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Twenty-two kinds of N-acetylmuramyl-r-alanyl-p-isoglutamine (MDP) analogs were
synthesized and their adjuvant activity on the induction of delayed-type hypersensitivity
to ABA-N-acetyl-L-tyrosine was examined. The rL-alanine residue of MDP could be
replaced with certain other amino acid residues without loss of activity. The structure-
activity relationship of these compounds is discussed.

With respect to replacement of the r-alanine residue of MDP in connection with
adjuvant activity, it was shown that (1) amino acids having a suitable side chain were
cffective, (2) basic amino acids were unfavorable, (3) aromatic amino acids were unfavorable,
and (4) acidic amino acids were effective.

The p-isoglutamine residue of MDP was considered to be essential for the adjuvant
activity. The adjuvant activity was decreased by esterification with methanol of the
p-glutamic acid residue of MDP and related N-acetylmuramyldipeptides, but the adjuvant
activity of p-glutamic acid diamide analogs was similar to that of MDP and its analogs.

Keywords muramyl dipeptide; immunoadjuvant activity; chemical synthesis of
MDP; MDP methyl ester; MDP acid amide

N-Acetylmuramyl-r-alanyl-p-isoglutamine (MDP) has been shown to be the minimal
structure of bacterial cell walls required for immunoadjuvant activity.® Synthetic MDP was
shown to have adjuvant activity for the development of delayed-type hypersensitivity and
enhancement of circulating antibody formation when administered in a water-in-oil emulsion
with an antigen. MDP has also been reported to enhance nonspecific immunity to Klebsiella
prneumontiae infection,® mitogenic activity in mouse spleen cells® and to induce polyclonal
activation in vitro.”

Accordingly, analogs and derivatives of MDP have been synthesized and the relationship
between chemical structure and biological activity of these synthetic N-acetylmuramyldi-
peptides was examined in comparison with that of MDP.® The results suggested that the
r-alanine residue of MDP could be replaced with certain other amino acid residues, but that
the p-glutamic acid residue was essential for the adjuvant activity of these N-acetylmuramyl-
dipeptides. N-Acetylmuramyl-r-seryl-p-isoglutamine (MurNAc-L-Ser-p-isoGln) as well as
MDP was shown to be a potent adjuvant for immune responses, but N-acetylmuramyl-glycyl-p-
isoglutamine (MurNAc-Gly-p-isoGln) was less active as an adjuvant for the induction of
delayed-type hypersensitivity in guinea pigs.#® Furthermore, it has also been demonstrated
that N-acetylmuramyl-r-valyl-p-isoglutamine (MurNAc-L-Val-p-isoGln) was as adjuvant-active
as MDP and MurNAc-vL-Ser-p-isoGln on immune response in guinea pigs and mice.%10:18)
However, MurNAc-p-Ala-p-isoGIn was inactive as an adjuvant.4.9a,11

This paper describes the chemical synthesis and adjuvant activity on the induction of
delayed-type hypersensitivity in guinea pigs of several kinds of muramyldipeptides in which
the r-alanine residue of MDP had been replaced with other amino acid residues and in which
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Fig. 1. Synthetic Procedures

the p-glutamic acid residue of MDP analogs had been modified chemically. The compounds

synthesized for this study are listed in Table III.
Chemistry

MDP analogs were synthesized by the previously reported procedure using DCC-HONB

as a coupling agent at each step.12-14)

The Boc and Z groups were generally used for protection

of the «- and e-amino groups, respectively. The Bzl group was used for the protection of side
chain hydroxyl and carboxyl groups, the nitro group for the é-guanidino group of arginine, and

the tosyl group for the imidazole ring of histidine.

The Boc group was selectively removed

by treatment with TFA prior to each coupling. The tosyl group was removed with

HOBt.1»
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The protected dipeptides (1) were prepared by coupling of protected Boc amino acid HONB
ester with p-isoglutamine benzyl ester, methyl ester, p-glutamic acid diamide, or dimethyl
ester. Compound 1i was prepared by coupling N*~Boc-N¢-nitro-r-arginine and p-isoglutamine

benzyl ester in the presence of DCC-HOBt to prevent lactam formation.1®

The yields and

physicochemical characteristics of these protected dipeptides are summarized in Table I.

TaBLe I.  Yields and Properties of Protected Dipeptides 1, 3 and 4
Analysis (%)
Compd. X R R Yield (%) mp/°C (cti—]gﬁ Formula (I?gllxiii)
P ! 2 (Recryst. solv.) p DMF) ’
C H N

