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Abstract: A series of C32-0-aralkyl ether derivatives of the FK-506 related macrolide ascomycin have been 
prepared based on an earlier reported C32-0-cinnamyl ether design. In the present study, the nature of the aryl 
tethering group was varied in an attempt to improve oral activity. An imidazol-2-yl-methyl tether was found to be 
superior among those investigated and has resulted in an ascomycin analog, L-733,725, with in vivo 
immunosuppressive activity comparable to FK-506 but with an improved therapeutic index.@ 1998 Elsevier Science Ltd. 

All rights reserved. 

Interruption of T lymphocyte receptor signaling by inhibition of the serine/threonine protein phosphatase 

calcineurin (CaN) is a therapeutically effective means of suppressing an immune response to antigen.le3 Two 

chemically distinct immunosuppressants that work by this mechanism, FK-506 (tacrolimus)4 and cyclosporin A 

(cyclosporine)5 are used clinically for the prevention of organ transplant rejection and have demonstrated utility in 

the treatment of other autoimmune diseases. 6 The goal of our research effort has been to develop an “FK-506- 

like” immunosuppressant that has an improved therapeutic index with respect to the neuro- and nephrotoxicity 

experienced by many patients receiving this therapy. To affect the therapeutic index of a drug whose toxicities are 

mechanism-based7*8 we sought to prepare analogs of ascomycin 

that were distinct in some physical property (e.g., lipophilicity, @..-o,,,, 

FKBP12 binding affinity, etc.) that may alter the intra- or ’ 32 
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intercellular distribution of the drug while retaining the potent 
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immunosuppressive activity of the parent natural product. We 
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have previously reported on C32-derivatives of the related natural 

product ascomycin 1,9 such as the aralkyl ether 2, that have good 
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in vitro immunosuppressive potency.lO-l4 Related aryl ether Me “..Me 

analogs have also demonstrated an improved therapeutic index \ 
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over FK-506 in various animal models of efficacy and 02 

toxicity.15316 This report describes the synthesis and evaluation of 
@ TCell (IC,. nM) 

C32-0-aralkyl ethers that incorporate heteroatoms in the tethering 1 ascomycin 

chain with an emphasis on the imidazol-2-yl-methyl group. 2 L-702,992 yy_ 1:: 

Chemistry 

A variety of aralkyl ether derivatives of ascomycin bearing an oxygen or nitrogen in the tethering group 

were prepared using the synthetic routes depicted in Scheme 1. I7 The C32-O-allyl-C24-O-tert-butyldimethylsilyl 
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ether derivative 3 was prepared by a 3-step procedure described in a previous communication using allyl 2,2,2- 

trichloroacetimidate as the electrophilic coupling partner. 10 Oxidative cleavage of the terminal olefin in 3 was 

conducted in a 2-step manner to deliver the versatile intermediate aldehyde 5. A four-atom tethered phenalkyl 

ether containing an oxygen at the 3' position, 6, was prepared by reduction of aldehyde 5 with potassium 

triphenylborohydride (KTPBH) followed by benzylation of the resulting alcohol and removal of the silyl ether 

protecting group at C-24. The corresponding 3'-amino derivative, 7, was obtained from 5 by reductive amination 

with benzyl amine followed by desilylation. An analog of 7 in which the 2' and 4' carbons are joined to form an 

imidazole ring is readily prepared from 5 using the Radziszewski synthesis. 18 Treatment of 5 with phenylglyoxal 

and ammonium hydroxide gave the corresponding 4(5)-phenylimidazol-2-yl-methyl ether derivative in 66% yield. 

Deprotection of the silyl ether using a solution of hydrogen fluoride*pyridine (40% in THF:pyridine, 2:1) 

provided the desired ascomycin analog 9a. 
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A variety of substituted phenylimidazol-2-yl-methyl ether analogs of ascomycin were prepared by this 

procedure, 9b-p, that often required the prior synthesis of phenylglyoxal component 8. For this purpose, we 

have found the method of Riley et at. (Equation 1) to be a reliable means of preparing substituted phenylglyoxal 

hydrates from the corresponding acetophenones. 19,20 
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E q u a t i o n  I 
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C32-O-Cinnamyl ether analogs, such as 2, were found to be essentially equipotent to ascomycin in an in 

vitro assay of immunosuppression 10 but were less efficacious in vivo, especially upon oral administration (vida 

infra). In an attempt to improve the oral activity of this design we sought to increase the polarity of these analogs 

