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Complexes of the type LPt(SGMP),, where L = N,N’-dimethyl-2,3-diaminobutane and the stereochemistries a t  
the four asymmetric centers (N, C, C, N)  are S,R,R,R and S,S,S,R, were prepared at pH 3.5 from the respective 
LPt(S04) compounds by treating with 2 equiv of S’GMP. These complexes have both diamine N H  groups directed 
to the same side of the coordination plane. The resulting S’GMP complexes were studied by using 1 D and 2D NMR 
methods. NOE data demonstrate that the 5’GMPs are coordinated via N7 to two nonequivalent Pt coordination 
sites. Restricted rotation about the Pt-N7 bonds potentially could lead to four different atropisomers for each 
complex: two head-to-tail (HT) and two head-to-head (HH) species with the H8s of the S’GMP on the opposite 
side and on the same side of the Pt coordination plane, respectively. Four atropisomers would exhibit a total of 
eight H8 signals. However, for both species, four major H8 signals were observed in two sets of two signals. Thus, 
two major atropisomers were present for each LPt(S’GMP), complex. For each complex, cross-peaks observed in 
the H8 region of the NOESY/EXSY and ROESY spectra indicated exchange by rotation about the Pt-N7 bond. 
From assignments of the N,N’-dimethyl-2,3-diaminobutane proton signals via COSY spectra and subsequent 
comparisons of the intensities of HI-NH to H8-NCH3 cross-peaks, the conformations and chirality of the major 
atropisomers were systematically determined. The chelate ring of the diamine is puckered and has the X conformation 
in (S,R,R,R)-LPt(S’GMP)2 and the 6 conformation in (S,S,S,R)-LPt(S’GMP),. For both the (S,R,R,R)-LPt- 
(5’GMP)z and the (S,S,S,R)-LPt(S’GMP)z complexes, the two major atropisomers have the HT conformation. For 
the (S,R,R,R)-LPt(S’GMP)* complex, two H H  atropisomers were also identified on the basis of the chemical shifts 
of their S G M P  H8 signals and the unique pattern of cross peaks in the H8 region. However, the HT conformation 
is preferred 1O:l (HT:HH). For the (S,S,S,R)-LPt(S’GMP), complex, the relative amount of the H H  species is 
probably very small since no signals for the two H H  atropisomers were clearly observed. Several factors, including 
06-NH and ROP03-NH hydrogen bonding, play a role in determining conformation and abundance of the 
atropisomers. 

Introduction 

Anticancer compounds such as cis-Pt(NH3)2Clz and Pt(en)- 
C12 preferentially attack purine moieties in DNA,l the most 
common point of attack being the N7 of guanine.2-“ The nature 
of the nonleaving groups, i.e. the amine ligands, plays an important, 
but not completely defined role in the anticancer activity of the 
drug. The requirement that at least one hydrogen be attached 
to each amine for significant anticancer activitys-7 has led to the 
speculation that this N H  group forms a hydrogen bond to the 0 6  
of guanines.9 or a phosphate oxygen.1&1* In DNA, these platinum 
compounds cross-link adjacent purine residues2-“ in a head-to- 
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head (HH) conformation in which both the H8 atoms are on the 
same side of the platinum coordination plane.12J3J7J9-24 When 
the two nucleot(s)ide moieties are not linked by a phosphodiester 
group, the purines can have orientations in which the H8s are on 
opposite sides of the platinum coordination plane; this orientation 
is designated head-to-tail (HT). Normally only HT complexes 
are detected in solution and in most solid-state crystallographic 
studies.25-27 The H H  atropisomers are difficult to isolate and 
have been foundin only a few crystalstructures ofcis-[Pt(NH&- 
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(9-EtGH)2]X2.28,29 Recently, HH species have been found in 
octahedral complexes of 1,5,6-trimethylbenzimidazole with Ru- 
(11) and Re(V).30 

It  has been proposed that, in solution, rotation about the Pt- 
N7 bond is crucial in forming the DNA lesion between adjacent 

In bis complexes cis-PtA2(nucleot(s)ide-N7)2 (A2 
is two unidentate or one bidentate amine ligand and N7 indicates 
binding through N7  of a purine nucleot(s)ide), rotation about 
the Pt-N7 bond leads to interconversion between atropisomers. 
For 6-oxopurine nucleot(s)ides, a nonbulky A2 allows fast rotation 
on the N M R  time scale;31J2*38 this rotation is demonstrated by 
the observation of only one H8 signal. WhenA2 is bulky, restricted 
rotation becomes evident by the appearance of more than one H8 
~ i g n a l . ~ ~ ~ ~ J - ~ 8  Restricted rotation has been demonstrated even 
when A2 is not bulky. In some cis-PtA2(nucleot(s)ide)2 adducts 
with N7 of adenine or N 3  of cytosine bound to platinum, the rate 
of rotation is slowed enough such that several different cis-PtA2- 
(nucleot(s)ide)2 atropisomers are detected via N M R  s t ~ d i e s . ~ ~ , ~ ~  
This situation arises from the greater bulk flanking the binding 
site of these ligands compared to the N7 site of 6-oxopurine 
d e r i v a t i v e ~ . ~ ~ * 3 ~  

The asymmetry of the ribose moiety influences the number of 
signals that can be observed in the N M R  spectrum. In bis 
6-oxopurine nucleot(s)ide cis-PtA2 complexes with bulky, C2 
symmetrical A2 ligands, the two H T  atropisomers are distin- 
guishable by N M R  due to the asymmetry of the sugar.31 When 
viewing the cis-PtA2(nucleot(s)ide)z complex from the nucleo- 
t(s)ide coordination side, the conformation in which an imaginary 
line drawn through an equivalent point in both purines, H8, has 
a negative slope is defined as AHT.32 For the AHT conformation, 
this line has a positive slope.32 Each HT atropisomer has one H 8  
signal. Only one HH atropisomer is possible in such cis-PtA2- 
(nucleot(s)ide)2 complexes, but the H8s are nonequivalent so 
two signals are expected; this leads to four possible H8 signals 
for such cis, bis complexes. If the cis-PtAz moiety lacks local C2 
symmetry (e.g., two different A (A, A’) or an unsymmetrical 
chelate) each H8 is nonequivalent for both HT atropisomer~,~6~35~36 
leading to four total H8 signals for the H T  atropisomers. Two 
HH species are now possible in which each H8 is again 
nonequivalent; therefore, four signals could be observed. Thus 
a total of eight H8 signals are possible for such cis bis products. 