b me ol e e R 18
b oy o il e sns oo 8078 48
fe Leu NH, OBol (ginor et ether) 108110 —3.3° CuHuNiOs (G172 7°50 9'0g)
1d e NH, OBzl (AcOEtZi)'e%c. other) 152153 +5.9° CuHuNiOy (1765 763 g:ig)
te Gn NH, OBd  (moikio) 19418 —0.7° CuMuNO, (3501 6ot 11.95)
B om0 B8 e 125 o, (040801478
ko mom B ww ww cmso. GEEEET
1f Glu(OBz) NH, OBzl (AcOEtZ%;_ other) 118—120  —0.8° CyHyN,O, (g'g:ﬁ 6.71 ;:gg)
A T 1 1)
I i R 1
L ATgONOy NHy OBal (gof'iioy  161-164  +3.3° CuHuN:Ow @135 6°50 17a8)
i L Ny OB (sop L8 g 1018 -0 Cattavo, (B0 1 B
In Lys@  NH, OCH: (sooE(pet, ether) 128125 —4.9° CuuNiOy (G753 733 10.75)
lo Lys(Ac) NH, OCH, (Etog;%tzo) 151153 —9.8° CiHuN.O; (2338 7.3 1309
Iv  Phe NH, OCH, (AcoEtZ%'eﬁ. cthor) 137139 +5.3° CooHyNiOs (gg:gi 7.7 }g:gé)
s Ala OCH, OCH, (Etzo—g)if other) 566 +3.7° CiHauN;0; (ggﬁgé 7. g:gg)
1 Va NH, Ny (popipeo) 167168 45 DRSO Srio 80 1o eh
lu  Val OCH, OCH, (Etzo~8pi’tl. ether) (278 +11.87 CiHyN:O (gi:gg 8.4 ;:ég)
e N oS s i fies @HTHAE
Ix Phe OCH, OCH;  (mop Brop  97—99 +10.2 CuuMOr (5575 7715 6l70)
tp Lys®)  NH, NH,  poiheo) 165167 —6.2° THIENOT G5 730 137m)
lo Lys(®)  OCHyOCH: (5000 nery 7880 +5.7° CuHuNiOu (35700 721 7.67)
3 Z-Trp-p-Glu(OBzl)-NH, (Etogﬁiztp) 187—188 —1.3° CyHy,N,O, (ggzgg 28 13:32)
4 Boc-Met->-Glu-NH, AcOEtZ}i other) 127129 —8.9° CiHuN,Oi8 (fg.:gg 7.2l }(1):})3;’

a) InEtOH.
b) S: Calcd, 8.50%, Found, 8.48% .
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The protected dipeptides (2) were coupled with benzyl 2-acetamido-4,6-O-benzyliden-
3-O-[1-(R)-carboxyethyl]-2-deoxy-«-p-glucopyranoside HONB ester (8)!1) to give protected
muramyl dipeptide analogs (9). The yields and physicochemical charateristics of 9 are sum-
marized in Table II. The final deprotection of all protecting groups of 9 was carried out by
catalytic hydrogenation. When the solubility of the starting material in AcOH was low,
as in the cases of 9a—d, 9g—i and 9m—x, hydrolytic removal of the benzylidene moiety from

TasBLE 1I. Yields and Properties of Protected MDP Analogs 9

Analysis (%)

Com . Yield (%) . [ﬁ]anz ‘ Caled
pd. X R, R, (Recryst. solv.) mp/°C %h_/ilg‘)s, Formula | (Found)

C H N
92 Phe NH, OBzl v o g o) 267—269  +102.4° CuHuN0,  S6-0) -2 g
9 C-Gly  NH, OBl o T30 o0 289291  +64.6% CyHuN,0n oy 20 05} 8 159)
9¢ Leu NH, OBzl pyp g pro)4l—24  +91.9° CuHuNO. (G156 878 o0,
9d Il NH, OBzl (pyp 0k g o)274—275.5 +93.1° CuHuNOy (Gg 32 80 83D
9 G NH, OBzl idf oy 258—259  +88.3° CpHyuNOy G150 6% 5.59)
9 His NH, OBa (nvp Pior e,0)228-—225  +87.4° TBD Y €1083 .25 1017)
9k Trp NH, OBzl pyvp Sedm me,0)218—220  +106.5° CyHyN;Oy, Go6z 608 8.o0)
9f Glu(OBzl) NH, OBzl (DMF—IZZigH—-Etzo) 220—222  +79.8° ?75%2%\14013' (2%4218 610 g:}g)
9% Lysz) NH, OBz iTT o0 251253 475.2° CoHuNOw (g 30 oo 7158
9h Tyr(OBzl) NH, OBzl (DMF—}Q(.)ZH—EtzO)%O—%Z +86.1° CyHuN,Ow (8750 039 g:gg)
9 ATg*NO,) NH, OBzl  g0of%001 197200  +73.7° C,H,N,Oy 767 6,18 1o.08)
Om Lys(Ac) NH, OBal py g3l oo 243245 +85.3° CyuHyNOy .78 6.0 5.08)
9n Lys(Z)  NH, OCHy g Rioy gi0) 238200  +82.5° B0 O Go7s 6ad 1T
% Lys(A NH, OCH, pyp M35, o 0262250 +86.8° CyHyuNiOy (oh e 5
9 Phe  NH, OCH: hvm fiom Ft0) (decomp) +100-9° CulluNiOu (@708 &30 7138
9% Aa  NH, NH, (nvp Bon peo) deeomp) T105T THHDC O (3565 6.9 10,50
9% Ala OCH, OCH, (DMzFﬁ_-f:tzo) 231—232  +100.0° C,H,iN;0,, (gg:gg 0-48 g:g}o
9% Val NH, NH, (DM%G-'}?:tOH) %32?0?:3.) +86.1% (1:/35151‘26%0”‘ (ggj‘é?, o7 g:gsla)
9u  Val OCH, OCHy (v Do-ft,0)246—247  +98.9° CpyHN;Oy, R 275
9w Phe NH, NH, (HMPsg'-lDMF— %gg;rzx?}?.) +68.1% ?ﬁgzgsow‘ (gg:ﬁ 058 g:i(s))

EtOH)
9x Phe OCH, OCH, (DMF—S’&)OH—EtZO) 213—215  +92.3° CuH,N;Op, (ggiié 0.5 g:ig)
% LysZ)  NH, NH,  pyPiom (dmeome)  FELO° THEDO" 6000 650 o5,
9¢ Lys(z)  OCH, OCH, (DMF—g%bQH-Etzo) 195—197  +81.3° CuHeN,Oy, (gf:% 0.2 2:%‘2’)
@) In HMPA.

b) In HMPA-DMF (1:1, v/v).

