffer in aurstdcs3 of simple pyridoxaminecyckdextrin 
11 which is CompoDDd 25 without the cthykncdiaminc group. In 1 the buffer probably catalyzed all the 
steps, including proton @artsfen to isom&ze the schiff base intermediates. Our studies on 
ethyknediamine catalysis, &scribed below, suggest that with this catalytic group the proton transfers am 
~~~~~~~~~,~~ap~~i~ 

lbe most striking finding is the very large effectiveness of the Tabushi catalyst 26, in Contrast to 
~~y~~~~~~~~a~c. ~~t~d~~i~~~t~of~~ 
reflects the different way in which rhc catalytic sidechain is mwntad. In principal it could also have 
involved the special prop&es of ethylene&n&e units as proton ttansfer catalysts. 

Catalytic rfdrchainr; the special rffacdrrnrrr of rthylenrdianrifnr w&z. In the 
isorntrizatioa of a k&mine intermediate UT to an aldimine intermediate 12 a base must remove the alpha 
proton and deliver it to the gamma catbar, producing the new asymmetric center in the product amino 
acid. We were interested in developing a base catalyst that could perform this 1.3 proton transfer 
particularly well. At first sight an amidine base might seem optimal, since it could remove a proton with 
one niuogcn and &en deliver another ptoton &om the other nitrogen without moving (Scheme 3). Tluss 
an amidinc could be rigidly fixed in space and still perform a 1.3 proton tmnsfer, with such rigid fiation 
kading to fast rates. However, we fotmd that a&dines were not effect&e cataIysts. 

When we pmpared compound 2, with a simple amidine on a sidearm, it was considerably slower 
in the isomer&ion of one pyruvic acid Schiff base UQ, to the other u2) than was the cormsponding 
system 28 with a simple dimethylamino group. In this case the probkm is probably that amidii are too 
basic. For tmnsambtion the intermediate must be lQ, with a proton cn the & nitrogen while the 
basic catalyst group is unprotonated. As is usual in such a competition between equilibrium and 
reactivity, the equilibrium problem wins out. A strong base group in the sidearm switches the 
equifibrium away from 19 and toward JQ’. The presumed greater rate for the amidine base group in 
isomer LQ does not make up for tht fact that the equilibrium between LQ and 1Q: is so unfavorabk (ix., 
the Brwnsted coefGcknt for reaction of u is kss than 1.0). This relationship, that weaker bases should be 
better catalysts in our system, is probably part of the masott that w-e had found imidazok groups to be 
even mom effective than dinxthylarnino groups in 13 proton transfers.4.6 When we prepared amidines 
that were more weakly basic, such as 23 the amidine system was hydrolytically unstabk under our 
conditions. 

We have found that ethyknediamine systems are remarkably good catalysts. In compound 3p. 
under our sta&rd spectroscopic assay for catalyzed Schiff base ioomeritation of 1p to 12 with pymvic 
acid, the ethyknediamine group led to an acceleration of 110 fold compared to a simple alkyl sidechain, 
the largest accekratkm we had seen. Ibis is because the diamint is acting as a bifUctional catalyst, with 
maminogroupmnovingtheptoton~thealpha~wfiiletheotherpunaprotononttw:gamma 
carbon (scheme 4). Another possibk expknation has to do with h&cities, but w were abk to exclude it. 

Scheme 4 
In e~yl~~~~ the two amino groups hnvt pKa’s of 7.0 and fO.0, because of ekctrostatics. 

After the first proton is added the resulting positive charge decreases the basicity of the second amino 
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Ancvcnkgcrcffcctinweninampmd~. Hent&rateaccckratiortbytkbuicaickarmis 
2C0foldccxnparcdwithasimpkpyridaumiaa. Inbothof~etby~caseaJQand~itthus 
seuns likely that Wonal catalysis occurs (scbane 4). Tht e?itym system stans off singly 
protoaatul,mdintheSchiffbaaeintermediuerbcp~diDeoitFogenhsapMoarswell. Tbenthc 
neareraminogroupofthecatalytics~ranovesthtprotoafromtbtalph~oftheIrcrimine, 
andtbenmote ammoaiumgrouppuuaprotoaoato~gammr~ofthcintmnediarc. Mokcular 
models show that this mechanism is possible for both a and && but not for 21 in which only a slow rate 

wasseal. 

Flrlrrre prospects. Obviously the incorporatioo of such a strongly catQtic group into an 
asymmetric systan, or improved versions of it u&r study, should kad to catalysts with great optical 
Sek&vity. Ibcg~istodtvC~biomimetiCa~~f~tbepodrrti~Of~~&ridr~lues 

and~CrS.aodwithhighopzi#lSelectivities.withdre~dratbubecn~&thi,~~samSia 

sight. 