The particular cis-PtA2 or cis-PtAA’ moiety designed for our 
studies is LPt, where L = N,N’-dimethyl-2,3-diaminobutane. The 
stereochemistry of the carbon methyl groups on the backbone 
influences the stereochemistry at  nitrogen, limits ligand flexibility, 
and increases bulk. (For simplicity, the N,N’-dimethyl-2,3- 
diaminobutane ligands will be abbreviated according to their 
stereochemistry). A recent investigation of complexes of the type 
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{ Coordination Position I } { Cwrdination Position 2 } 

[(S,S,S,R>N~-dimetyl-2,3-di~nobutan]Pt(II) 

Figure 1. Stick representation of the two N,N’-dimethyl-2,3-diami- 
nobutane platinum moieties. Roman numerals label the chelate ring 
nitrogens and carbons. The S’GMP coordination positions are labeled 
according to the text. 

(R,S,S,R)-LPt(5’GMP)z (where the configurations at  the four 
asymmetric centers are R, S, S, and R at N ,  C, C, and N,  
respectively) led to the first evidence for the existence of a H H  
atropisomer in solution.* In addition, the H H  atropisomer was 
found to exist in equilibrium with two HT atropisomers, the 
predominant HT having the AHT conformation. This was the 
first determination of the chirality of a HT species in solution; 
the AHT conformation had been found in all documented solid 
state structures for 6-oxopurine nucleot(s)ide complexes with 
metal  center^.^^^^^^^ For the complex with all asymmetriccenters 
on L inverted, (S,R,R,S)-LPt(S’GMP)z, the dominant atrop- 
isomer had the AHT conformation. This result demonstrated 
that the stereochemistry of the amine ligand influences the 
conformational equilibrium between atropisomers. The use of 
platinum(I1) complexes of stereochemically controlling bulky 
ligands such as N,N’-dimethyl-2,3-diaminobutane showed promise 
for controlling DNA or R N A  conformations. 

In this study, we investigated LPt(S’GMP), complexes with 
L configurations S,R,R,R and S,S,S,R. The two nonequivalent 
platinumcoordination positions of the (S,S,S,R)- and (S,R,R,R)- 
LPt moieties (Figure 1) are designated as coordination positions 
1 and 2, cpl and cp2, respectively. The structures are presented 
with the square plane of the platinum complex perpendicular to 
the plane of the paper and with the L backbone to the rear. The 
nitrogen and carbon atoms along the L backbone are distinct and 
are labeled I, 11, 111, and IV. 

The (S,R,R,R)-LPt and the (S,S,S,R)-LPt moieties are 
enantiomeric and do not have C, symmetry. Each S’GMP has 
two possible orientations with H8 above or below the coordination 
plane. For each LPt( 5’GMP)2, four different atropisomers (eight 
H8 signals) are possible. These four atropisomers may inter- 
convert via sequential rotations. Each - 180’ rotation of one 
S’GMP about the Pt-N7 bond converts an HT species into an 
HH species or vice versa. Two - 180” rotations are required to 
convert one HT into the other HT species or one HH into the 
other HH species. This relationship is shown schematically for 
the (S,R,R,R)-LPt(5’GMP)z complex in Figure 2. An important 
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the pure symmetrical isomer ((S,R,R,S)-LPtC12 or (R,S,S,R)-LPtC12). 
The DMF solution, containing the second isomer, was treated with an 
excess of diethyl ether. The yellow precipitate formed, was collected and 
recrystallized from DMF/diethyl ether. It proved to be the pure 
asymmetrical isomer ((S,R,R,R)-LPtCh or (S,S,S,R)-LPtClz). Anal. 
Calcd for C6H1&C12Pt: C, 18.8; H, 4.2; CI, 18.5; N, 7.3. Found for 
(S,R,R,S)-LPtC12: C, 18.8;H,4.2;Cl, 18.4;N,7.3. Foundfor(S,R,R,R)- 
LPtC12: C, 19.0; H, 4.2; CI, 18.5; N, 7.3. Found for (R,S,S,R)-LPtC12: 
C, 18.9; H, 4.3; Cl, 18.6; N, 7.3. Found for (S,S,S,R)-LPtC12: C, 19.1; 
H, 4.3; C1, 18.5; N, 7.4. 

LPt(S04) complexes were prepared from the corresponding dichloro 
complexes by reaction with silver sulfate. In a typical experiment LPtC12 
(1 mmol) was suspended in water (10 mL) and treated with a 
stoichiometric amount of Ag2S04 (1 mmol). The mixture was kept stirring 
for 1 day in the dark. The solution was filtered, the solvent evaporated, 
and the solid residue triturated with diethyl ether, separated from the 
solution, and dried in vacuo. The yield was 290%. Anal. Calcd for 
C6H~6N204SPt: C, 17.7; H, 3.9; N, 6.8. Found for (S,R,R,S)-LPt- 
(SOs): C, 17.3; H, 4.4; N, 6.3. Found for (S,R,R,R)-LPt(SO,): C, 
17.7; H, 4.4; N, 6.4. Found for (R,S,S,R)-LPt(S04): C, 17.3; H, 4.4; 
N, 6.3. Found for (S.S,S,R)-LPt(S04): C, 17.7; H, 4.4; N, 6.4. 