¢) Ref. (12¢).
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TasLE III. Yields and Properties of MDP Analogs 10
Analysis (%)
Compd® X R, R, Sitzlii (c= Olgg?zan tOH) Formula (F(‘:glllflcil)
C H N
10a Phe NH, OH 7. +77.9°  talliOn o1% o7 950
10b  C-Gly NH, OH 94.5  +40.2° §f5‘§;§‘o“' (igﬁgg Lo g:gg)
10c  Leu NH, OH 88.6  +38.3°  SpisNeOw @ T8 e
10d lle NH, OH 8.7 4040 glleNOn i e 3;23)
10¢ Gln NH, OH 53.1 446,20 %:(151351\15012- (ﬁ:ié 0.5 i%:gg)
10f Glu NH, OH 89.3  +48.0° fféﬁ:é\r‘*ow' (3;‘;333 8.5 13;38)
g Lys NH, OH 9.0 4367 {uteleSe o G053 T8 1080
1/2H,0
10h  Tyr NH, OH s6.1  +67.70  CerlelNeOw 050 o gjéﬁ)
10i A NH, OH 804 435.7%  [BESUOM ouo (578 118 1530
10j Wi NH, OH &6 +sT.10 [HROM Lo (27 6ol 13.99)
10k Trp NH, OH 22.1  +59.4°  CyHyNyOy-3H,0 (jgzgé 8.5 }8:22)
101 Met NH, OH 30.5 +42.5° fﬁg:g‘wn- (ﬁ:gé g:g‘li g:gg‘)"
10m  Lys(Ac) NH, OH  Quantitative +55.4° fféﬁzgsolf (g.’gg I ﬂ:g’g)
lon  Lys NH, OCH,  69.0  +50.40  geftelgul, o 2 T3 H0n
100 Lys(Ag NH, OCH,  67.3  +642°  [sllaleOw (1908 731 1149
lov  Phe NH, OCH, 602 +75.5  {iaNOuw Gr60 6.57 o3m)
10r° Ala  NH, NH, 90.9  +35.4°  C,gHyN;Os 2H,0 (ﬁ:g‘f 7o %g:g%
10z  Ala OCH, OCH, 76.2 +39.3° CgHys N304, 2.5H,0 (22123 ;kl)g ;:gg)
106 Val  NH, NH, 949  +as.a [Rigids (@23 100 1208
3]2H,0

10u  Val  OCH, OCH, 70.2 +.54,7°0 gngZ"cI,\I“O”' ég:gé ;:gg ;:gg)
10w  Phe NH, NH, 84.3  +31.6%  C,HyN,Op 2H,0 éZ:Zé 87 ﬁgg)
10x  Phe OCH,OCH, 562  +54.1°  [dwbeSu oo @01 80 oo
10p Lys NH, NH, 82.0  +31.4° 8%—211;3?)1\8%"2'.5}120 (igﬁgg 7% i%:gg)
g Lys OCH,OCH,  70.4  +30.9°  Gefispmy o (4350 7737 .39,

a)
b)
)
d)
e)

All these compounds are colorless hygroscopic powders and do not show definite melting points.

In 75% aqueous EtOH.
In DMF.

S: Caled, 5.71%; Found, 5.55%.

Ref. (12¢).
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9 was effected in 609, AcOH at 100° prior to hydrogenolysis. The final products were purified
by column chromatography on Sephadex LH-20 then lyophilized to give hygroscopic powder.
The yields and physicochemical characteristics of 10 are summarized in Table ITI.

During hydrogenolytic deprotection of the tryptophan analog (9k) in acetic acid or
N,N’-dimethylformamide (DMF), TI.C showed the generation of unknown by-products as
well as the desired product 10k, because degradation of the indole ring of tryptophan
had presumably occurred. All efforts to isolate 10k were unsuccessful. Therefore, direct
coupling of N-acetylmuramic acid (11) with L-tryptophyl-p-isoglutamine (5) was attempted to
obtain 10k without the final deprotection procedure.

After the hydrogenolytic deprotection of 3 over palladium black in methanol, the resulting
deprotected free dipeptide 5 was coupled with 11 which had been converted into the HONB
active ester (12) prior to the coupling. Although the HONSu ester of benzyl N-acetylmuramide
was reported to be easily converted into an intramolecular ester,'” this was not observed on
thin layer chromatography (TLC) during the condensation of 5 with 11 when the HONB
active ester was used.

Compound 101 was also obtained by direct coupling of 11 with the deprotected dipeptide
6 as described above, since sulfur-containing peptides usually poisoned the catalyst. The final
product thus obtained was purified by successive column chromatography on Amberlite CG-
120, Amberlite XAD-2, and Sephadex LH-20.