Experimental Section 

l.syntbesiiofcompounds: 
Imiooetkr 18 was prepared by h&It8 1.33 8 of pfldoxrtnine with 1.63 ml. of ethyl 

o~~.inlSmLQyDMFureflvruaderu0onfor2bwrs. Tbepmductprccipitatedoncoolin8 
asyeUowneedlesin32%ykld. Ithadtheexpccted~spa%mm,aodaCIMSpcakat255(M+l). 

-by&E? v-pnprrrdby -of6400&of~wilh.~848.OfbariUttRt4t@rnttein 
CH2Cl2 suspension with stirring for 6 hours at room tempentun. Worhtp and chromatography 

affonkd~in68%yieldasawhitesolid 
Dimetbylamino carbinol 2Q was prepared by first tE%!iDg 1.2 8. of 3dimethylamiiropyl 

chloride i? 1 mL &-; TEF vith 0.26 8. of Mg in 1 ml. of dry ‘ITIF aftar activating the h4g with 10 
microliters of ethykne dibfomide. Th?n tk Gri8oafd solutian was tram&r& by cant& into a solution 
0f0.28&0fal&hy&~ixl5mLTHi? A?ter2hoWa,wWkupsnd~ affuckd2Qasa 
yeUowoilia’85%ykId_ rtsbowailbecxpaXedNMRsign84a&QMSpe&M~(M+~1). . 

Thiol21~prepu+dasiuSJ<xaeeester,mdlibent#l~needad Anad&~wasfotmcd 
betweua trip&IeaylpbDIphine (90 Ilq.. 0.36 amol.) aod diisepnqyl -xylar (70.8 microliters. 
0.36 mmol.) formed in 2 ml. of dry THF at 0 W over 2 hours. Then thiolacetic acid (25.7 micmliters, 
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0.36 mmol.) was added and a solution of 60 mg. of ?p in 2 ml. THF. After 2 hours workup and 
chranatognpby afforded S-acctylzl aa I yellow oil in 81% yield. It had tbc expected NMR spectrum, 
andaCIMSpcakrt398(M+l). 

?be~c~~wrspnsuedbyd#atytrtianof68me.ofthtabovethiorcerrtein5ml. 
dry DMF with 8Smg. K2CO3 and 60 microliin of ma&no1 for 15 min. at roan tcmperatue. ‘Iben 

311mg.of~;cycbdaxain-6-i~dide~eddedmdthtso~tiorrwuheatedu600for2boununder 

argat. Solvent was evaporated. and tbc product was isolated by Scpbrdtx G-15 chromrtognpby, tbx 
km exchatgt CM-25 c hranrtogriphy with 0.5 M NH&O+ +I& re&ing iminoctber dcfivntive of 21 

wasobminedi~1%ykldasawhitcfluffypowdcr. ThcMS(FAB/g&~ol)pcak~amcat1471(Calc. 
1472). Tttb was tbcn dcpteed to afford 2 itself by beating 62 mg. of tbt iminocther with 187 mg. of 
o-phcnym dibydrochlotide in 12 ml. ethyknc glycol at 600 for 3 hcun. Chromatography as 
above afforded u in 47% yield as a white solid, with the expected NMR spectrum and MS (FAB/ 

glycerol) peak at 1387 (Calc. 1386). 
Tht thiol 11 wu optically resolved by dcacctylatioo of S-acetyl2.l with K2C03 in methanol, 

quenching with acetic acid, and rcactioa of the tbiol a with (+)-a-(l-napbthyl)ethyl isocyanatc and 

DABCO in benzene. Tht resulting mixture of thk&amates24wasepantcdbynpeatedprtpuative 
TLConsilicawith5%MeOH,4%MeOH~withMi~,aad91%~~~iatoa~Rta~ 
& isomer of 2. Optical purity wan cbcckcd by Its&a of each thiol with (-kat@ank acid chloride 
after liberating the thiol !&II the thiounthure 24 with 1 ml concentrated NH4OH and 1 ml. MeOH for 

1Ominu~atroomtcmperatusc. n\tcamphanate~ter~tbthi%Rfi~rof28hadadurceprotoa 

NMR peak at 6 0.98, while that f&n the low Rf isomer had a eg signal at 6 0.82. No 
contaminatitm could be seen, and the addition of 2.3% by weight of the low Rf product u) tltc high Rf 
poduct gave a ckar signnl at 6 0.82. Thus the oprical cofttamfnatinn in the separated isomcrsof?tliskss 

than 2%. ‘I&se tesolved thiols were converted to tbc two scpamtc diastccreomtn of ZI by ti procedure 
described above. 
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