Methods. Two equivalents of 5’GMP was treated with 1 equiv, -5 
mM, of LPt(S04) in 0.55 mL D2O. The small addition of deuterated 
nitric acid kept the pH (uncorrected) below 4. Maintenance of this pH 
was essential to prevent hydroxide ion catalyzed isomerization of the 
asymmetric N centers of the LPt(S04) and product complexes. The 
samples were lyophilized and then redissolved in 0.50 mL of 99.96% 

lH NMR 1 D spectra were obtained on a Nicolet NT-360 spectrometer 
operating at 361.08 MHz and equipped with a variable temperature unit. 
The 1D NOE spectra were recorded using the residual HOD peak as a 
reference. A 15-ps pulse was the 90’ tip angle. The NOE experiment 
was performed using a 16K block size and an initial 6-ps pulse followed 
by a 250-ms delay. The NOE pulse was then applied to the peak of 
interest for 800 ms at a power of 34 dB. After 128 scans were collected, 
the FIDs were processed using an exponential multiplication apodization 
function (em) with a line broadening of 3 Hz. 

The 2D data were obtained at 5 OC with a GE/GN 500 MHz 
spectrometer operating at 500.1 MHz with a spectral window in both 
dimensions of 4405.29 Hz. Spectra were processed with the FTNMR 
(Hare, Inc.) or the FELIX program (Hare, Inc.) on a VAX or a Personal 
IRIS computer, respectively. 

The 2D phase-sensitive chemical exchange correlation spectra, 
NOESY/EXSY, resulted from a 2 X 512 X 2048 matrix with mixing 
times of 300 and 500 ms, with 32 acquisitions per tl period. An em 
function with a line broadening of 2 Hz was applied in the acquisition 
dimension and the base line was corrected using a polynomial function 
of zero order. The evolution dimension was zero filled to 2048 points and 
a 90° shifted sine bell squared function was applied. To emphasize the 
first few data points, the FIDs were also processed using an em function 
with a line broadening of 8 Hz in D1 and a 90’ shifted skewed sine bell 
squared function in D2. Some spectra were symmetrized to eliminate 
residual noise. 

The hypercomplex 2D rotating frame Overhauser enhancement spectra, 
2D ROESY, resulted from a 2 X 512 X 2048 matrix with a mixing time 
of 250 ms, with 16 acquisitions per 11 period. Spectra were processed as 
above. 

The 2D correlation spectroscopy spectra, COSY, resulted from the 
collection of 1024 X 2048 matrix, with 16 acquisitions per t l  period. 
Spectra were processed in the magnitude mode using an em function and 
a 90° shifted sine bell function in the evolution and acquisition dimensions, 
respectively. 

Results 

(S,R,R,R)-LPt(WMP)2. In the lH N M R  spectrum for this 
complex, the 5’GMP H8 signals are in the 7.9-9.0 ppm region 
a t  pH 3.5. The downfield shift of the H8 signals compared to 
those for free 5’GMP1q26 and the acidic pH used for sample 
preparation indicate that 5’GMP coordination is via N7. The 
H8 region has many peaks, but four peaks comprise 82 f 8% of 
theH8 intensity (Figure 3). These peaks, a t  8.32,8.40,8.5 1, and 
8.57 ppm, are designated as A, B, C, and D, respectively. The 
1 .O-3.5 ppm region contains the NCHs, CCH3, and CH signals 
of L. The 5.7-6.6 ppm region contains N H  signals a t  5.79,6.22, 

D20. 

!Hv 
F o r E  

‘ E o r F  

B D 
AHT 

Figure 2. Shorthand representation of the N,N’-dimethyl-2,3-diami- 
nobutane platinum(I1) complex viewed with the 5’GMP coordination 
sites forward and the N,N’-dimethyl-2,3-diaminobutane ligand to the 
rear. Roman numerals indicate the labeling system for the chelate ring 
nitrogens and carbons. The arrows represent 5’GMP molecules, with the 
head of the arrow denoting H8. Interconversion between head-to-tail 
and head-to-head atropisomers of (S,R,R,R)-LPt(5’CMP)z is illustrated, 
as are assignments of signals A-F (see text). 

difference between the complexes in this study and those in our 
earlier study* involves the positioning of the N H  groups. In the 
C2 symmetrical complexes studied earlier both NHs were quasi- 
axial and on opposite sides of the platinum coordination plane. 
In the less symmetrical complexes studied here, one NH is quasi- 
axial but the other is quasi-equatorial and both are on the same 
side of the platinum coordination plane. 

Experimental Section 
Materials. 5’GMP (Aldrich) was used as received. The N,N’- 

dimethyl-2,3-diaminobutane ligands were prepared by reduction of 
dimethylglyoxime with Raney nickel, followed by fractional crystallization 
of the HC1 salts to separate the meso and racemic forms.41 The racemic 
mixture was resolved with tartaric acid.42 The diaminobutane isomer 
was converted to the bis(trifluoromethy1)amide derivative and dimeth- 
ylated with methyl iodide in KOH/dimethyl sulfoxide. The trifluoroacetyl 
groups were removed by HCI in methanol to yield L-ZHCI. 

LPtC12 complexes were prepared by substitution of L for (DMS0)2 
in cis-Pt(DMSO)2C12. In a typical experiment a suspension of cis- 
Pt(DMS0)2C12 in methanol (0.42 g, 1 mmol, in 90 mL) was treated with 
a solution containing a stoichiometric amount of L (either the SS or the 
RR isomer) in the same solvent (1 mmol in 10 mL). After it was stirred 
for few hours, the suspension turned to a colorless solution which was 
then concentrated to a small volume and kept at 5 OC for 1 day. After 
filtration (to separate a small amount of unchanged cis-Pt(DMS0)2C12) 
the solution was dried, and then the solid residue was redissolved in water 
(30 mL), treated with an excess of LiCl (0.35 g), and kept on a steam 
bath for 5 h. The yellow precipitate which formed was collected, washed 
with water, and dried in vacuo; the yield was 180%. The compound 
proved to be a mixture of two LPtC12 isomers differing in the configuration 
of the asymmetric nitrogens ((S,R,R,S)-LPtC12 and (S,R,R,R)-LPtCIZ; 
(R,S,S,R)-LPtC12 and (S,S,S,R)-LPtC12). The separation of the isomers 
was accomplished by fractional crystallization. In a typical experiment 
the product obtained from the above reaction was suspended in a small 
volume of DMF (10 mL). The suspension was stirred on a steam bath 
for 10 min and the solution filtered. This procedure was repeated a few 
times until the DMF remained colorless. The solid residue, which was 
washed with water and methanol and then dried in vacuo, proved to be 