Measurement of Adjuvant Activity

The adjuvant activity of these synthetic MDP analogs for the induction of delayed-type
hypersensitivity to ABA-Tyr was examined in guinea pigs by a method described earlier.®»
Briefly, four Hartley guinea pigs (weighing 300—500 g) in each group were immunized by
injection into the four footpads of 50 ug of ABA-Tyr in Freund’s incomplete adjuvant (FIA)
with synthetic N-acetylmuramyldipeptides. Control groups were immunized with ABA-N-
acetyl-L-tyrosine alone in FIA (control 1) or FIA alone (control 2). After 2 weeks, skin tests
were performed with 100 or 50 pg of ABA-bovine serum albumin (ABA-BSA), prepared by
the method of Tabachinick and Sobotka,!® and skin reactions were measured 24 hr and 48 hr
after intradermal injection of test antigen.

Results and Discussion

As shown in Table IV, the MDP analogs, 101, 10f, 10e, 10c and 10d had adjuvant activities
similar to or more potent than that of MDP in this immune system. In the cases of 101, 10f,
10e, 10a and 10c necrotic skin reaction in addition to very strong induration and erythema
reactions was observed at the injected site in guinea pigs, as in the case of MDP and the r-valine
analog. On the other hand, lower activities were seen with the 10g, 10i and 10j analogs.
The analogs of 10a, 10h, 10k and 10b had clear adjuvanticity, but were less active than MDP,
especially with a 10 pg dose.

These results suggest that increased lipophilicity and steric bulk of the side chain of the
amino acid adjacent to the muramic acid moiety may play an important role in the develop-
ment of adjuvant activity, as suggested in our previous paper.® The weak adjuvant activities
of 10a, 10b, 10h, 10j and 10k in comparison with that of MDP indicate that too large a side
chain or aromaticity of these amino acid residues was also unfavorable for the adjuvant activity.
10f and 10e had similar adjuvant activity to MDP, but 10g, 10i and 10j were less active than
MDP, though the bulkiness of the side chain of r-lysine is comparable to that of L-methionine.
These results suggest that an acidic moiety has no effect on the activity, but the introduction
of a basic of amino acid is unfavorable for the adjuvant activity of N-acetylmuramyldipeptides.
It may be considered that the amino or imino group of the side chains of vr-lysine, vr-histidine
and r-arginine interacts with the carboxyl group of the p-isoglutamine residue and interferes
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TaBLE IV. Adjuvant Activities of N-Acetylmuramyldipeptides on the Induction of
Delayed-type Hypersensitivity to ABA-N-acetyl-L—tyrosine in Guinea Pigs

MDP analogs of Skin reaction with ABA-BSA (50 ug)¥

. . Dose Necrotic®)
Compd. Amino acid at 24 hr at 48 hr :
o yiude xay  (©8) (mm in diameter + S.E.) reaction
Exp. 1
MDP Ala 100 21.3+0.5 18.6+1.2 1/4
10 20.04+1.0 18.940.7
Val 100 23.1+1.0 21.74+1.2 3/4
10 22.04+1.0 20.440.6
101 Met 100 24.54+0.7 20.9+0.4 1/4
10 22.3+0.6 19.0+0.5
10f Glu 100 22.8+0.7 19.0+0.8 2/4
10 20.1+0.9 16.340.8
10e Gin 100 21.5+0.9 20.44+1.1 1/4
10 21.3+0.4 19.0+0.9
10g Lys 100 (14.741.3) (9.341.9)
10 (5.5+0.2) 0
10i Arg 100 20.64+0.6 15.94+1.4
10 (16.5+0.9) (8.8+1.1)
10j His 100 (10.8+2.3) 0
10 (9.8+2.1) (2.7+£2.7)
10a Phe 100 21.6+1.1 20.3+1.1 2/4
10 (13.8+1.4) (8.8+2.3)
10h Tyr 100 24.44+0.8 20.2+0.6
10 (18.1+1.7) (7.3+2.8)
10k Trp 100 22.4+0.9 19.1+£0.9
10 (18.34+1.3) (13.14+1.0)
Exp. 11
Val 100 21.240.6 19.84+0.5 2/4
10 20.040.5 18.8+0.5 1/4
10c Leu 100 22.440.8 19.6+0.8 1/4
10 21.94+0.5 16.8+0.8
10d Ile 100 21.3+0.6 19.1+0.5
10 20.84+0.6 16.4+1.5
10b C-Gly 100 19.94+1.0 15.9+1.1
10 20.5+0.6 13.3+0.8
Control 1 (ABA-Tyr+ FIA) 0 0
Control 2 (FIA alone) 0 0

a) MurNAc-L-X-p-GIn(OH)-NH,.

b) The data indicate the average skin reaction (erythema) and standard error (S.E.) of four guinea pigs;
parentheses indicate the size of faint erythema.

¢) No. of guinea pigs with necrotic skin reaction/No. of guinea pigs tested.

with the adjuvant activity of these N-acetylmuramyldipeptides.. This possibility is supported
by the results in Table V.

