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Absbucl: The dipcptide analogue methyl rr~-2-[(r-butoxycarbonyl)]-~a~-3-hydroxy- 
cyclobutanccarboxylatc (!!a) and its ci.s,cis-isonkzr (Sb) have bctn syntheskd, and each has been 
incorporated into a longca peptide sequence. 

Recently. immunization with transition state analogucs has yielded a variety of antibody hydrolases.l 
but never an antibody pcptidasc. (Such antibodies have been obtained, however, by other, less general 
n~ans.x3) Thus, we have been concentrating on the synthesis of analogues that mimic, in addition to the 
uansition state for peptide bond hydrolysis, a conformationally-distorted peptide ground state. Antibodies 
raised against these derivatives may catalyze the hydrolysis of the cognate peptide both by straining the 
scissile bond and by selectively stabilizing the transition state. As outlined in Scheme 1. we report here tbc 
synthesis of the cyclobutanol-containing dipeptide analogues 5a and Sb (as racemic mixtures). 
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The derivatives Sa and Sb arc designed to mimic a ring-strained glycyl-glycinc moiety; in addition, the 

peptide bond has been replaced by the hydroxycthykm isosttlrc. Although wrahcbl-phospti derivatives 
are. pahaps the best analogues of the transition state(s) of ester and amide hydrolysis. their incorporation into 
four-mcmbcrcd rings remains a synthetic challcngt. Noncthcless. the. hydroxycthylenc group has also barn 
demonstrated to be an effective transition state mimic. For example, in a recent study of an antibody mised 
against a bifunctional transition state analogua, Liotta ef ~11.~ have c&natcd that a phosphinatc group was only 
four-to-seven times more efficacious in eliciting hydrolytic activity than was a hydroxyethylene group. Note 

also that hydroxycthyAene derivatives am potent inhibitors of many aspartyl protcases.~ 
The key step in the synthesis of k and 5b was the rhemmlysis of a mixture of the cis- and rrans- 

azidoformates 2 to yield methyl rrans4aul-fmns-2-oxa-3-oxo[3.2.O]bicycloluptanc-6-carboxylatc (3a) and 
its ckcis-isomer (3b), which separated during chromatography on silica gel. (The rruns,fruns and cis.ck 
designations are relative to the fixed 6-carbomethoxy group.) Acyl nitrcne insertion had been previously 

utilized by Lowe and Swain6 in their synthesis of a l-oxabisnorpcnicillin G analogue. Futhemo~. we have 
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also used this strategy to syntbcsizc two norbomyl dipcptide analogues.7 and overall. the method appears 
remarkably genentl. The yield of the two carbamates from a mixture of the cis- and trw-hydroxpters 1 
(synthesized as described by Wiberg et 01.8) was 45%. The relative configurations of 3n and 3b were 
assigned from the multiplicities of the H6 maonancca in the 1H NMR spectra_ (Reaumably. each is the cis- 
fused blcyclokptane derivative.) Although no general tmnd exists for cls- and rrans-couplings In cyclobutyl 
systans, the Karplus relatlonshlp can be appliaLg Molecular mechanics calculations (lbiIvI+l@) indicate that 
the dlhahal angles Hvici,&Z-C-H6 ln the rru~~,trans-isonxw ate 131”. 2”. and -129”. while the comsponding 
dihedml anglea in the cls,ck-isomer ate -So, So, and 135”. (ll~ese vale ate for the enantiomas of absolute 
configuration R at 05.) For isomer 30. the B for H6 is an overlapping doublet of doublet of doublets, 
with coupling constants of 2.7.6.5, and 9.7 Hz. while for isomer 3b. the resonaacc for H6 is an apparent 
doublet of triplets, with coupling constants of 5.9 and 9.5 Hz, rcspcctively. We thus assigned 38, which 

overall has smaller coupling constants, as the trans_fr~-isomer. and 3b as the cis.ci.t-isomer. 
The carbamate functionality in 3a and 3b was cleaved using the methodology of Ishizuka and 

Kunicda* t to generate the (z-butoxycarbonyl)amino hydroxyesters Sa and Sb, which wete elaborated into the 
peptide derivatives H-D-tyrosine-[dipcptide analogue]-D-phenyhtlanine-OH, 80 and 8b. as shown in Scheme 
2. (Amino acids of the D-configuration were chosen so as to genesate a more inxnunogenic hapten,t2 and tlte 
diastemomuic mixtures of products were not sepatatcd) Due to the presence of the flanking amino-acid 
residues, the antibodies ohtainal against 88 and Sb should be scquencc specific. Conveniently, protection of 
the free hydroxyl group in fi and !Ib prior to the peptide coupling reactions proved unnecessary. 