(41) Dickey, F. H.; Fickett, W.; Lucas, H. J. J .  Am. Chem. SOC. 1952, 74, 
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Figure 3. H8 and NH/Hl’ region of the 1D spectrum of (a) (S,R,R,R)- 
LPt(S’GMP)2 and (b) (S,S,S,R)-LPt(5’GMP)z. 
6.29, and 6.58 ppm; these have cross-peaks to the CCH3, NCH3, 
and CH region. 

Integration of the H8 region showed that the areas of A and 
C are equivalent and the areas of B and D are equivalent. On 
the basis of the sum of the areas (A and C -46 f 4%; B and 
D -36 f 4%), A and C are the H8 signals from the major 
atropisomer and B and D are the H8 signals from the next most 
abundant atropisomer. An upfield shoulder a t  8.55 ppm (-3% 
of the H8 area) was subtracted from the area of D (Table 1). 

1D NOE, NOESY/EXSY (Figure 4), and ROESY experi- 
ments showed a connectivity between A and D (Le. cross-peak 
A-D) as well as one between B and C, (Le. cross-peak B-C). In 
the ROESY spectrum, these cross-peaks are negative, indicating 
they are due to exchange. These connectivities demonstrate that 
the 5’GMPs with H8s A and D are bound to the same coordination 
position (cpl or cpZ) and the 5’GMPs with H8s B and C are 
bound to the other (cp2 or cpl ) .  

In the 2D NOESY spectrum, minor H8 signals are found at 
low contours. Experiments in which either the ratio of 5’GMP 

(43) Examinationof the2-DNOESY/EXSY spectrum reveals that theupfield 
shoulder on D, at 8.55 ppm, has cross-peaks to minor H8 signals (each 
less than 1% of H8 area) (Figure 4). Comparison with the (S,R,R,S)-L 
system shows that several H8 signals are assignable to atropisomers of 
this isomeric system as follows: 8.55 ppm, AHT; 8.03 and 8.96 ppm, 
HH; 8.30 ppm, AHT. Since the (S,R,R,S)-Lcomplex has twoequivalent 
coordination sites, Le. C2 symmetry, only one HH conformation is possible. 
Thus, -7% of the H8 region includes peaks corresponding to the 
atropisomers of the (S,R,R,S)-Lsystem. Evidently, some isomerization 
of the (S,R,R,R)-L conformers has led to the more stable (S,R,R,S)-L 
conformers. A small peak at 8.63 ppm, with - 1-2% of the H8 region, 
has three cross peaks. Comparison with the (R,S,S,R)-Lsystems shows 
that this small peak is the H8 signal of the AHT atropisomer. The 
cross-peaks to 8.91 and 8.07 ppm are to the HH atropisomer, and that 
at 8.17 ppm corresponds to the AHT atropisomer. 

8.8 8.4 8.0 

PRVI 
Figure 4. H8 region of the (S,R,R,R)-LPt(S’GMP)2 2D NOESY/EXSY 
spectrum at a low cut to show the connectivity between the H8s of all 
the atropisomers in the system, labeled as in the text. 

Table 1. Shifts (ppm), Labels, H8 Cross-Peaks (ppm), and Species 
Assignment for All 5’GMP H8 Signals in the NOESY/EXSY 
Spectrum of the (S,R,R,R)-LPt(5’GMP)z Sample’ 
H8 label H8 cross-peaks assignment 
8.32 A 8.57, 8.00, 8.81 (S,R,R,R)-LPt(s’GMP)z AHT (cpr) 
8.40 B 8.51 (S,R,R,R)-LPt(5’GMP)z AHT (cp l )  
8.51 C 8.40 (S,R,R,R)-LPt(S’GMP)2 AHT (cp l )  
8.57 D 8.32,8.00, 8.81 (S,R,R,R)-LPt(S’GMP)z AHT (cpr) 
8.81 E 8.00,8.32, 8.57 (S,R,R,R)-LPt(S’GMP)2 HH (cpa 
8.00 F 8.81,8.32,8.57 (S,R,R,R)-LR(S’GMP)2 HH ( C P ~  
8.03 8.30,8.55, 8.96 (S,R,R,S)-LPt(S’GMP)z HH 
8.96 8.03, 8.30, 8.55 (S,R,R+S)-LR(S’GMP)z HH 
8.30 8.03,8.55,8.96 (S,R,R,S)-LPt(s’GMP)z AHT minor 
8.55 8.03,8.30,8.96 (S,R,R+S)-LPt(S’GMP)2 AHT major 

8.63 8.07,8.17,8.91 (R,S,S,R)-LPt(S’GMP)2 AHT major 
8.17 8.07,8.63,8.91 (R,S,S,R)-LPt(5’GMP)z AHT minor 
8.24 8.69 mono adduct 
8.69 8.24 mono adduct 
8.47 8.92 mono adduct 
8.92 8.47 mono adduct 

8.07 8.17,8.63, 8.91 (R,S,S,R)-LPt(S’GMP)z HH 
8.91 8.07,8.17, 8.63 (R,S,S,R)-LPt(S’GMP)z HH 

0 pH 3.5, 5 OC. 

to (S,R,R,R)-LPt was varied or the appearance of bis product 
was monitored indicate that four small H8 signals (Table 1) are 
from the four mono species of the type [(S,R,R,R)-LPt(5’GMP)- 
(HzO)]+. Other minor H8 signals have been assigned to LPt- 
(5’GMP)2, where L is a different isomeric form of the ligand 
(Table 1 and ref 43). 

