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Abstract: The conformations and conformational equilibria of RA-VII and related natural products in THF-dg were 
found to be similar to that observed in conventional solvents (CDCI3, 15% CD3OD-CDCI3). The addition of 1 
equiv of LiCl resulted in the adoption of a single dominant solution conformation (94%) that corresponds to the 
major conformation detected in conventional solvents (CDCI3, CD3OD, DMSO-^6, THF-ds), and the further addition 
of LiCl (2-12 equiv) had no additional effect on the structure or conformational equilibria of the agent. The LiCl 
complexed solution conformation in THF-d% closely resembles the X-ray structure conformation. This conformation 
contains a characteristic and diagnostic cis C31^-N29 iV-methyl amide central to a type VI /?-turn and the rigid 
cycloisodityrosine subunit, a trans C8 -N9 N-methyl amide central to a typical type II /?-turn capped with a tight 
transannular AIa^C=O-HN-AIa4 hydrogen bond, a trans C14-N15 TV-methyl amide, and a fully accessible Ala2-NH. 
Unlike the conformation observed in THF-^8 but similar to the X-ray structure conformation, the LiCl complexed 
conformation of RA-VII lacks the weak transannular Ala1-NH-O=C-AIa4 hydrogen bond which results in a small 
perturbation in the relative orientations of the two aromatic rings of the characteristic biaryl ether ring system. This 
may be attributed to preferential complexation or a preferential effect of the LiCl complexation to the Ala'-Tyr6 

amide. Interestingly, and not fortuitous, this is the exact location occupied by an ordered water molecule in the 
X-ray crystal structure of a derivative of RA-VII. The differences with the LiCl complexed agent or the X-ray 
conformation and the major conformation observed in THF-ds are small and constitute subtle conformational changes 
in the backbone orientation suggesting that this single dominant conformation represents the relevant physiological 
conformation in water as well. In contrast, the 14-membered cycloisodityrosine 9 adopts a rigid conformation 
possessing a trans Af-methyl amide central to its structure which is unaffected by LiCl complexation. Thus, its 
adoption of an inherently disfavored cis amide central to its structure within the bicyclic hexapeptide of the natural 
products is not solvent induced or solvent dependent. 

Bouvardin1 and deoxybouvardin,1 bicyclic hexapeptides 
isolated from Bouvardia ternifolia (Rubiaceae), represent the 
initial members of a growing class of potent antitumor antibiotics 
now including O-methyl bouvardin1 and RA-I-RA-XTV (Figure 
I).2-5 Both RA-VII (1) and bouvardin (3) inhibit protein syn-
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8 OH Me Me H H 6-O-methylbouvardJn 

Figure 1. 

thesis6 through binding to eukaryotic 80S ribosomes6-7 with 
inhibition of both amino acyl fRNA binding and peptidyl fRNA 
translocation6-9 and this is presently thought to be the site of 
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action for the agent antitumor activity.10 The examination of 
the structures 1—3 led to the initial proposal that the cycloi­
sodityrosine derived 14-membered ring may serve the scaffold­
ing role of inducing and maintaining a rigid, normally inacces­
sible conformation within the biologically active tetrapeptide 
housed in the 18-membered ring and that it was the strained 
conformational constraints of the cycloisodityrosine subunit that 
forced its adoption of a cis iV-methyl amide central to its 
structure.1 However, more recent studies have identified the 
cycloisodityrosine subunit as the pharmacophore and have led 
to the reversal of these assigned functional roles.11-20 These 
studies have shown that it is the tetrapeptide housed in the 18-
membered ring which induces and maintains the rigid, normally 
inaccessible cis amide conformation within the biologically 
active 14-membered cycloisodityrosine subunit.11-20 

The X-ray crystal structure of bouvardin (3)1 and a derivative 
of deoxybouvardin (2)4 revealed that the agents adopt a 
conformation in which the three secondary amides and the C8— 
N9 and C14-N15 TV-methyl amides in the 18-membered ring 
possess the trans stereochemistry, while the C30—N29 /V-methyl 
amide central to the cycloisodityrosine 14-membered ring adopts 
the cis amide stereochemistry. Similarly, the conformational 
properties of members of 1—8 and related analogs1'4,511-21 have 
been studied by 1H NMR in a range of conventional solvents 
(CDCl3, CD3OD, DMSO-J6)- Depending on the solvent, 1-3 
have each been shown to adopt a single predominant solution 
conformation that closely resembles the X-ray structure con­
formation. For RA-VII, the major conformation has been shown 
to constitute 88% (CDCl3), 83% (15% CD3OD-CDCl3), and 
64% (DMSO-J6) of the mixture.20 However, an additional 
minor conformation for the agent is always observed and has 
been unambiguously determined to possess both a C30—N29 and 
C8—N9 cis amide.20 This minor conformation has been shown 
to constitute 12% (CDCl3), 17% (15% CD3OD-CDCl3), and 
32% (DMSO-Ci6) of the mixture.20 An additional trace confor­
mational isomer thought to constitute the C30—N29, C8—N9, and 
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C14—N15 cis amide isomer has been occasionally detected (4% 
in DMSO-J6).

420 

Although the conformation of cyclic peptides in water may 
be substantially different from that observed in nonpolar or 
aprotic solvents as well as different from that observed in the 
solid state, a direct correlation between adoption of a conforma­
tion possessing a cis C30—N29 amide and the observation of 
biological activity has been observed with analogs of RA-VII 
suggesting that the major conformational isomer of the natural 
products is biologically relevant.20 Moreover, the enhancement 
of biological potency observed with the removal of the 
A^-methyl group of 3 which restricts the resulting agent 
exclusively to this single conformation in all conventional NMR 
solvents (CDCl3, CD3OD, DMSO-J6) has supported the expec­
tation that this may be biologically relevant.19 Consequently, 
in conjunction with these studies we have been interested in 
assessing the conformational properties of the agents in water. 
However, the solubility of the agents in water is too low for a 
conformational analysis to be carried out. 