As shown in Table V, the adjuvant activities of MurNAc-L-Lys-p-isoGln analogs (10m,
100) in which the amino group of the r-Lys residue was blocked by acetylation were more
potent than that of 10g. Furthermore, the activities of 10p and 10q in which the free
carboxyl group of the p-isoGln residue was blocked were more potent than that of 10g.

It has already been shown that the p-glutamic acid residue is essential for the ad]uvant
activity of MDP and its analogs.?-5:6:8:%0) In this experiment, we examined the effect of che-
mical modification of the p-glutamic acid residue of MDP and its analogs. As shown in Table
V, p-isoglutamine methyl ester or p-glutamic acid dimethyl ester analogs (10v, 10n, 10o, 10z,
10u, 10x) were less active than the corresponding MDP analogs (10a, 10g, 10m, MDP, 1r-Val
analog). The adjuvant activities of p-glutamic acid diamide analogs (10r, 10t, 10w) were
similar to or slightly lower than those of the corresponding p-isoglutamine analogs (MDP,
r-Val analog, 10a). These results are similar to those described previously.*5
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TaBLE V. Adjuvant Activity of N-Acetylmuramyldipeptides on the Induction of
Dealyed-type Hypersensitivity to ABA-N-acetyl-L-tyrosine in Guinea Pigs

MDP analogs®) Skin reaction with ABA-BSA (50 pg)

Dose

Compd. T at 24 hr at 48 hr
X R, R, (8) (mm in diameter +S.E.)
Exp. I
MDP Ala NH, OH 100 19.2+1.2 20.1+1.4
10a Phe NH, OH 100 18.5+0.9 17.1+1.4
10v Phe NH, OCH, 100 18.9+2.0 13.1+3.2
10g Lys NH, OH 100 (7.94£2.0) 0
10m Lys(Ac) NH, OH 100 18.9+1.0 15.14+0.8
10n Lys NH, OCH, 100 0 0
100 Lys(Ac) NH, OCH, 100 15.5+2.0 10.4+2.4
Control (ABA-Tyr+FIA) 0 -0
Exp. 11
MDP Ala NH, OH 100 20.5+1.3 16.5+1.6
10r Ala NH, NH, 100 19.6+1.0 20.4+1.8
10z Ala OCH,; OCH, 100 15.94+2.0 8.1+2.2
Val NH, OH 100 22.3+1.1 21.6+1.5
10t Val NH, NH, 100 21.1+1.0 19.9+1.0
10u Val OCH; OCH, 100 19.4+1.2 18.8+2.0
10a Phe NH, OH 100 17.0+1.0 12.3+2.8
10w Phe NH, NH, 100 13.3+1.1 (4.8+£1.1)
10x Phe OCH; OCH, 100 10.2+6.4 (3.0£1.9)
10g Lys NH, OH 100 6.1+1.5 (4.5+1.0)
10p Lys NH, NH, 100 19.3+1.1 9.6+0.8
10q Lys OCH,; OCH, 100 17.8+1.2 14.5+2.9
Control (ABA-Tyr+FIA) 0 0
See Table IV for the methods.
R,
a) Mu!‘NAC-L-X-D-C‘v]U-R,.
Experimental

Melting points were taken in open capillaries and are uncorrected. Optical rotations were determined
with a Perkin-Elmer model 141 polarimeter. All chemicals and solvents were of reagent grade and were
used without further purification. Silica gel 60 (Merck), Sephadex LH-20 (Pharmacia) and Amberlite
XAD-2 (Rohm and Haas) were used for column chromatography.

The reactions were monitored by TLC with Merck F,;, silica gel pre-coated plates, which were generally
developed with CHCl,-MeOH-AcOH (180: 20: 1, v/v) for protected dipeptides (1, 3 and 4) and protected
muramyldipeptides (9), and with AcOEt-pyridine-H,0-AcOH (30:10:5: 3, v/v) and #-BuOH-AcOH-
AcOEt-H,0 (1:1:1: 1, v/v) for muramyl dipeptide analogs (10).

Solutions were concentrated by evaporation under reduced pressure with an outside bath temperature
of below 40°.

Boc-L-cyclohexylGly L-CyclohexylGly'® (200 mg, 1.3 mmol), Boc-N; (223 mg, 1.56 mmol), and Et,N
(0.44 ml, 3.12 mmol) were combined in a mixture of DMF (5 ml) and H,O (5 ml) at room temperature and
the solution was stirred for 24 hr at 40°. H,O (30 ml) was then added to the solution and the mixture was
washed with AcOEt (20 mlx2). The AcOEt layer was extracted with 5% NaHCO, solution (10 ml). All
the aqueous layers were combined, acidified to pH 4 with 1~ HCl at 0°, and extracted with AcOEt (20 ml x 3).
The extract was washed with H,0-NaCl solution (20 mlx 2), dried over Na,SO,, and concentrated. The
residue was triturated with pet. ether to give 265 mg of white crystals (79.1%): mp 81—83°; [a]% —2.3°
(¢=0.5, EtOH). Amnal. Calcd for C;3H,3NO,: C, 60.67; H, 9.01; N, 5.44. Found: C, 60.59; H, 8.89; N, 5.52.