Minor H8 peaks, 8.81 (E) and 8.00 (F) ppm, have cross peaks 
to both A and D in the NOESY/EXSY spectrum (Figure 4). 
The area of E is -2% of the H8 region. Since peak F is broad, 
its total area is uncertain. The volume of the cross-peak D-E is 
greater than that for A-E; likewise, the volume of the cross-peak 
D-F is greater than that for A-F. In the ROESY spectrum, 
these cross-peaks are negative, indicating that they are caused 
by chemical exchange. These findings are considered further 
below, but the connectivity pattern demonstrates that there are 
two minor (S,R,R,R)-LPt(S’GMP)* atropisomers, in addition to 
the two major ones. 

The H8 signals have NOE cross peaks to N H  and NCH3 signals 
(Figures 5 and 6). For the major species, a qualitative method 
was used as a guide for determining the orientation of the H8 of 
each SGMP.  This method utilized the distance dependence of 
NOES and involved first dividing the volume of the HS-NCH3 
cross-peak by three (to normalize it to one proton) and then 
dividing the result by the volume of the H8-NH cross-peak. If 
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Table 2. Assignment and Chemical Shifts (ppm) of the NH and 
NCH3 Signals of the Major Atropisomers of 
(S,R,R,R)-LPt(SGMP)z (Also Included H8 to NH and H8 to 
NCH3 Cross-Peaks, Their Relative Volumes, and One-Third the 
H8-NCH3/H8-NH Volume Ratio from the 2D NOESY/EXSY 
Spectrum) 

8.64 8.56 8.48 8.40 8.32 
PPM 

Figure 5. HI-NH cross-peaks of the (S,R,R,R)-LPt(YGMP)z NOESY 
spectrum with chemical shifts labeled. The cross-peak at 6.18 ppm is the 
H8-H 1’ of AHT (S,R,R,S)-LPt(s’GMP)2. 
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Figure 6. HI-NCH, cross-peaks of the (S,R,R,R)-LPt( 5’GMP)z 
NOESY spectrum with chemical shifts labeled. 

this ratio is greater than one, the group nearest the H8 is an 
NCH3, but if this ratio is less than one, the group nearest the H8 
is an NH. This ratio (Table 2) is greater than one of H8 signals 
A and B, but less than one for C and D. The H8s with signals 
A and B are nearest the NCH3s with signals a t  2.55 ppm and a t  
2.48 ppm, respectively. The H8s with signals C and D are nearest 
the NHs  with the signals a t  6.22 and 6.58 ppm, respectively. 
Since the S’GMPs with H8 signals A and D have the same 
coordination position (vide supra), these must have opposite 
orientations. This relationship also holds for the S‘GMPs with 
H 8  signals B and C. This method reveals that the significant 
atropisomers both have the HT conformation, but since there are 
two possible nonequivalent coordination positions, the method 
does not distinguish between AHT and AHT. 

The coordination positions of the S’GMPs can be determined 
from the known absolute configuration of L42 in the following 
manner: From COSY and NOESY/EXSY spectra, the L CH,  
CCH3, NH,  and NCH3 signals were assigned. Since the relative 
positions of the H8s with respect to NCH3 and NH groups were 
determined above, assignment of the coordination positions of 
each S‘GMP was then straightforward. 

NH NCH3 relative (NCH3)/ 
H8 (site) (site) vol (NH X 3) 
A 6.29 (IV) 1.4 
A 2.55 (IV) 10.3 2.4 

comment 

A 2.35 (I) 2.8 spin diff’ 
Bb 5.79 (I) . ,  
B 2.48 (I) 5.1 large - 
B 2.35 (I) 2.8 from N(I)CHn of AHTc 
C 6.22 (1) 5.5 5.5 . _  
C 2.35 (I) 5.9 0.3 
C 6.29 (IV) 0.5 spin diff’ 
C 2.48 (I) 3.2 from N(I)CH, of AHTC 
D 6.58 (IV) 1.5 
D 2.44 (IV) 2.6 0.6 

a 300 and 500 ms mixing times result in spin diffusion from the NH 
and/or NCH3 through the atoms of L. H8 signal B did not have a 
visible NH cross-peak. These cross-peaks are due to exchange between 
the AHT and AHT atropisomers. 

Table 3. Chemical Shifts (ppm), Assignments, Cross-Peak Volumes 
of L Signals, and H8 Signal from the Nearest 5’GMP for the Major 
Atropisomers of (S,R,R,R)-LPt(5’GMP)2 

NH NCH3 CH CCH3 re1 nearest 
(site) (site)‘ (site) (site) vol H8 

6.29 (IV) 1.19 (111) 5.9 A 
6.29 (IV) 3.38 (111) 43.2 A 
6.29 (IV) 3.06 (11) 2.9 A 

2.55 (IV) 1.19 (111) 23.2 A 
2.55 (IV) 3.06 (11) 28.3 A 

5.79 (I)b B . .  
2.48 (I) 1.27 (11) 19.8 B 
2.48 (I) 3.07 (11) 19.7 B 

6.22 (I) 1.27 (11) 17.0 C 
6.22 (I) 3.38 (111) 17.0 C 

3.06 (11) 6.0 C 6.22 (I) 
2.35 (I) 1.27 (11) 26.5 C 
2.35 (I) 3.06 (11) 25.9 C 

6.58 (IV) 1.19 (111) 0.7 D 
6.58 (IV) 3.38 (111) 7.8 D 

2.44 (IV) 1.19 (111) 13.1 D 
2.44 (IV) 3.07 (11) 9.1 D 

Only one NCH3-CHor NCH3-CCH3 cross-peakwas present; cross- 
peaks were not observed to the groups farther away, e.g. N(IV)CH3 to 
C(II)CH,. No visible N(1)H-CH cross-peak was found. 