Herein, we report the 1H NMR studies of RA-VII in THF-J8 

and in THF-J8 with added LiCl. The addition of lithium salts 
to THF has been shown to affect the solubility,22 promote 
deaggregation,23 and alter the conformational properties of 
peptides.24-26 Notably, the LiCl complexed cyclic peptides have 
been suggested to more accurately reflect the conformational 
properties in water than those obtained in conventional solvents 
alone. For example, cyclosporin A adopts a conformation that 
contains the correct amide stereochemistries found in the bound 
conformation in the CsA-cyclophilin complex2526 and binds 
to the protein without kinetic barriers due to conformational 
interconversion in the presence of LiCl.26 Thus, the LiCl-THF 
solution conformation of cyclic peptides may more closely 
reflect the native conformation(s) in water and might be expected 
to do so by disrupting intramolecular and intermolecular 
hydrogen bonds necessarily adopted in nonpolar or aprotic 
solvents. 

The addition of LiCl to solutions of RA-VII in THF-J8 

resulted in the shift of the conformational equilibria to essentially 
a single conformation. The minor conformational isomers 
detected in THF-J8 were converted to essentially a single 
conformational isomer that closely resembles the X-ray crystal 
and major solution conformation observed in the absence of 
LiCl. Like the X-ray and conventional solution conformation, 
this LiCl complexed conformation possesses the unusual type 
IV /S-turn and characteristic central cis C30—N29 amide and more 
conventional type II /3-turn and typical central trans C8—N9 

amide. Unlike the conventional solution conformation but like 
the X-ray structure conformation, the LiCl complexed confor­
mation lacks the weak transannular AIa^NH-O=C-AIa4 hy­
drogen bond but maintains the AIa^C=O-HN-AIa4 hydrogen 
bond capping the typical type II /3-turn. 

1H NMR of RA-VII in THF-J8. The 1H NMR of RA-VII 
(1) in THF-J8 was recorded and fully assigned through use of 
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Table 1. 1H NMR Assignments For RA-VII (THF-J8)" Table 2. 1H-1H NOE Observed with RA-VII in THF-dg" 

proton 

Ala4" 
Ala1" 
Ala2" 
Tyr5"a 

Ty^-NCH 3 

Tyr3-NCH3 
•J-yr^a.b 

Tyr5-NCH3 

Tyr3"a 

Tyr3"» 
Tyr3 a 

Jy r5/3b 

Tyr3-OCH3 

Ty^-OCH 3 

Ala l a 

T y l&Sb 

Tyr6" 
Ala4 a 

Ala2 a 

Tyr5 a 

T y r 6 d a 

Ala4-NH 
Tyr5fb 

Tyr 6 " 
Tyr3f 

Tyr315 

Try 5 " 
T y r 5 d b 

Ala1-NH 
TyrMa 

Ala2-NH 

chemical shift (6) 

1.03 ( 3 H d , / = 6.6 Hz) 
1.17 (3H, d, 7 = 7.0 Hz) 
1.25 ( 3 H d , / = 6.8 Hz) 
2.56 (IH, d d , / = 3.1, 11.2Hz) 
2.63 (3H, s) 
2.90 (3H, s) 
3.00 (2H, m) 
3.04 (3H, s) 
3.23 (IH, dd, / = 4.8, 13.8Hz) 
3.32 (IH, dd , / = 10.8, 13.8 Hz), 
3.59 (IH, dd, / = 4.8, 10.8 Hz) 
3.60 (IH, dd, J= 11.2, 11.3Hz) 
3.74 (3H, s) 
3.84 (3H, s) 
4.37 (IH, dq, / = 6.8, 7.0Hz) 
4.55 (IH, d, / =2.2 Hz) 
4.58 (IH, dd, / = 4.6, 11.1 Hz) 
4.68 (IH, d q , / = 6.6, 7.8 Hz) 
4.78 (IH, d q , / = 6 . 8 , 8.4Hz) 
5.47 (IH, d d , / = 3.1, 11.3Hz) 
6.57 (IH, dd, / = 2.2, 8.3 Hz) 
6.64 (IH, d , / = 7.8 Hz) 
6.75 (IH, d d , / = 2.4, 8.4 Hz) 
6.81 (IH, d , / = 8.3 Hz) 
6.82 ( 2 H , d , / = 8.6 Hz) 
7.05 (2H, d, / = 8.6 Hz) 
7.14 (IH, d d , / = 2 . 4 , 8.2 Hz) 
7.21 (IH, d d , / = 2.2, 8.4 Hz) 
7.23 (IH, d , / = 6.8 Hz) 
7.36 (IH, d d , / = 2 . 2 , 8.2 Hz) 
7.81 ( I H d , / = 8 . 4 Hz) 

decoupling result 

4.68 dq—d 
4.37 dq—d 
4.78 dq—d 
5.47 dd—d/3.60 dd-

4.58 dd—s 

3.59 dd—d/3.32 dd-
3.59 dd—d/3.23 dd-
3.32 dd—d/3.23 dd-
5.47 dd—d/2.56 dd-

7.23 d—s/1.17 d—s 
6.57 dd—d 
3.00 m—d 
6.64 d—s/1.03 d—s 
7.81 d—s/1.25 d—s 
3.60 dd—d/2.56 dd-
6.81 d—s/4.55 d—s 
4.68 dq—q 
7.21 dd—d/7.14dd-
6.57 dd—d 
7.05 d—s 
6.82 d—s 
7.36 dd—d/6.75 dd-
7.36 dd—d/6.75 dd-
4.37 dq—q 
7.21 dd—d/7.14dd-
4.78 dq—q 

-d 

-d 
-d 
*d 
*d 

-d 

-d 

-d 
-d 

-d 

" Major conformational isomer. 