by incorporating heteroatoms into the alkyl tether. The effect of the tether on in vitro immunosuppressive activity 

and FKBP12 binding was investigated with a series of phenalkyl ethers shown in Table 1. Replacement of the 

allyl group in 11 l° with a -CH2OCH2- linkage, 12, had no effect on in vitro immunosuppressive activity with 

both analogs being approximately three-fold less potent than ascomycin. Lengthening the tether by one methylene 

unit as in analogs 6 and 7 results in further loss of activity. It is interesting that the uncharged ether tether in 6 

and the amine tether in 7, which would be positively charged as the protonated species both physiologically and 

under the present assay conditions, provide analogs with equivalent activities. This would suggest that the 

heteroatoms in these tethers are not making a close contact with protein in the cytosolic FKBPI2odrug.CaN 

complex.21,22 Incorporation of the 2' and 4' carbons of 7 into an imidazole ring, 9a, imparts a severe rotational 

constraint in the tether and results in an analog with improved activity compared to the acyclic 4-atom tether 

analogs 6 and 7. Analog 13 places fewer conformational restrictions in a 4-atom, imidazole-containing tether. Its 

immunosuppressive activity is reduced compared to 9a and is similar to that of the unsubstituted C32-O-imidazol- 

2-yl-methyl ether analog 14. Comparing the activity of 9a to 14 gives a measure of the potency gained (three- 

fold) by substitution of a phenyl group to the 4(5)-position of an imidazol-2-yl-methyl tether. This gain in 

Table 1. 
Immunosuppressive activity and FKBP12 binding affinity of C32-O-phenalkyl ether derivatives of ascomycin 

~ - A " ~ - O  ..... H 

MeO ~ '  

M e L ~  s ascomycin 

Compound Tethering Group (A) TCel123 FKBP1224 
IC50 (nM) EC50 (nM) 

l H (no phenyl) 0.69 
(ascomycin) 
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potency is identical to that observed by substitution of a phenyl to the T-position of an allyl tether (cf., 11 vs C32- 

O-allyl ascomycin: IC50 -- 7.4 nM). 10 Consistent with previous observations, the affinity of these C32-O-alkyl 

ether ascomycin derivatives toward their major cytosolic binding protein, FKBP12, is reduced compared to parent 

and not correlative with in vitro activity. Immunosuppressive activity is more likely associated with cohesion in 

the FKBP 12odrugoCaN complex which, in turn, can be profoundly affected by groups appended to C32.15 

The effect of aromatic substitution in the 4(5)-phenylimidazol-2-yl-methyl ether design was explored as an 

attempt to improve immunosuppressive activity (Table 2). Many substituents at the 3-phenyl position result in 

analogs with improved activity relative to 9a. This effect would appear to be independent of electronic factors as 

both the 3-CH3 (9b, numbering refers to the terminal phenyl group) and 3-CF3 (gd) analogs have equivalent in 

vitro activities. In two instances the 3-substituted and corresponding 3,5-disubstituted derivatives had similar 

activities irrespective of the ability of these substituents to donate (91,m) or withdraw (9f, g) electron density from 

the phenyl ring. In contrast, the 3,5-di(CF3) substituted 9e is 20-fold weaker than mono-substituted 9d which 

may be a result of increasing hydrophobicity. Substitution at the 4-position provides analogs that are either 

equivalent in activity to the corresponding 4-H parent (gh,k vs 9f, a) or weaker (gp vs 9m). In all cases, 

incorporation of fluorine improves activity (gf-h) whereas chlorine appears to have no beneficial effect over 

hydrogen (9i vs 9a). Oxygen substituents also have a pronounced effect on in vitro activity and are superior to 

alkyl groups in this regard (cf., 91 vs isosteric 9c). The 3-methoxy and 3,5-dimethoxy derivatives (91,m) are at 

least as active as FK-506 in vitro (IC50 = 0.29 nM) and three-fold more potent than the parent natural product 

ascomycin. It is interesting that hydroxyl-substitution does nothing to increase activity in this series (gn), 

whereas this group was potency enhancing in the C32-O-cinnamyl ethers. The divergence of SAR in these 

classes of ascomycin derivatives implies that the phenyl groups displayed by the two tethers adopt distinct binding 

interactions with CaN. 