There are three L C H  signals (Table 3). The NOESY/EXSY 
and COSY spectra allow assignment of these C H  signals. The 
C H  signal a t  3.38 ppm has no NCH3 NOE cross-peak (Figure 
7). Of the  two C H  protons, the C(II1)H proton should be farthest 
from an NCH3 group (Figure 1); therefore this signal is from 
C(II1)H (Table 3). The other two C H  signals, 3.06 and 3.07 
ppm, each have NOE cross-peaks to two NCH3 signals (Figure 
7) and therefore must be from C(I1)H. In the COSY spectrum 
(not shown), the CCH3 signals can be assigned from the CH- 
CH3 cross-peaks. The downfield C(II1)H signal (at 3.38 ppm) 
has a cross peak to the upfield CCH3 signal (at 1.19 ppm), 
designating it as C(1II)CHj. The C(I1)H signals a t  3.06 and 
3.07 ppm have cross-peaks to the CCH3 signal a t  1.27 ppm, 
indicating that this is the C(II)CH3 signal. 

The NOESY/EXSY spectrum was then used to assign the 
N H  and NCH3 signals. The NH signal a t  6.29 ppm has cross- 
peaks to the C(II1)H (Figure 8) and C(III)CH3 signals. The 
NH signal a t  6.58 ppm has only one C H  cross-peak (to C(III)H, 
Figure 8). This pattern demonstrates that these N H  signals are 
from N(1V)Hs. 

The NH signal a t  6.22 ppm has two CH cross-peaks (Table 
111). The cross-peak to C(I1)H has less than half the relative 
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Figure 7. Upfield region of the (S,R,R,R)-LPt(YGMP)z 2D NOESY/ 
EXSY spectrum. The chemical shifts of the NCH3, CCH3, and CH 
signals are labeled. Arrows indicate the staggered pattern of cross peak 
volumes 
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Figure 8. NH-CH cross peaks of the (S,R,R,R)-LPt(YGMP)z NOESY 
spectrum with chemical shifts labeled. 
volume of the cross-peak to C(I1I)H (Figure 8). Examination 
of models suggests that the distance between the C(I1I)H and 
N(1)H protons is less than that between C(I1)H and N(1)H 
because the C(II1)H and N(1)H protons are on the same side of 
the N(1)-Pt-N(IV) plane. The N H  signal a t  6.22 ppm also has 
a cross-peak to the C(1I)CHj signal at  1.27 ppm. Therefore, this 
signal is for N(I)H.  The other N(I)H has a signal at  5.79 ppm; 
see below. 

Further support of these assignments and coordination positions 
comes from patterns of cross-peaks involving the four NCH3 
signals (Table 3). Each of the NCHJ  signals has only one CCH3 
cross-peak (Figure 7). The NCH3 signals at  2.55 and 2.35 ppm 
are greater in area than those a t  2.48 and 2.44 ppm. Therefore, 
the former signals are associated with the major atropisomer. 
The NCH3 signals at  2.55 and 2.44 ppm each have large cross- 
peaks to C(III)CH3 and therefore are assigned to N(IV)CH3. 

The remaining NCH3 signals at  2.48 and 2.35 ppm each have 
largecross-peaks to C(II)CH3 and thereforeare assigned to N(1)- 

The CCHs-CH region contains an unusual pattern of cross- 
peaks in which a large volume cross-peak alternates with a small 
volume cross-peak (Table 3, Figure 7).  Such a pattern confirms, 
as expected, that the C(I1)-C(1II) bond is skewed with respect 
to the N(1)-Pt-N(IV) plane. C(I1) and C(II1) are on opposite 
sides of this plane such that a line drawn from C(I1) to C(II1) 
would have a negative slope, and both C-CH3 groups are in quasi- 
equatorial positions, i.e., the chelate has the X conformation. 
Examination of PtL models in this skewed conformation dem- 
onstrates not only that the distance between methyl groups is 
maximized but also that the distance between protons C(1II)H 
and N(1)H is less than C(II)H and N(I)H. This model is 
supported by the larger cross-peak between C(II1)H and N(I)H 
compared to that between C(II)H and N(I)H. 

Information from the lD,  COSY, NOESY/EXSY, and 
ROESY spectra can be used to define the chirality of the two 
predominant atropisomers of the (S,R,R,R)-LPt(5’GMP)z sys- 
tem. The 5’GMPs with H8 signals A and D were shown to be 
closest to the NCH3 with a signal at  2.55 ppm and to the N H  
with a signal at 6.58 ppm, respectively; therefore, they are at  cp2. 
On the other hand, the S’GMPs with H8 signals B and C were 
shown to be closest to the NCH3 with a signal a t  2.48 ppm and 
to the N H  with a signal at  6.22 ppm, respectively; therefore, they 
are a t  cpl. In the most abundant atropisomer, the 5’GMPs with 
H8 signals A and C are t cp2and cpl,  respectively. The H8 with 
signal A is nearest to N(IV)CH3, and the H8 with signal C is 
nearest to N(1)H. This major atropisomer thus has the AHT 
conformation (Figure 9). In the next most abundant atropisomer, 
the S’GMPs with H8 signals D and B are a t  cp2 and cpl, 
respectively. The H8 with signal D (exchanging with the H8 
with signal A) is nearest N(IV)H. The H8 with signal B 
(exchanging with the H8 with signal C) is nearest N(I)CH3. The 
minor atropisomer thus has the AHT conformation (Figure 9). 