2. Cbz-o-Tyr(OBr)-OH, 
EDC, HOBT 
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ScLeme 2 

In conclusion. we have synthesixcd two ring-strained glycyl-glycine analogues and have koqomud 
each into a longer peptide sequence. 

EXPERIMENTAL 

General: tH and t3C NMR data were obtaiaal on JROL GXS-400 spectrometa. Inframd spectra 

were mcordcd on a P&in-Elmer 1600 series FT-IR spectmmcter. High-resolution mass spectra (HRhG) 
were detumined by the Harvard Chemistry Department Mass Spectromehy Facility. Ekmnfal analyses wae 
pdomd by the Micmandysie Laborstory at the University of hdassachusctts. Fmcdwes w given only for 

the elaboration of carbamate 3s into the peptide derivative &. Reaction conditions for 3b are identical. 
Methyl ~~-29Ia-~ox~3~~]~cyelob (3a) and ita cis,&- 

Lumer (3b). To a mixture of cis- and nans-methyl3-hydroxycyclobutanearboxylate (100 mg, 0.769 mmol) 



in 12.5 mL of hcnxenc was added pyridk (0.15 mL. 1.87 mmol) and l.l-carhonyMiimkkole (CDI) (141 
mg. 0.870 muwl). The solution was st&d undu aqua at rwm v for 1.5 h, and additional CD1 (70 
mg. 0.432 mmol) t&M. The resulting solution was stirred for 1 h aml washed with brine (5 mL). The 
solvent was removed, and the ruidw dissolved in 26 mL of DMF. Sodium azide (Uo mg, 3.85 mmol) and 
10dmps0fcoIKznWWd HCIw~ddsd.aaddresolutionwrurstimdmdetaganfor2hatrwmtemp 
WatuIe 400mLofwroswastbenddedandthe~~us~~ex~with~ylether(4x100mL). 
-lEcarganiclaycrwasdric&alKltbesolvcntIcmDval. -rtlcpmductwaspurifklbyc~hyunsilica 
gel (3:l hcxanes~tOAc. Rf 0.66) to affard a mixture of the cis- and rrarrr-azkloformatcs 2 (114 mg. 0.573 
rmn0l).whichwrsdissolvedin1oOmtof~~~radthanolyzedinaaealad~tabef~3olninat13o 
“c. The &vent was removed. and the resulting yellow oil purifkd by chmmatograpby on silka gel (3:l 
EtOAc&zxanca, Rf3a 0.44. Rf 3b 0.33) tu afford 38 (32 mg. 0.187 mmol. 24%) as a white solid (mp 71-75 
“0 sad 3b 07 mg. 0.158 mmol, 21%) as a white solid (mp 127-131°C). ti: IR (film) 3231.1736 cm-l: 1H 
NMR (CDCl3) 6 2.69-278 (m, 2H). 3.24-3.29 (overlapping ddd, 2.7.6.5.9.7 Hz, 1H). 3.75 (s, 3H), 4.454.58 
(m, lH), 5.14 (app dt, J = 3.9, 6.6 Hz, lH), 6.87 @r s, 1H); ‘v NMR (CDC13) 6 172.8, 160.1, 74.6, 55.0, 
52.3.45.2.32.0; Anal. cakd for C7H9NO4: C. 49.12; H, 5.30; N, 8.1% foun& C!, 48.69; H. 5.12; N. 7.85. 3b: 
IR (film) 3253.1738 cm-t; lH NMR (CDCl3) 8 2.75-2.80 (m, 2H). 3.34 (app dt, J = 5.9.9.5 Hz, lH), 3.75 (s. 
3H). 4.57 (app a, J = 1.7.6.3 Hz, 1H). 5.00-5.04 (m, lH), 6.70 (lx s, 1H); 1W NMR (CDCl3) S 171.0, 160.3. 
71.7, 55.3, 52.2,40.5, 32.0; AnaL calcd for C~H~NOI; C, 49.12; H, 5.30; N, 8.19; found; C, 48.84; H, 5.16; 
N. 8.10. 