Table 2. 
Immunosuppressive activity of substituted 4(5)-phenylimidazol-2-yl-methyl ether derivatives of ascomycin 

MeO~/'~ 
9a p Me ~ ' ~  ascomycin 

Compound Substitution (X) TCel123 
IC50 (nM) 

9 a  H 0.80 
9 b  3-CH 3 0.51 
9 e 3 -CH2CH 3 0.71 
9 d  3-CF 3 0.45 
9 e 3,5-di(CF3) 9.1 
9f 3-F 0.36 
9 g 3,5-di(F) 0.32 
9 h 3,4-di(F) 0.43 
9 i 3,5-di(Cl) 0.86 
9j 2-OCH 3 0.34 
9k 4-OCH 3 0.87 
91 3-OCH3 0.18 
9 m 3,5-di(OCH 3) 0.20 
9 n  3-OH 1.1 
9 o 3 -OCF 3 0.58 
9 p 3,4,5-tri(OCH3) 1.2 

The in vivo activities of selected analogs were evaluated in the mouse and compared to those of FK-506 

(Table 3). Immunosuppression was measured in a murine ex vivo assay and ED50 values were derived for both 

intravenous (iv) and orally (po) administered drug. 15 The C32-O-cinammyl ether 2 and 4(5)-phenylimidazol-2- 
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yl-methyl ether 9a are both approximately five-fold weaker than FK-506 when administered intravenously. This 

result is, in part, explained by their three-fold difference in intrinsic potency. When administered orally the ED50 

of 2 is shifted 33-fold compared to the  iv value, whereas the potency of FK-506 and 9a are reduced only 10-fold. 

More potent arylimidazole analogs such as 9g and 9m have iv activities that are similar to FK-506. The 3,5- 

dimethoxyphenyl analog 9m is also close to FK-506 in oral activity while the more lipophilic 3,5-difluorophenyl 

analog 9g is less potent. 

Table 3 a. 
Evaluation of FK-506 and C32-O-aralkyl ether derivatives of ascomycin in murine-based models of immunosuppression and toxicity 

Compound murine murine mouse Therapeutic 
ex vivo, iv ex vivo, po hypothermia, iv index b 

EDs0 (mpk) EDs0 (mpk) EDs0 (mpk) 

FK-506 0.24 5:0.03 2.6 + 0.18 3.5 5:0.6 15 

2 1.1 37 100 91 

9a 1.4 15 11.8 8.4 

9 g 0.41 10 18.9 46 

9m 0.33 5:0.07 4.4 5:0.4 18.6 5:5.6 56 
(L-733,725) 

Figure 

a All in vivo data represents an average of at least two experiments (n > 2), standard error is given in cases where n >- 4. 
b [mouse hypothermia (iv) EDs0 ] + [murine ex vivo (iv) ED50]. 

A model of neurotoxicity used in this program measures drug-induced hypothermia in BALB/c mice.16 

Comparing ascomycin analogs 9a,g,m and 2 to FK-506 in this model, it is apparent that they are all less effective 

inducers of hypothermia than FK-506 when administered intravenously (Table 3). One measure of therapeutic 

index is to ratio this activity with that from the murine ex vivo assay. When comparing the data in this manner, 

the unsubstituted phenylimidazole 9a has a lower therapeutic index than FK-506, whereas the substituted analogs 

9g,m and the cinnamyl ether 2 are significantly (three- to six-fold) safer than FK-506 in this mouse model. The 

dose-response curves for hypothermia induction with 9m (L-733,725) and FK-506 are shown in Figure I. 

To measure the potential for nephrotoxicity, 9m and FK-506 were administered to spontaneously 

hypertensive rats for 5 days (ip) and blood urea nitrogen (BUN) levels were measured 2 hours after the final 

injection. 16 As shown in Table 4, FK-506 had a profound effect on BUN levels at both the 20 and 40 mg/kg/day 

doses whereas no significant effects were observed with 9m at doses up to 80 mg/kg/day. 

In summary, a series of C32-O-4(5)-arylimidazol-2- 
1 
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yl-methyl ether derivatives of ascomycin were prepared and 

evaluated for immunosuppressive activity and both neuro- and 

nephrotoxicity. The potent oral activity of L-733,725, 9m, 

combined with a nearly four-fold improvement in therapeutic 

index over FK-506 makes this ascomycin analog an attractive 

candidate for further study as an immunosuppressant with 

improved therapeutic potential. Results from this work will 

be the subject of future reports. 
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Table 4. 
Evaluation of FK-506 and 9m in a 5-day model of rat nephrotoxicity. 

BUN (mg/dL) 

dose (mg]kgday, ip) 0 10 20 40 80 

FK-506 

9m 
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