Let us now consider the unusual upfield shift (5.79 ppm) of 
the N(I)H signal of the AHT (S,R,R,R)-LPt(S’GMP)2 atrop- 
isomer. Since this signal had no clear NOE cross-peaks to signals 
of nonexchangeable protons, we first wished to ensure that the 
assignment of this shift was correct since all the other N H  signals 
were downfield of 6 ppm. First, careful adjustment of the pH 
allowed D-exchange of all the N H  signals including the unusual 
upfield N(I)H signal. Second, close examination of a deep cut 
of the COSY spectrum revealed an N(I)H to N(I)CH3 cross- 
peak. Third, a deep cut of the NOESY spectrum revealed an 
N(I)H to N(1)H EXSY cross-peak between the two HT 
atropisomers. Since the partner N(I)H signal has a fairly normal 
shift a t  6.22 ppm, this is strong evidence for the correctness of 
the assignments. Furthermore, there is a similar upfield N H  
peak assignable to N(IV)H of the AHT (S,S,S,R)-LPt(SGMP), 
atropisomer; this assignment is supported by an N(IV)H to 
N(IV)H EXSY cross-peak. 

The pH dependence of the N H  shifts is also of interest. 
Identifying the N H  signal by the letter used to identify the H8 
signal of the cis S’GMP, we find that the upfield N(1)H signal 
a t  5.79 ppm did not shift significantly as the pH was raised to 
above 6 (supplementary material). The N(I)H of the other 
atropisomer, signal C, shifted downfield. Likewise for N(IV)H, 
only one (D) shifted significantly while the other (A) shifted very 
little. Thus, for each atropisomer, only one of the two N H  signals 
shifted significantly. 

The H8 region of the NOESY spectrum of the (S,R,R,R)- 
LPt( 5’GMP)z complex has a unique connectivity pattern between 
A and D H 8  signals of the two HT atropisomers and two H8 
peaks labeled E and F (Figure 5, Table 1). (A similar connectivity 
pattern is not seen in (S,S,S,R)-LPt(S’GMP)2 spectra.) E and 
F must represent H8 signals from one or both H H  atropisomers 

C H ~ S .  



cis-Bis(5’GMP)-Pt(I1)-Diamine Complexes Inorganic Chemistry, Vol. 33, No. 18, 1994 4155 

3.06 3.02 

6.27 6.29 

8.32 8.34 
A-HE B‘-H8 

3.07 
H 2.44 

3.03 
2.46 H 

6.58 

D-HE 
8.57 

6.66 

C-HE 
8.50 

Figure 9. Schematic diagrams of the AHT (top left) and AHT (bottom lefr) atropisomers of (S,R,R,R)-LPt(S’GMP)2 and the AHT (top right) and 
AHT (bottom right) atropisomers of (S,S,S,R)-LR(S’GMP)2 viewed with the S’GMP coordination sites forward and theN,N’-dimethyl-2,3-diaminobutane 
ligand to the rear. The heads of the arrows represent the orientation of the H8 of SGMP. The values listed are chemical shifts in ppm, and the chelate 
rings are in the X and 8 conformations for the (S,R,R,R)-LPt(S’GMP)2 and the (S,S,S,R)-LPt(S’GMP)z, respectively. 

for two reasons. First, only two different HT atropisomers are 
possible and have been identified. Second, the -0.8 ppmchemical 
shift difference between E and F is comparable to the - 1 .O ppm 
chemical shift difference between the H8s of the H H  atropisomer 
in previous studies involving (R,S,S,R)-LPt( 5’GMP)2 and 

The coordination position of the 5’GMPs with H8 signals E 
and F can be determined from the pattern of cross-peaks involving 
thesesignals in the (S,R,R,R)-LR(S’GMP)2 spectra. The pattern 
of cross-peaks does not include both 5’GMP coordination positions; 
the only cross-peaks visible to E and F are from A and D, both 
for cp2. Thus, E and F are the H8 signals from the 5’GMPs at  
cp2 in the two HH atropisomers; these 5’GMPs have opposite 
orientations and are linked via rotation through the HT atrop- 
isomers. 

(S,S,S,R)-LPt(5’GMP)z. This system is similar to the 
(S,R,R,R)-L system; therefore the assignment strategy and the 
determination of coordination position were similar. The 
(S,S,S,R)-Lsystem has four major peaks, comprising -76 f 8% 
of the area in the H8 region, as well as many minor peaks (Figure 
3). These major peaks, a t  8.30, 8.34, 8.50, and 8.60 ppm, are 
labeled A’, B’, C’, and D’, respectively. Integration of the H8 
region showed that the areas of A’ and C’ are equivalent and the 
areas of B’ and D’ are equivalent. The sum of the areas of A’ 
and C’ is almost equivalent to that of B’ and D’ (-40 f 4% vs 
-36 f 476, respectively). Therefore, there are two major 
atropisomers, with one only slightly preferred over the other. A 
downfield shoulder (-7% of the total area) was subtracted from 
the area of C’ (Table 4). 
1D NOE experiments and the H8 region of the NOESY/ 

EXSY spectrum showed connectivities between A‘ and D’ and 
between B’ and C’ (Figure 10). In the ROESY spectrum, these 
cross-peaks are negative, indicating exchange. The 5’GMPs with 
H8 signals A‘ and D’ are bound at  the same position (cpl or cpz), 
whereas the 5’GMPs with H8 signals B’ and C’ are bound at  the 
other position (cp2or cpl).  Other minor H8 signals have been 
assigned to the four mono species of the type [(S,S,S,R)-LPt- 
(S’GMP)(H20)]+ or to LPt(S’GMP),, where L is a different 
isomeric form of the ligand (Table 4 and ref 44). 