decoupling, 1 H - 1 H NOESY and ROESY NMR experiments 
(Tables 1 and 2). The ROESY spectrum was used to distinguish 
NOE and exchange peaks and the distinguishable sets of signals 
obtained in the ID 1H NMR spectrum were confirmed as 
conformational isomers. The spectral properties of 1 in THF-
d$ were analogous to those observed in other solvents, and it 
exhibited the same conformational equilibria observed previ­
ously (Table 1). Three distinct conformations were detected 
in a ratio of 78:20:2 (Figure 2). The major conformation closely 
approximates the X-ray structure conformation and contains a 
cis C 3 0-N 2 9 /V-methyl amide and trans C^-N9 and C1 4-N1 5 

iV-methyl amides. Characteristic and diagnostic of the cis C30— 
N29 JV-methyl amide central to a type VI /3-turn, an intense NOE 
was observed between Tyr^-H/Tyr^-H. Similarly, no NOE 
was observed between Tyr5a-H or Tyr6a-H and Ty^-NCH3 

which would be diagnostic of a trans C30—N29 iV-methyl amide. 
Diagnostic of a trans C8—N9 /V-methyl amide central to a type 
II ,3-turn, both an Ala2a-H/Tyr3-NCH3 and Tyr3a-H/Tyr3-NCH3 

strong NOE were observed, and no Ala2a-H/Tyr3a-H NOE was 
detected which would be characteristic of a cis C 8 - N 9 N-methyl 
amide. Characteristic of the orientation and stereochemistry of 
the trans C1 4-N1 5 N-methyl amide, NOEs between Tyr5-NCH3 

and Ala4a-H and Ala4/3-H were observed, while that of Tyr5a-
HyTyI^-NCH3 was not, and no NOE for Tyr5a-H/Ala4a-H was 
observed which would be diagnostic of a cis C14—N15 amide. 

The minor conformation contains both a cis C30—N29 and 
C8—N9 N-methyl amide and a trans C14—N15 N-methyl amide. 
In this conformation, diagnostic Tyr6a-H/Tyr5a-H, Ala2a-H/ 
Tyr3a-H, Tyr5-NCH3/Ala4a-H, and Tyr5-NCH3/Ala4^-H NOE 
were observed. Aside from the differences about the C 8 - N 9 

amide in the ID and 2D 1H NMR, the major and minor 
conformations of RA-VII were otherwise the same indicating 
that the sole difference in the two conformations is cis—trans 
isomerization about the C8—N9 A^-methyl amide. The third trace 
conformation detected was not assigned but in analogy to prior 

crosspeak chemical shift (6) 

Ala2-NH/Ala2a 

Ala2-NH/Alala 

Ala2-NH/Ala2" 
Ala2-NH/Ala'" 

Tyr^/Tyr5" 
Tyr^/Tyr5"" 
Ala'-NH/Tyr6=1 

Ala'-NH/Ala1" 
Tyr^VTyr5* 
Tyr5(Sb/Tyr5"b 

Tyr5Ea/Tyr6db 

Tyr^/Tyr3* 
Tyr3,,/Tyr3a 

Tyr^/Tyr3"" 
Tyr^/Tyr3"3 

Tyr3f/Tyr3-OCH3 
Tyr^/Tyr6"5" 
Tyr6fa/Tyr6-OCH3 
Ala4-NH/Ala4a 

Ala4-NH/Tyr3a 

Ala4-NH/Tyr3-NCH3 
Ala4-NH/Ala4" 
Tyr^VTyr6"" 
Tyr5a/Alata 

Tyr5a/Tyr5"b 

Tyr^/Tyr5"3 

Ala2a/Tyr3-NCH3 
Ala2a/Ala2" 
Ala^/Tyi^-NCHj 
Ala4°7Ala4" 
Tyr6a/Tyr6,Sb 

Tyr^/Tyr4"3 

AIa10VAIa1" 
Alala/Ala4" 
Tyr^/TyrS-NCHs 
Tyr^/Tyr5"3 

Tyr^/Tyr3"" 
Tyr^/Tyr3"3 

Tyr3a/Tyr3-NCH3 
Tyr^/Tyr3"3 

Tyr'-NCHs/Ala4" 
Tyr^VTyr^-NCHs 

7.81/4.78 
7.81/4.37 
7.81/1.25 
7.81/1.17 
7.36/7.14 
7.36/5.47 
7.36/2.56 
7.23/4.58 
7.23/1.17 
7.21/6.75 
7.21/3.60 
7.14/4.55 
7.05/6.82 
7.05/3.59 
7.05/3.32 
7.05/3.23 
6.82/3.74 
6.81/6.57 
6.81/3.84 
6.64/4.68 
6.64/3.59 
6.64/2.90 
6.64/1.03 
6.57/3.00 
5.47/4.58 
5.47/3.60 
5.47/2.56 
4.78/2.90 
4.78/1.25 
4.68/3.04 
4.68/1.03 
4.58/4.55 
4.58/3.00 
4.37/1.17 
4.37/1.03 
3.60/2.63 
3.60/2.56 
3.59/3.32 
3.59/3.23 
3.59/2.90 
3.32/3.23 
3.04/1.03 
3.00/2.63 

" Major conformational isomer. 

tyr-6 OCH3 OCH; 

' " i f W L s ' ' tyr-s 

T Me O V-Hb J Me O 

u / ^ ^ N — K J Ha \ ^ N -
Ha T 29 30 1 

OCH3 

O = ^ N-Me 0 = \ N-Me 0 = \ 
3 NH 0 = ( H NH 0 = < NH s J > W 

- ( _ > ala-4 - < > -C T 
> = 0 HN }=0 HN ) = 0 HN 

HN Me V=O HN V o HN > = 0 
lyr-3 

HN V o HN V=C 

• ks 9 JT A" • J-.. 
"' Tr-N '"i *" )T_ N I 

OCH3 

CDCI3: 

15% CD3OD-CDCI3: 

DMSO-afc: 

SiL 
88 

83 
64 

0 Me. 

net 
12 

0 Me . 

17 
32 

THF-*: 
THF-tVLiCI: 

78 
94 

Figure 2. 

studies in DMSO-ok might be expected to represent the all cis 
A/-methyl amide conformation.4 