Boc-Lys(Ac)OH Boc-Lys(Ac)OH was prepared from Lys(Ac)OH29 (1.51 g, 8 mmol) by using Boc-N,.
Recrystallization from Et,O-pet. ether: 1.32 g (57.29%,); mp 142—143°; [«]® —22.1° (¢=0.5, DMF). Aual.
Calcd for C,3H,,N,0;: C, 54.15; H, 8.53; N, 9.72. Found: C, 54.12; H, 8.53; N, 9.74.

Boc-p-Glu(NH,)NH,——Boc-p-Glu (1.24 g, 5 mmol) and p-nitrophenol (1.39 g, 10 mmol) were dissolved
in THF (20 ml), DCC (2.06 g, 10 mmol) was added at 0°, and the solution was stirred in a refrigerator over-
night. The resulting dicyclohexylurea was filtered off and 28%, NH,OH (5 ml) was added to the filtrate.
The solution was stirred for 3 hr at room temperature. The sclvent was evaporated off, and the residue
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was dissolved in H,O (100 ml). The solution was neutralized with 109, aqueous H-COOH, washed with
AcOEt (20 mlx2), and subjected to lyophilization. The residue was recrystallized from EtOH-Et,O to
give 0.95 g of white crystals (77.5%): mp 134—136°; [«]5 —4.6° (¢=0.5, EtOH). A4nal. Calcd for C,;H,;,N;0,:
C, 48.97; H, 7.81; N, 17.13. Found: C, 48.98; H, 7.83; N, 17.06.

p-Glu(OMe)OMe+ HCl——p-Glu(OMe)OMe-HCl was prepared from p-Glu by using HCI-MeOH and
recrystallized from EtOH-Et,0: 6.93 g (96.3%,): mp 86—89°; [«]% —26.0° (c=1, EtOH). Anal. Calcd for
C,,H,,CINO,: C, 39.72; H, 6.67; Cl, 16.75; N, 6.62. Found: C, 39.62; H, 6.75; Cl, 16.65; N, 6.75.

Boc-L-Phe-p-Glu(OBzl)NH, (la)——Boc-L-Phe-HONB® (1.28 g, 3.1 mmol), b-Glu(OBzl)NH,-TFA
(1.19 g, 3.4 mmol) and Et;N (0.48 ml) were combined in CH,CN (25 ml) at 0° and the solution was stirred
for 6 hr at room temperature. After removal of the solvent by evaporation, the residue was dissolved in
AcOEt and the solution was washed with 59, NaHCO,, 1 ~ HCl, and H,0-NaCl successively, then dried over
Na,S0O, and concentrated. The residue was recrystallized from CHCl;-Et,O to give 1.14 g of white crystals
(69.8%): mp 136—138°; [«]§ +34.8°(c=0.5, EtOH). Anal. Calcd for CpeH,3N,04: C, 64.44; H, 7.07; N,
8.67. Found: C, 64.29; H, 6.81; N, 8.66.

Boc-Arg(NO,)-p-Glu(OBzl)NH, (1i) Boc-Arg(NO,) (0.64 g, 2 mmol), p-Glu(OBzl)NH,-TFA (0.70 g,
2 mmol), HOBt (0.41 g, 3 mmol), and Et;N (0.28 ml) were combined in CH;CN-DMF (15 ml-15 ml). DCC
(0.52 g, 25 mmol) was then added to the solution at 0° and the solution was stirred overnight at room tempera-
ture. After removal of the solvent by evaporation, the residue was dissolved in CHCly-#-BuOH (50 ml-
10 ml). The solution was washed with 1~ HCI, 5% NaHCO,, and H,0-Na(l solution successively, then
dried over Na,SO, and concentrated. The residue was recrystallized from 809% EtOH to give 0.80 g of
white crystals (74.4%): mp 161—164°; [«]5 +3.8° (¢=0.5, DMF). Anal. Calcd for CyH,;N,Oq4: C, 51.39;
H, 6.56; N, 18.24. Found: C, 51.35; H, 6.54; N, 17.98.

Boc-His(Tos)-p-Glu(0Bzl)NH, (1j)——Boc-His(Tos)-OH [prepared from 1.18 g (2 mmol) of Boc-His(Tos)-
OH-DCHA], HONB (0.39 g, 2.2 mmol), DCC (0.45 g, 2.2 mmol) were combined in CH,CN (30 ml) at 0°, and
the solution was stirred overnight at room temperature. N,N’-Dicyclohexylurea was removed by filtration
and the filtrate was evaporated to dryness. The residual Boc-His(Tos)ONB, p-Glu(OBzl)NH,-TFA (0.7 g,
2 mmol), and Et;N (0.28 ml) were combined in CH,CN (30 ml) at 0° and the solution was stirred overnight at
room temperature. After removal of the solvent by evaporation, the residue was dissolved in AcOEt (50 ml),
and the solution was washed with 1~ HCI solution (20 mlx 2). Boc-His(Tos)-p-Glu(OBzl)NH, was found
in the organic layer, while the desired detosyl product (1j) was in the aqueous layer. The work-up of this
aqueous layer is described later. The AcOEt layer was washed with 5% NaHCO; (20 ml x 2) and H,0~NaCl
solution (20 mlx2), dried over Na,SO, and concentrated. Boc-His(Tos)-p-Glu(OBzl)NH, thus obtained
and HOBt (0.41 g, 3 mmol) were combined in THF (15 ml) and the solution was stirred overnight at room
temperature. After removal of the solvent by evaporation, the residue was dissolved in 0.5N HCI (30 ml)
and the aqueous solution was washed with AcOEt (15 ml X 2), neutralized with NaHCO,, and extracted with
AcOEt (20 mi x 2). The extract was washed with 59, NaHCO, (20 ml x 2) and H,0-NaCl (20 ml x 2), dried
over Na,SO,, and concentrated to give an oily material.