Metbyl N_(?-~~~)~-~-~~~J~~r~y~ 
@a). To a solution of 3r (32 mg, 0.187 mmol) in 5 mL of THF was sd&d di-r-hutyl dicrrrborutc [(Bock] 
(80 mg, 0.366 annul), triethylamk (36 mg, 0.356 -1). and dimcthylaminopyridine (7 mg, 0.057 mmol) at 
room v. ‘llte titian was stir& for 12 h. and the solvent removed. The residue was dissolved in 
lSmLBrOAc.wrsbedwithHCI(lN.lx5mL)aadbrine(4x5mL).~aadthesolvent~v~to 
afford 48 (47 mg, 0.173 mtnol. 93%) as a white solid (mp 87-93 “C): IR (film) 2981,1828.1732 cm-l; tH 
NMR (CDC13) 6 1.52 (s, MI), 2.65-2.68 (m, 1H). 2.73-276 (m, 1H). 3.29-3.32 (m, 1H). 3.76 (s, 3H), 4.79 (m, 
1I-Q 5.01 (alrp dt. J = 3.9.6.8 Hz. 1H); ‘w NMR (CDQj) 8 1724, 1525.148.3.84.3,70.4.57.2,52.3,43.7. 
31.5.27.9; HRMS W + Na]+ cakd for Ct2Ht7N&Na294.0954. found 294.op49. 

Methyl euJu-2-[(8 --l--Mov~ tmecubxm (!!a). To a 
salotioaof~(52mg,O.192mmol)in3mLof~lwuddbdcesiumcrrboarrae(11mg,O.O~4l)at 
room-. Tbcrerctiaamixturewasstim!dfar2h. Afmncm&zationwithcitric&d,theproduct 
wasextractedwi~chlorafann(5x5mL). Thesalntiaawrrsdried,andtbeaalventnmbvsdt6affoad~(61 
mg. 0.180 nnnol, 94%): IR (film) 3383.2977.1716.1520 cm-t; tH NMR (CDCl3) b 1.45 (s, 9H). 2.05 (t, J = 
11.7 Hz., Hi), 229-234 (m, lrt), 3.25 (br s, lH), 3.70 (s. 3H), 4.25 (m, IH), 4.51 (app t, J = 5.5 Hz, lH), 5.27 
(brd. J = 6.8 He. 1H); 1* NMR (CDCld 6 173.8. 155.4.80.1.68.5.52.1.51.9.43.8.29_7.2&3; HRMS m + 
Nal+cakdforC11H19NO@Ja268.1161.fotmd268.1150. 