1H NMR of RA-VH Complexed with LiCl in THF-d8. The 
addition of 1.0 equiv of LiCl to a sample of RA-VTI (1) in THF-



7360 J. Am. Chem. Soc, Vol. 117, No. 28, 1995 Boger et al. 

Table 3. 1H NMR Assignments for Lithium Chloride Complexed RA-VII in THF-^8 

chemical shift, 6 (multiplicity, J =) 

proton 1.0 equiv LiCl 2.0 equiv LiCl 12.0 equiv LiCl 

Ala4" 311 1.02 (d, 6.7) 1.03 (d, 6.7) 1.10 (d, 6.8) 
Ala1" 3H 1.28 (d, 7.5) 1.30 (d, 7.4) 1.37 (d, 7.1) 
Ala2" 3H 1.30 (d, 7.8) 1.32 (d, 7.2) 1.41 (d, 7.0) 
Tyr5"3 IH 2.56 (dd, 2.7, 11.3) 2.59 (dd, 2.7, 11.3) 2.69 (dd, 2.8, 11.2) 
Ty^-NCH3 3H 2.60 (s) 2.60 (s) 2.62 (s) 
Tyr3-NCH3 3H 2.84 (s) 2.81 (s) 2.92 (s) 
Tyr6"6 IH 2.84 (dd, 3.2, 19.0) 2.81 (m) 2.87 (m) 
Ty^-NCH3 3H 3.04 (s) 3.05 (s) 3.14 (s) 
Tyr6"3 IH 3.09 (dd, 11.0, 19.0) 3.10 (m) 3.12 (m) 
Tyr3"» IH 3.28 (dd, 9.0, 9.0) 3.27 (dd, 10.0, 10.0) 3.33 (br s) 
Tyr3"a IH 3.28 (dd, 6.7,9.0) 3.27 (dd, 6.1, 10.0) 3.33 (brs) 
Tyr5"11 IH 3.49 (t, 11.3) 3.48 (t, 11.3) 3.53 (t, 11.2) 
Tyr3" IH 3.68 (dd, 6.7, 9.0) 3.71 (dd, 6.1, 10.0) 4.04 (dd, 5.4, 10.4) 
Tyr3-OCH3 3H 3.73 (s) 3.73 (s) 3.74 (s) 
Ty^-OCH3 3H 3.86 (s) 3.87 (s) 3.85 (s) 
Ala2a IH 4.62 (dq, 6.8, 7.8) 4.61 (dq, 6.6, 7.2) 4.65 (dq, 6.6, 7.0) 
Ala l a IH 4.69 (dq, 7.5, 7.6) 4.74 (dq, 7.4, 7.7) 4.94 (dq, 7.1, 9.7) 
Ala4a IH 4.85 (dq, 6.7, 8.5) 4.87 (dq, 6.7, 8.4) 5.09 (dq, 6.8, 7.9) 
Tyr6"5" IH 5.21 (brs) 5.24 (brs) 5.13 (brs) 
Tyr6" IH 5.38 (dd, 3.2, 11.0) 5.42 (dd, 3.6,11.8) 5.46 (dd, 3.7, 11.7) 
Tyr511 IH 5.60 (dd, 2.7, 11.3) 5.60 (dd, 3.7, 11.3) 5.58 (dd, 2.8, 11.2) 
Tyr64* IH 6.52 (dd, 1.8, 8.2) 6.52 (dd, 1.8, 8.3) 6.54 (dd, 2.0, 8.3) 
Ala4-NH IH 6.56 (d, 8.5) 6.59 (d, 8.4) 6.89 (d, 7.9) 
Tyr5* IH 6.60 (dd, 2.4, 8.4) 6.58 (dd, 2.4, 8.5) 6.58 (dd, 2.4, 8.4) 
Tyr6" IH 6.78 (d, 8.2) 6.78 (d, 8.3) 6.76 (d, 8.3) 
Tyr3f 2H 6.81 (d, 8.6) 6.81 (d, 8.6) 6.79 (d, 8.6) 
Tyr3a 2H 7.06 (d, 8.6) 7.07 (d, 8.6) 7.19 (d, 8.6) 
Tyr54" IH 7.10 (dd, 2.2, 8.4) 7.10 (dd, 2.1, 8.5) 7.16 (dd, 1.8, 8.4) 
Tyr5" IH 7.35 (dd, 2.4, 8.2) 7.36 (dd, 2.4, 8.2) 7.35 (dd, 2.4, 8.3) 
Tyr5^ IH 7.56 (dd, 2.2, 8.2) 7.58 (dd, 2.1, 8.2) 7.68 (dd, 2.0, 8.3) 
Ala2-NH IH 8.68 (d, 6.8) 8.97 (d, 6.6) 9.80 (d, 6.6) 
Ala'-NH IH 8.73 (d, 7.6) 8.78 (d, 7.7) 8.89 (d, 9.7) 

d% resulted in the coalescence to one major conformation 
detectable by 1H N M R with only trace amounts of the second 
isomer present in a ratio of 94:6. In addition, several large 
chemical shifts were observed (Table 3). As detailed below, 
this predominant conformation observed in LiCl-THF-cfe 
maintained the seminal elements of the major conformation 
observed in THF-Js alone and contains a cis C30—N29 Af-methyl 
amide and trans C8—N9 and C14—N15 TV-methyl amides. As 
detailed above for the major conformation detected in THF-^s 
alone, a characteristic and intense NOE was observed for Tyr601-
H7Tyr5a-H diagnostic of a cis C30—N29 N-methyl amide, and 
no NOE was detected between Tyr^-H or Tyr6a-H and Tyr6-
NCH3 which would be diagnostic of a trans C30—N29 M-methyl 
amide. Similarly, the NOE characteristic of trans C 8 - N 9 and 
C14—N15 /V-methyl amides were evident including Ala^-H/Tyr3-
NCH3, Tyr3a-H/Tyr3-NCH3, Ala4a-H/Tyr5-NCH3, and AIa4^-H/ 
Ty^-NCH3, and those characteristic of a cis A^-methyl amide 
were not detected, Ala2a-H/Tyr3a-H and Tyr5a-H/Ala4a-H. 