In the meantime, the aqueous layer mentioned above was neutralized with NaHCO;, and extracted
with AcOEt (20 ml1x2). The AcOEt layer was washed with H,0-NaCl solution (20 mlx2), dried over
Na,SO, and concentrated to give an oily material.

These oily materials were combined and triturated with Et,O-pet. ether to give 0.32 g of hygroscopic
white powder: [«]} +2.5° (¢=0.5, DMF). Amnal. Calcd for C;sHyN;Oq: C, 58.34; H, 6.60; N, 14.79. Found:
C, 58.19; H, 6.95; N, 14.54.

Boc-Val-p-Glu(NH,)NH, (1t)-———Boc-p-Glu(NH,)NH, (0.25 g, 1 mmol) was dissolved in TFA (2 ml)
and the solution was allowed to stand for 20 min at room temperature. TFA was then evaporated off and
the residue was triturated with Et,0. After decantation, the residue was dried under reduced pressure in
the presence of NaOH pellets. p-Glu(NH,)NH,:-TFA thus obtained was dissolved in DMF (10 ml) and the
solution was neutralized with Et;N (0.14 ml) at 0°. Next, Boc-Val-HONB!® (0.38 g, 1 mmol) was added,
and the solution was stirred for 24 hr at room temperature. After removal of the solvent by evaporation,
the residue was dissolved in a small portion of CHCI; and subjected to silica gel column chromatography
(solvent: CHCl;: MeOH: AcOH=180: 20: 1, v/v). Fractions containing the product were collected and
concentrated. The residue was recrystallized from EtOH-Et,O to give 0.28 g of white crystals (82.4%)
mp 167—168°%; [«]F +4.5° (¢=0.5, DMF). Anal. Caled for C,5H,4N,O;- 1/4H,0: C, 51.63; H, 8.63; N, 16.06.
Found: C, 51.40; H, 8.04; N, 15.94.

Boc-Ala-p-Glu(NH,;)NH, (1r)——This compound was prepared in a manner similar to that described
for 1t. Its physicochemical properties, however, were not determined since all efforts to crystallize 1r were
unsuccessful. )

The analogous protected dipeptides (1b—k, 1m—o, 1g—v, and 1x) were all prepared in a manner similar
to that described for 1a. The other analogous protected dipeptides (1p and 1w) were prepared in a manner
similar to that described for 1t. The yields and physicochemical properties are summarized in Table I.

Z-Trp-p-Glu(OBzl)NH, (3)——Z-Try-HONB (1.00 g, 2 mmol), p-Glu(OBzl)NH,-TFA (0.70 g, 2 mmol),
and Et,N (0.28 ml) were combined in CH,CN (20 ml) at 0° and the solution was stirred overnight at 0°.
After removal of the solvent by evaporation, the residual solid was collected by filtration, and recrystallized
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from EtOH-Et,0 to give 0.86 g of white crystals (57.4%): mp 187—188°; [«]} —1.8° (¢=0.5, DMF). Amnal.
Calcd for C;,H,,N,O4: C, 66.89; H, 5.80; N, 10.07. Found: C, 66.88; H, 5.62; N, 9.95.

Try-p-Glu(OH)NH,, (5) Compound 3 (278 mg, 0.5 mmol) was hydrogenolyzed with palladium black
as a catalyst in methanol at room temperature. After the catalyst had been removed by filtration, the
filtrate was concentrated to give 5, which was used without further purification. The physicochemical pro-
perties of this compound were not determined.

Boc-Met-p-Glu(OH)NH, (4)——Boc-Met-Opcp (1.49 g, 3 mmol), p-Glu(OH)NH,-TFA (0.78 g, 3 mmol),
and Et,N (0.42 ml) were combined in CH,CN (30 ml) at 0° and the solution was stirred overnight at room
temperature. The solvent was evaporated off, the residue was dissolved in AcOEt and the solution was
washed with H,O. The H,O layer was acidified with 1 ¥ HCl at 0° and extracted with AcOEt. The AcOEt
extracts were combined, washed with H,0-NaCl, dried over Na,SO, and concentrated. The residue was
triturated with Et,O and recrystallized from AcOEt-pet. ether to give 0.65 g of white crystals (57.4%);
mp 127—129°; [«]§ —8.9° (¢=0.5, DMF). Amnal. Calcd for C;;H,,N;O,S: C, 47.73; H, 7.21; N, 11.13; S,
8.50. Found: C, 47.68; H, 7.05; N, 10.99; S, 8.48.

Met-p-Glu(OH)NH,-TFA (6) Compound 4 (0.38 g, 1 mmol) was dissolved in TFA (10 ml) containing
anisole (1 ml) and the solution was allowed to stand at room temperature for 10 min. After removal of the
solvent, the residue was triturated with Et,O and filtered to give 6 as the trifluoroacetate (hygroscopic white
powder), which was used without further purification. The physicochemical properties of this compound
were not determined.