Methyl N -WV -Wyt-@b@=yth-W-M--3-~Y~ 
bmWmmWsyiWe(6&(asamixturcof~). ToasolutiuadSa(22mg.O.090mmul)in 1mLd 
CH2QzlllKk~w88~lrrrpplcOftliflllWWCtk ackl(lmL). TbtmixaKew8sstir&fac2hat 
rwm~mMItbesolWttremoved toykldthetMmWWama8lt(23~0.089mmo~9996). The 
‘IFA saIt (14.2 mg. 0.055 mmol). 1-hydroxyhcnzotrkole (HOBT) (18 mg; 0.133 mmul), (N- 
~~~yll_~(22n#~~Irmol)odtrierhy~(20)rL,O.l19nmd)wac 
dkdvalinamixtaneuf1mLafDMFand4mLdQIZQ2. Tbesdutioawasstir&muJcr~atOoC, 

md l+W-2( 
. . 

stbhlhwuti 
m#rqlby oa silk8 #%I (I:1 

~W~~~=&z~~*~~~Y< 

IR~~)330&~,173~1653,1S12arr; H~(CDaJ)61.%(qp1,J=ll~Hql~,223-~~(m. 
1HL 2.87-3-M (tn. 3?9,3.67 (s, 3I9.4.25-4.U (m, 3H). X01-5-m (tn. 4H). 5.40 (br L O.nr). 5.59 (br s, 
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0.5H). 6.36 (brs, 0.5 H). 6.58 (br s. 0.5 H) 6.87-6.91 (m. 2H). 7.09 (6 J = 6.8, 2H), 7.26-7.42 (m, 1OH); IX! 
NMR (cDc13): 6 174.5. 172.1, 171.7. 158.8. 137.7. 136.8.131.2, 129.3. 128.8. 128.1, 115.8.70.4.68.3,67.6, 
56.8.523.50.8 43.7.38.3.29.8; HRMS w + Na]+ calcd for Q&&&Na 555.2107. found 555.2114. 

N-I~~~~~-(~~t~l~~-~~d~l~~- 
bmoyl-DPh_ bsaqrl rdcr en> ((u, a mixture of dk@n?omae). To a solution of 6a (P3 mg, 0.024 
nrmol)in1.5mLof~new~~l100CLLoflNNa~. Theteactionmix~wasstirrcdatroom 
tcmpaaturcf~4h,andthc.solventrunovcd. Tothcrcsiducwasdded 100pLof lNFiCland2mLof 
Wats. and the Iesulting solution wet? cxtractcd with EtOAc (5 x 4 mL). The organic phases wae combined, 
dried, and the solvent removed to give the ftec acid (8.5 mg, 0.016 mmol, 67%). To a m&we of the fxec acid 
(15 mg. 0.029 -1). D-phenym henzyl earn (7.6 mg, 0.029 nnnol) and HOBT (8 mg. 0.058 mml) in 
3 mL of Qy THF at 0 “C was added EDC (12 mg. 0.058 mmol) under nitrogen. The &on mixave was 
stimxIatO°Cforlhandthcnatroom temperature for 3 h. The solvent wa8 mmovcd, and the residue was 
purified by chromatography on silica gel (4:l EtOAc:CHzCl2 . Rf 0.59) to afford 7~ (15 mg. 0.020 mmol. 
69%) as a white solid: IR (film) 3303.2947.1734.1653.1512 cm- l: 1HNMR(CDCk&dl.92(app~J=ll.2 
Hz. lH), 2.23-2.40 (m. 1H). 2.86-3.25 (m. 3H). 3.96-3.98 (m, 1H). 4.104.40 (m. W). 4.824.86 (m, 2H). 
X01-5.12 (m 6H). 6.56 (brd, J = 5.9 Hz, 0.5H). 6.65 @rd. J = 6.8 Hz. 0.5H), 6.84 (d. J 18.8 Hz, 1H). 6.90 
(d, J = 8.8 Hz 1H). 6.99 (6 J = 8.8 Hz, 1H). 7.10 (d, 7.8 Hz, 1H). 7.17-7.43 (m, 2OH). 8.05 (brd, J = 7.8 Hz, 
OXI). 8.24 @r d J = 7.8 HL 0.X-Q; ‘v NMR (CDCl3) 6 172.8. 172.6. 171.6. 157.9. 136.9. 136.5, 135.4. 
130.4. 129.5. 129.2. 128.6, 128.5. 128.4. 128.3. 128.2. 128.1. 128.0. 127.5, 127.4. 126.8. 115.2. 70.0. 67.2, 
66.9, 65.4. 65.0, 56.2, 53.8, 53.7, 51.0. 45.6, 45.3, 38.0. 37.8, 37.7, 30.0; HRMS [A4 + Na]+ calcd for 
C45H45N3~a 778.3104, found 778.3096. 

N_(D-ty~yl>lrrar-~~~yd~x~~~~l-D-ph~yla~ine (8n) (as a 
mixture of diastatomcrs). The a solution of 7a (13 mg. 0.017 mmol) in 1 mL of 10% formic acid/IHF was 
addalpaUadiumblack(l4mginlmLofwatcr). TklurtionmixttnewasstimxIatmomlanpapturefor30 
min. at which point HPLC showed quantitative conversion to depmtcctai produtt (Alltech Econosphax C18, 
5 micron, 15 x 0.46 rm;~c.lution: 2Q% CHgCN&vatrx/Il.l% TFA for 3 min. folldwai by a gradient of 20% 
CH3CN/water~.l% TFA to CHQIm.196 TFA over 17 min. flow rate 1 mUn& tr = 5.9 mh~). Tlk solvart 
was rmovai ta afford 8a as a wcuy solid: IR (film): 3204,3067.1673 and 1439 cm-l; 1H NMR @MF4I& 6 
1.94-2.23 (m, w), 2.95-3.74 (m, 6H), 4.26-4.66 (m, 3I-Q. 6.75-6.81 (m, 2H), 7.17-7.32 (I& 9H); t3C NMR 
(DMFM 6 173.6, 170.5, 167.4.67.4.44.3, 138.8, 131.5, 130.0, 128.9, 127.1, 126.1. 115.9. 55.5.54.7.44.3, 
38.0.37.2; HRMS FI + Na]+ calcd for CBHnN3wa 464.1797, found 464.1808. 
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