The addition of a second equivalent of LiCl resulted in little 
change in the conformational ratio, but a larger effect on the 
perturbed chemical shifts was observed (Tables 3 and 4). The 
addition of 10 more equiv of LiCl caused little further change 
in the 1H NMR spectrum (Tables 3 and 4). 

Characteristic of an amide NH involved in tight hydrogen 
bonding and capping a type II /3-turn, the Ala4-NH exchanges 
very slowly (/1/2 > 2 days) and exhibits little or no chemical 
shift solvent dependence. Similarly, the addition of 1 or 2 equiv 
of LiCl had no effect on the Ala4-NH chemical shift indicating 
that the structure of this tight type II /3-turn hydrogen bond 
between AIa^NH-O=C-AIa1 is not disrupted (Table 4). In 
contrast, Ala2-NH exchanges very rapidly (t\n < 30 min), 
experiences the widest range of chemical shift solvent depen­
dence, may be selectively alkylated,3,4 and thus is considered 
completely accessible and not engaged in hydrogen bonding. 

Consistent with this conclusion, the Ala2-NH experiences a large 
increase in chemical shift (0.9—1.2 ppm) upon LiCl complex-
ation (Table 4). The Ala'-NH exhibits an intermittent exchange 
rate (t\n ^ 10 h), exhibits a more modest chemical shift solvent 
dependency, and is not alkylated as readily as Ala2-NH. Thus, 
it has been considered to be involved in weak hydrogen bonding. 
Consistent with this, the Ala'-NH exhibits the largest chemical 
shift increase (1.5—2.5 ppm) upon LiCl complexation indicative 
of disruption of a weak or long distant Ala1-NH-O=C-AIa4 

hydrogen bond (Table 4). Upon addition of 1.0 equiv of LiCl, 
both Ala'-NH and Ala2-NH exhibit the same chemical shift (<5 
8.73 and 8.68) indicative of comparable solvent exposure, and 
the Ala'-NH experienced a 1.50 ppm shift versus 0.87 ppm for 
the Ala2-NH while that of Ala4-NH is unperturbed at <5 6.54. 

This suggests that the LiCl complexation occurs preferentially 
at the Ala' amide or that a conformational effect of the 
complexation of 1.0 equiv of LiCl is perceptible only with 
complexation to the Ala' amide. Consistent with this observa­
tion, the remaining significant chemical shift perturbations are 
centered about the Ala' residue and the adjacent Tyr6 residue. 
Interestingly, this is the exact location of an ordered water 
molecule located in the X-ray crystal structure of a derivative 
of 1 and 2.4 Little or no changes in the Ala2 (except the AIa2-
NH), Tyr3, Ala4, or Tyr5 residues were experienced except for 
small changes in the Tyr5 aromatic hydrogen chemical shifts 
indicative of a small conformational change in the relative 
orientations of the two aromatic rings of the Tyr5—Tyr6 biaryl 
ether. Upon complexation with 1.0 equiv LiCl, the Ala'a-H 
suffers a 0.32 ppm downfield shift and the Tyr6a-H suffers a 
larger 0.8 ppm downfield shift, and little further change is 
experienced upon addition of more LiCl. Analogous to the 
location of an ordered water molecule in the X-ray structure of 
I,4 this suggests that the lithium cation is complexed to the Ala' 
carbonyl oxygen in the plane of the amide and preferentially 
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Table 4. Comparison of 1H NMR Chemical Shifts of RA-VII and 
Lithium Chloride Complexed RA-VII in THF-^8" 

amino 
acid 

D-AIa-1 

Ala-2 

Tyr-3 

Ala-4 

Tyr-5 

Tyr-6 

proton 

Ha 
H/S 
HN 

Ha 

H0 
HN 

Ha 
H^a 
H/3b 
2H(5 
2He 
CH3N 
CH3O 
H a 

HP 
HN 

Ha 
H/?a 
H£b 
H(5a 
H<5b 
Hea 
Heb 
CH3N 
Ha 
H/3a 
H/3b 
H<5a 
H<5b 
Hea 
CH3N 
CH3O 

0.0 equiv 
LiCl 

4.37 
1.17 
7.23 
4.78 
1.25 
7.81 
3.59 
3.23 
3.32 
7.05 
6.82 
2.90 
3.74 
4.68 
1.03 
6.64 
5.47 
2.56 
3.60 
7.36 
7.21 
7.14 
6.75 
3.04 
4.58 
3.00 
3.00 
6.57 
4.55 
6.81 
2.63 
3.84 

1.0 equiv 
LiCl 

4.69 
1.28 
8.73 
4.62 
1.30 
8.68 
3.68 
3.29 
3.27 
7.06 
6.81 
2.84 
3.73 
4.85 
1.02 
6.56 
5.60 
2.56 
3.49 
7.56 
7.10 
7.35 
6.60 
3.04 
5.38 
3.09 
2.84 
6.52 
5.21 
6.78 
2.60 
3.86 

2.0 equiv 
LiCl 

4.74 
1.30 
8.78 
4.61 
1.32 
8.97 
3.71 
3.27 
3.27 
7.07 
6.81 
2.81 
3.73 
4.87 
1.03 
6.59 
5.60 
2.59 
3.48 
7.58 
7.10 
7.36 
6.58 
3.05 
5.42 
3.10 
2.81 
6.52 
5.24 
6.78 
2.60 
3.87 

12.0 equiv 
LiCl 

4.94 
1.37 
8.89 
4.65 
1.41 
9.80 
4.04 
3.33 
3.33 
7.19 
6.79 
2.92 
3.74 
5.09 
1.10 
6.89 
5.58 
2.69 
3.53 
7.68 
7.16 
7.35 
6.58 
3.14 
5.46 
3.12 
2.67 
6.54 
5.13 
6.76 
2.62 
3.85 

" Major conformational isomer. 