N-Acetyl-1-0-benzyl-4,6-0-benzylidene-a-muramyl-r-Phe-p-Glu(OBzl)NH, (9a) Compound la (0.97
g, 2 mmol) was dissolved in TFA (10 ml) and the solution was allowed to stand at room temperature for 20 min.
After removal of the solvent, the residue was triturated with Et,O-pet. ether to give white crystals. Phe-b-
Glu(OBzl)NH, - TFA (2a) thus obtained was dissolved in CH,CN (30 ml) and the solution was neutralized
with Et,N (0.28 ml) at 0°. Next, a CH,CN solution (20 ml) of N-acetyl-1-O-benzyl-4,6-O-benzylidene-c-
muramide HONB ester'® was added, and the mixture was stirred overnight at room temperature. After
removal of the solvent by evaporation, the residue was collected by filtration, and recrystallized from DMF-
EtOH-Et,0 to give 1.14 g of white crystals (71.7%): mp 267—269°; [«]5 +102.4° (¢=0.5, DMF). Anal.
Calced for C,H;,N,04;: C, 66.01; H, 6.26; N, 6.69. Found: C, 66.14; H, 6.30; N, 6.71.

The analogous protected N-acetylmuramyl dipeptides (9b—k, 9Im—x) were all prepared in a manner
similar to that described for 9a. The yields and physicochemical properties of these compounds are sum-
marized in Table II.

MurNAc-Phe-p-Glu(OH)NH, (10a)——Compound 9a (0.84 g, 1 mmol) was heated in 60% AcOH (50 ml)
on a boiling water bath for 30 min. The solvent was evaporated off, and the residue was freed from benzal-
dehyde by codistillation with water. The residue was then hydrogenolyzed with palladium black as a catalyst
in acetic acid (50 ml) for 72 hr at room temperature. After the catalyst had been removed by filtration,
the filtrate was concentrated and the residue was dissolved in EtOH-0.1x AcOH (1.2 ml—0.8 ml). The
solution was applied to a column of Sephadex LH-20 (2 x 90 cm), which was eluted with the same solvent
system. Fractions (2 g each) corresponding to the main peak were collected and the solvent was evaporated
off. The residue was dissolved in water (20 ml) and lyophilized to give 0.50 g of hygroscopic white powder
(87.9%): [e]3 +77.9° (¢=0.5, EtOH). Amnal. Caled for CyHyeN,0y,-1/2H,0: C, 51.98; H, 6.46; N, 9.70.
Found: C, 51.86; H, 6.72; N, 9.30.

MurNAc-Trp-p-Glu(OH)NH, (10k) N-Acetylmuramic acid (146 mg, 0.5 mmol), HONB (108 mg, 0.6
mmol) and DCC (124 mg, 0.6 mmol) were combined in DMF (2 ml) at 0° and the solution was stirred for 2 hr
at 0°. After N,N’-dicyclohexylurea had been removed by filtration, the filtrate was again cooled, 5 (223 mg,
0.5 mmol) and EtgN (0.14 ml, 1.0 mmol) were added, and the solution was stirred for 48 hr at 0°. After
removal of the solvent, the residue was subjected to silica gel column chromatography (solvent: AcOEt-
pyridine-H,0-AcOH=30: 10: 5: 3, v/v). The fractions containing the desired product were collected and
the solvent was evaporated off. The residue was dissolved in water and the solution was applied to a column
of Amberlite CG-120 (H*, 1 x 1 cm). The passed solution and water washings were combined and concen-
trated. The residue was applied to a column of Amberlite XAD-2 (2 x 20 cm) which was eluted with H,0-
EtOH (gradient: H,O/EtOH =100 ml/100 ml). The fractions containing the product were combined and
concentrated. The residue was dissolved in a mixture of EtOH (1.2 ml) and 0.1~ AcOH (0.8 ml), and the
solution was applied to a column of Sephadex LH-20 (2x 90 cm), which was eluted with the same solvent
system. Individual fractions (2 g each) were collected and the fractions containing pure product were
combined and concentrated. The residue was dissolved in water and lyophilized to give 67 mg of white
powder (22.1%): [«]§ +59.4° (¢=0.5, EtOH). Anal. Caled for C;H;;,N;0;,-3H,0: C, 49.01; H, 6.55; N,
10.59. Found: C, 49.05; H, 6.26; N, 10.34. -

MurNAc-Met-p-Glu(OH)NH, (101)——This compound was prepared in a manner similar to that described
for 10k without the Amberlite XAD-2 column chromatography purification step: 118 mg (30.5%): [«]%
+42.5° (¢=0.5, EtOH). Amnal. Calcd for Cy;H,N,0,,5-1/2H,0: C, 44.91; H, 6.64; N, 9.98; S, 5.71. Found:
C, 44.85; H, 6.91; N, 9.77; S, 5.55.

The analogous N-acetylmuramyl dipeptides (10b—j, 10m—x) were prepared in a manner similar to that
described for 10a either with (9c and 9g—x) or without (9e, 9f and 9j) the pretreatment in 60% AcOH at 100°.
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Compounds 9b and 9d were treated with DMF-60%, AcOH (1: 1) prior to catalytic hydrogenolysis. The
yields and physicochemical properties of 10 are summarized in Table III.
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