oriented toward Tyr^-H rather than Alala-H. The remaining 
four a protons exhibit much smaller downfield shifts of 0.09— 
0.18 ppm upon addition of 1.0 or 2.0 equiv LiCl. The additional 
perturbations may be found in the chemical shift of the strongly 
shielded Tyr^-H (<5 4.55 shifted to 5.21). This loss of shielding 
and the maintenance of the Tyi^-H/Tyr^-H and Tyr^-H NOE 
but loss of the Tyr6,5b-H/Tyr5€b-H NOE suggests a small 
conformational change in the relative orientations of the aromatic 
rings of the biaryl ether with a shift of Tyr6 from its near perfect 
orthogonal alignment to one more twisted with Tyr6db-H 
positioned closer to Tyr5fa-H than TyI-5^-H. This change in 
the relative orientations of the aromatic rings of Tyr6 and Tyr5 

account for the deshielding chemical shifts in Tyr5" and Tyr5*3 

as well as the corresponding shielding chemical shifts in Tyr5^ 
and Tyr5(5b. Upon addition of 12 equiv of LiCl, the Ala'-NH 
and Ala2-NH continue to shift downfield, Ala1 exhibits small 
further changes, Ala2 and Tyr6 fail to continue to change and 
remain relatively unchanged, and only a small perturbation in 
the chemical shift of Ala4-NH and surrounding Tyr3a-H may 
be detected. This suggests that the tight hydrogen bond of AIa4-
NH remains relatively unperturbed. Tyr5 is least affected 
throughout the addition of LiCl. 

Throughout the addition of LiCl, little or no change in the 
coupling constants were observed including the critical region 
surrounding the C30—N29 cis amide. Importantly, the coupling 
constants for Tyr^-H and Tyr^-H were not changed indicating 
that the backbone conformation within the cycloisodityrosine 
subunit was not altered. 

1H NMR of 9 in THF-J8 and Complexed with LiCl in 
THF-dg. Previous studies with 9 revealed that it adopts a single, 
rigid conformation in any NMR solvent (CDCI3, CD3OD, 
DMSO-^6, THF-dg) which possesses a trans N-methyl amide 

central to the cycloisodityrosine structure. The addition of 1 -12 
equiv of LiCl had no effect on this conformation of 9, and no 
trace of the corresponding cis amide conformation was detected 
(eq 1). Thus, the cycloisodityrosine subunit of RA-VII only 
adopts the disfavored conformation containing a central cis 
//-methyl amide upon incorporation into the bicyclic natural 
product and it is the tetrapeptide housed in the 18-membered 
ring that induces and maintains this inherently less stable 
conformation. 

OCH3 OCH; 

LiCI-THF 
(1) 

MeO2C NMeBoc 

CDCI3: 
CD3OD: 
DMSO-dfe: 
DMF-A: 

CO2Me NMeBoc 

100:0 
100:0 
100:0 
100:0 

THF-03: 100:0 
THF-(VLiCI: 100:0 

Conformational Analysis. In prior studies, a very extensive 
and complete conformational search of 1 and 2 was conducted.17 

Global and close low lying minima (<5.0 kcal/mol) were located 
by Monte Carlo sampling of starting conformations generated 
by random variations (0—180°) in two to six of the 18 available 
torsional angles in the 18-membered ring including the amide 
bonds.27-29 Sixteen different minimized starting conformations 
were employed and constituted each accessible permutation in 
the stereochemistry (cis and trans) and orientation of the three 
/V-methyl amides. Comparable, but less complete, results were 
obtained by conducting the conformational analysis with random 
variations in the torsional angles (0—180°) of two to four of 
the available six amide bonds of 1 starting with the X-ray crystal 
structure conformation. Using the OPLSA force field (v.3.5), 
the three lowest energy conformations correspond to the ctt, 
cct (AE = 1.3 kcal/mol), and ccc30 (AE = 2.4 kcal/mol) 
conformations detected by 1H NMR and parallel the relative 
stabilities of the three conformational isomers detected in 
conventional NMR solvents. Using these three conformations, 
a calculated Boltzmann distribution of 85:13:2 at 25 0C matches 
solvent dependent ratio of conformations experimentally ob­
served remarkably well (64-88:32-12:0-4). This search 
provided a total of 25 conformations with 12 of the conforma­
tions containing the cis C30—N29 amide. 

Each of these 12 conformations was used as starting 
conformations for subsequent conformational searches27-29 

imposing the distance and torsional constraints observed in the 
2D 1H-1H NOESY NMR. The amide geometries were fixed 
at cis (0° ± 10° dihedral angle) or trans (180° ± 10) to match 
the experimentally observed stereochemistry. In total, 35 NOE 
crosspeaks were obtained constituting 25 intraresidual, 8 inter-

(27) Global and close low-lying minima (< 5 or 12 kcal/mol, 1 and 9, 
respectively) were located in conformational searches with use directed 
Monte Carlo sampling and subsequent minimization of conformations 
generated by random variations (0—180°) in the available torsional angles28 

excluding diose originating in the phenyl rings (MacroModel,29 version 3.5a, 
OPLSA force field, MCMM = 5000, MCSS = 2, 5, or 12 kcal/mol 
window). The global minima were located 30—60 times in each search. 

(28) Chang, G.; Guida, W. C; Still, W. C. J. Am. Chem. Soc. 1989, 
111, 4379. 

(29) Still, W. C; Mohamadi, F.; Richards, N. G. J.; Guida, W. C; Lipton, 
M.; Liskamp, R.; Chang, G.; Hendrickson, T.; DeGunst, F.; Hasel, W. 
MACROMODEL V2.7, Columbia University, New York, 1990. 

(30) The notations ctt, cct, and ccc refer to the stereochemistry (c = cis, 
t = trans) of the C30-N29, C8-N9, and C , 4-N1 5 /V-methyl amides within 
a conformational isomer. 
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Table 5. 1H-1H NOE Observed with RA-VII Complexed with 
LiCl (1.0 equiv) in THF-^8 

crosspeak 

Ala'-NH/Tyr601 

Ala2-NH/Alala 

Ala2-NH/Ala2" 
Ala^NH/Ala"3 

Tyr^VTyr5" 
Tyr5<Sa/Tyr5cl 

Tyr5<Sa/Tyr5/3a 

Tyr5€a/Tyr6ab 

Tyr^/Tyr5*" 
Tyr5,5b/Tyr5|9b 

Tyr3<s/Tyr3f 

Tyr^/Tyr3" 
Tyr37Tyr3-OCH3 

Tyr^VTyr6153 

Tyr^Wyr^-OCHa 
Ala4-NH/Tyr3-NCH3 

Tyr5a/Tyr6a 

Tyr^/Tyr5"" 
Jy^a/Jy^a 
Tyr6a/Tyrsab 

Tyr̂ /Tyr6*5* 
Tyr6cVTyr6'Sb 

AIa401ZTyI^-NCH3 

AIa40VAIa4*3 

AIa10ZAIa"3 

AIa10VAIa4*5 

Ala2a/Tyr3-NCH3 

AIa20VAIa2*3 

Tyr^VTyr3*3" 
Tyr^/Tyr3*3" 
Tyr3a/Tyr3-NCH3 

Ty^/Tyr'-NCHs 
Tyr^/Tyr5** 
Tyr6'5a/Tyr6'5b 

Tyr3-NCH3/Ala2^ 
0S = strong, m = medium, 

chemical shift (6) 

8.73/5.38 
8.68/4.69 
8.68/1.30 
8.68/1.28 
7.56/7.35 
7.56/5.60 
7.56/2.56 
7.35/5.21 
7.10/6.60 
7.10/3.49 
7.06/6.81 
7.06/3.28 
6.81/3.73 
6.78/6.52 
6.78/3.86 
6.56/2.84 
5.60/5.38 
5.60/3.49 
5.60/2.56 
5.38/5.21 
5.38/3.09 
5.38/2.84 
4.85/3.04 
4.85/1.02 
4.69/1.28 
4.69/1.02 
4.62/2.84 
4.62/1.30 
3.68/3.28 
3.68/3.28 
3.68/2.84 
3.49/3.04 
3.49/2.56 
3.09/2.84 
2.84/1.30 

w = weak. 

intensity" 

m 
m 
m 
m 
m 
m 
m 
W 

m 
m 
m 
S 

S 

S 

S 

W 

S 

W 

m 
S 

m 
W 

S 

S 

S 

m 
S 

S 

m 
m 
S 

S 

S 

S 

W 

Table 6. Hydrogen Bond Distances 

donor acceptor THF-(VCDCl3 THF-dg/LiCl 1 (X-ray) 3 (X-ray) 

Ala'-NH Ala4-CO 2.32 A 3.53 A 3.24 A 3.26 A 
Ala4-NH Ala'-CO 2.38 A 2.74 A 2.95 A 3.00 A 

residual, and 2 long-range peaks (Table 5). Some of the 
intraresidual and interresidual NOE were within the rigid 
cycloisodityrosine subunit (Tyi^-Tyr6) and constitute specific 
through space interactions that fix the distance, location, and 
assignments of the interacting nuclei. The NOE intensities were 
assigned relative intensities of strong, medium, or weak based 
on their respective volumes, and distance constraints were 
assigned based on fixed, calibration distances taken from the 
X-ray crystal structure of 1 and 3. The upper and lower distance 
bounds were set at approximately ±20% of the calculated 
distances. This variation allows for some error in the measure­
ment and approximation of the intensity of crosspeaks and the 
conversion to distances. The calculations were started with 35 
assigned intensities, including calibration peaks, from the 
NOESY spectra. Although the results described herein were 
obtained with a force constant of 100 KJ/A2 for the restraining 
potential for the NOE-derived distances and with a force 
constant of 1000 KJ/mol for the fixed amide torsional angles, 
the conformational searches were also conducted independently 
with only one type of constraint imposed with variations in the 
imposed force constants without alteration in the final results. 
In each case, the low energy conformation located was the same, 
compared closely to the X-ray crystal structure conformation, 

(31) Marion, D.; Wiithrich, K. Biochem. Biophys. Res. Commun. 1983, 
113. 967. 

and provided calculated coupling constants that match those 
experimentally observed. Most diagnostic of these latter 
comparisons was the Tyr^-H and Tyr^-H coupling constants 
within the rigid cycloisodityrosine subunit. Using the force 
constants listed above, seven conformations were located from 
each of the 12 starting conformations. Five of these conforma­
tions were 20 KJ/mol (4.8 kcal/mol) higher in energy than the 
low energy conformation and may be considered inaccessible 
or unpopulated conformations. The remaining conformation 
differed from the low energy conformation only by a slight 
skewing of the Tyr3 aromatic ring but possessed an identical 
backbone conformation. The low energy conformation obtained 
with the distance and dihedral constraints was nearly identical 
to the X-ray crystal structure when comparing the 28 bicyclic 
backbone atoms (rms = 0.24 A). The calculated coupling 
constants for Tyr5a-H (dd, / = 2.7, 11.4 Hz) and Tyr^-H (dd, 
J = 1.4,11.2 Hz) match those measured for RA-VIJ complexed 
with 1.0 equiv LiCl exceptionally well, J = 2.7, 11.3 and J = 
1.4, 11.0 Hz, respectively. 

The difference in the THF-rfg solution conformation and that 
observed in the presence of LiCl or in the X-ray may be 
attributed to a weak AW-NH-O=C-AIa4 hydrogen bond. In 
the LiCl complexed conformation and in the X-ray, the planes 
defined by the Tyi^-Ala1 amide and the Ala4-Tyr5 amide are 
nearly perfectly parallel to each other, while the weak transan-
nular hydrogen bond observed in common NMR solvents cause 
the two planes to rotate toward one another. The internuclei 
distance for these two hydrogen bonds are indicative of this 
correlation between the X-ray and LiCl complexed conforma­
tions and their distinctions from the conformation in THF-dg 
(Table 6). Models of the X-ray, THF-dg/LiCl, and THF-4 
conformations are illustrated in Figure 3. 

Conclusions. The conformations and conformational equi­
libria of RA-VII and related natural products in THF-afe are 
similar to that observed in CDCl3 or 15% CD3OD-CDCl3. The 
addition of 1 equiv of LiCl results in the adoption of a single 
dominant conformation (94%) that corresponds to the major 
conformation detected in conventional organic NMR solvents 
(CDCl3, CD3OD, DMSO-4, THF-^8). The addition of further 
LiCl (1 — 12 equiv) has no effect on the structure or equilibria 
of the agent. The LiCl complexed solution conformation of 
RA-VII closely resembles the X-ray structure conformation. 
Seminal elements of this conformation include a characteristic 
and diagnostic cis C30—N29 N-methyl amide central to a type 
VI /5-turn and the rigid cycloisodityrosine subunit, a trans C8— 
N9 JV-methyl amide central to a typical type II /3-turn capped 
by a tight transannular Ala1 -C=O-HN-AIa4 hydrogen bond, a 
trans C14—N15 /V-methyl amide, and a fully solvent accessible 
Ala2-NH. Unlike the conformation observed in THF-d&, but 
similar to the X-ray structure conformation, the LiCl complexed 
conformation of 1 lacks the weak transannular Ala1-NH-O=C-
AIa4 hydrogen bond which results in a small perturbation in 
the relative orientations of the two aromatic rings of the 
cycloisodityrosine biaryl ether ring system. This may be 
attributed to preferential complexation or a preferential effect 
of the LiCl complexation to the Ala1-Tyr6 amide. Interestingly, 
and perhaps not fortuitous, this is the same location occupied 
by an ordered water in the X-ray crystal structure of I.4 

In contrast, the 14-membered cycloisodityrosine 9 adopts a 
rigid conformation possessing a trans /V-methyl amide central 
to its structure which is unaffected by the complexation with 
LiCl. Thus, its adoption of an inherently disfavored cis amide 
central to its structure within the bicyclic hexapeptide of the 
natural products is not solvent induced or solvent dependent. 
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Figure 3. (A) X-ray crystal structure of RA-VII; (B) low energy conformation (THF-Js/LiCl) from constrained Monte Carlo conformational 
search: (C) typical (THF-Jx) solution low energy conformation. 

Experimental Section 

NMR Measurements. All NMR spectra were recorded on a Bruker 
AMX 4(X) spectrometer. The sample of RA-VII (1) in THF-J8 (99.95% 
-H atoms; CIL) was prepared by dissolving RA-VII (2.1 mg. ().(X)27 
mmol) in 0.5 mL of THF-Js in a 5-mm NMR tube. The samples of 
LiCl-RA-VII in THF-Jx were prepared by treating the solution of RA-
VII (1. 2.1 mg. 0.0027 mmol) in THF-Jx (0.5 mL) with an appropriate 
volume of 0.5 M LiCI in THF-Jx (5.4/<L. l.Oequiv; 10.8//L. 2.0equiv; 
64.8 uL. 12.0 equiv) in 5-mm NMR tubes. All samples were degassed 
by six freeze-pump—thaw cycles. All experiments were measured at 
296 K. All chemical shifts are referenced to the downfield THF-Jx 

signal at 3.58 ppm in the 1H NMR spectra. For both uncomplexed 
and complexed RA-VII (1) in THF-Jx. ID 1H. ID 1H-1H decoupling. 
2D 1H- 1H NOESY. and 2D 1H-1H ROESY NMR spectra were 
recorded. All 2D spectra were recorded with quadrature detection in 
both dimensions. TPPI" was used in Fi. The 2D spectra were processed 
and analyzed with the Felix program (version 2.0. Hare Research Inc.) 
on a Silicon Graphics Personal IRIS Workstation. The parameters of 
the individual NMR experiments are given in the following experi­
mental. 

(1) ID 1H spectrum: pulse length: Pl = 5.0/<s; relaxation delay: 
dl = 1.0 s; 128 acquisitions. 

(2) ID 1 H- 1 H decoupling spectrum (homo-decoupler mode): 
pulse length: Pl = 10.0/<s; relaxation delays: Dl = 1 s. DII = 1 
ms; the power set for the decoupled nucleus (DEC): dLO = 50 dB; 64 
acquisitions. 

(3) 2D 1 H - 1 H NOESY spectrum: sequence D , - 9 0 ° - / , - 9 0 ° -
tn,ix-90°-t2; pulse length (90°): Pl = 18 fis; delays: dO = 3 /<s, dl 
= 2 s, d8 = 450 ms: sweep width in FI and F2: SWH = 4424.779 
Hz; 32 acquisitions; 512 increments. 

(4) 2D 1 H - 1 H ROESY spectrum: Sequence 0 , - 9 0 " - / , - 9 O 0 -
rmu-90°-t2 . pulse lengths: Pl (90° transmitter high power pulse) = 
18 fts; Pl5 (CW pulse for ROESY spiniock) = 400 ms; delays: dO 
(incremented delay) = 3 //s, dl (relaxation delay) = 2 s, dI2 (delay 
for power switching) = 20 /<s, dl3 (short delay) = 3 //s; powers: hi I 
(ecoupler high power) = 3 dB. hl4 (ecoupler low power) = 17 dB: 
sweep width in Fl and F2: SWH = 4424.779 Hz; 32 acquisitions; 
512 increments. 
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Supporting Information Available: A figure illustrating 
the 1H NMR of 1 in THF-J8 , THF-J 8 + 1-0 equiv LiCl, and 
THF-J 8 + 2.0 equiv LiCl (1 page). This material is contained 
in many libraries on microfiche, immediately follows this article 
in the microfilm version of the journal, can be ordered from 
the ACS, and can be downloaded from the Internet; see any 
current masthead page for ordering information and Internet 
access instructions. 
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