The orientation of the 5’GMP H8 with respect to the platinum 
coordination plane was determined by the ratio method described 

(S,R,R,S)-LR( 5’GMP)z.E 

Table 4. Shifts (ppm), Labels, H8 Cross-Peaks, and Species 
Assignment for All 5’GMP H8 Signals in the NOESY/EXSY 
Spectrum of the (S,S,S,R)-LPt(S’GMP)2 Sample’ 
H8 label H8 cross-peaks assignment 
8.30 A‘ 8.60 
8.34 B‘ 8.50 
8.50 C’ 8.34 
8.60 D’ 8.30, 8.89 
8.73 8.07,8.26, 8.92 
8.92 8.07,8.26, 8.73 
8.07 8.26,8.73, 8.92 
8.26 8.07,8.73, 8.92 
8.50 8.00,8.20, 8.89 
8.00 8.20,8.50, 8.89 
8.89 8.00,8.20, 8.50 
8.84 8.17 
8.17 8.84 
8.36 9.03 
9.03 8.36 

(S,S,S,R)-LPt(s’GMP), AHT (cp2) 
(s,S,S,R)-LPt(S’GMP)Z AHT (cpf) 
(S,S,S,R)-LPt(5’GMP)z AHT (cp l )  
(S,s,s,R)-LPt(S’GMP)2 AHT (cp2) 

(R,S,S,R)-LPt(S’GMP)2 H H  
(R,S,S,R)-LR(S’GMP)2 H H  

(R,S,S,R)-LPt(S’GMP)2 AHT major 

(R,S,s,R)-LPt(S’GMP), AHT minor 
(S,R,R,S)-LPt(S’GMP)2 AHT major 

mono adduct 
mono adduct 
mono adduct 
mono adduct 

(S,R,R,S)-LPt(S’GMP)z HH 
(S,R,R,S)-LPt(S’GMP)2 HH 

a pH 3.5; 5 OC. 

above. The ratio is greater than one for H8 signals A’ and B’ 
(Table 5 ) ,  indicating that the group nearest the respective H8s 
is an  NCH3. Furthermore, the ratio is less than one for H8 
signals C’ and D’ (Table 5 ) ,  indicating that the group nearest 
these H8s is an NH. The H8 with signal A’ is nearest to the 
NCH3 with a signal a t  2.47 ppm. This H 8  also has a weak cross- 
peak to the N H  with a signal a t  5.8 ppm. The H8 with signal 
B’ is nearest to the NCH3 with a signal a t  2.52 ppm. The H8 
with signals C’ and D’ are nearest to the NH groups with the 

(44) The 1-D and 2-D spectra also contain a peak at 8.73 ppm constituting - 17%of the total area in theH8 region (Figures3band 10). Comparison 
with spectra for the (RSS,R)-L complex previously assigned shows 
that the peak at 8.73 ppm corresponds to the HE signal of the S’GMP 
of the major atropisomer with AHT conformation. This peak, at 8.73 
ppm, has connectivity to peaks at 8.07, 8.92, and 8.26 ppm. The first 
two correspond with the HH and the last with the AHT atropisomers, 
respectively. Only one HH is possible because (RSS,R)-L has C, 
symmetry. As found for the (S,R,R,R)-L complex, some (S,S,S,R)-L 
form probably has isomerized to the more stable (RS,S,R)-L form. 
The downfield shoulder on C’ has three cross peaks to HE signals, each 
with - 1% of the HE area (Table 3). Comparison with previous spectra 
showed that the C’ shoulder was from the major AHT (S,R,RS)-LPt- 
(S’GMP)z species. Two peaks, at 8.89 and 8.00 ppm, are from the 
(S,R,R,S)-LPt(S’GMP)* HH atropisomer and the third, at 8.20 ppm, 
is from the minor AHT atropisomer. 
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Figure 10. H8 region of the (S,S,S,R)-LPt(S’GMP)2 NOESY/EXSY 
spectrum at a low cut to show the connectivity between the H8s of all 
the HT atropisomers in the system. The H8s are labeled as in the text. 

Table 5. Assignment and Chemical Shifts (ppm) of the NH and 
NCH, Signals of the Major Atropisomers of 
(S,S,S,R)-LPt(S’GMP)z (Also Included H8 to NH and H8 to NCH3 
Cross-Peaks, Their Relative Volumes, and One-Third the H~-NCHJ/  
HI-NH Volume Ratio from the 2D NOESY/EXSY Spectrum)O 

H8 NH (site) NCH3 (site) re1 vol (NCHd/(NH X 3) 

A‘ 5.8 (IV) 
A‘ 2.47 (IV) 13.1 large 
B’ 6.27 (I) 1.6 
B‘ 2.52 (I) 10.6 2.2 
C’c 6.66 (I) 2.4 
C’ 2.46 (I) small 
D’ 6.30 (IV) 4.5 
D’ 2.30 (IV) 4.0 0.3 

OThere are H8-NH cross-peaks at 8.73 and 6.63 ppm due to the 
(RJs,S,R)-LPt(5’GMP)2 AHT species. No clear A’-NH cross-peak 
was visible. The NCH3 signal had no visible cross-peak to C’, but did 
show cross-peaks to the CH and CCH3 signals. 
signals a t  6.66 and 6.30 ppm, respectively (Table 5). Since the 
5’GMPs with H8 signals A’ and D’ have the same coordination 
position (uide supra), these must have opposite orientations. This 
relationship also holds for the 5’GMPs with H 8  signals B’ and 
C’. This information suggests that both atropisomers have the 
HT conformation, but the coordination position of the 5’GMPs 
must be determined in order to distinguish between the AHT and 
AHT conformations. To accomplish this goal, the CH,  CCH3, 
N H ,  and NCH3 signals were assigned (I, 11,111, or IV). Next, 
the NCH3 to H 8  or N H  to H8 cross-peaks were used to determine 
the coordination position of each 5’GMP. 

The 1.0-3.5 ppm region for the (S,S,S,R)-L(SGMP)z complex 
contains four large NCH3 signals, Le., a pair of signals from each 
major atropisomer, three CH signals, and two CCH3 signals. The 
signals from the CCH3, NCH3, and C H  regions have cross-peaks 
to N H  signals. 

Assignment of the three C H  signals is straightforward. The 
largest C H  signal a t  3.36 ppm has no NCH3 cross-peak. 
Therefore, this signal is from the C(I1)H of both major 
atropisomers. The other two CH signals, a t  3.03 and 3.02 ppm, 
each have cross-peaks to two NCH3 signals and hence are from 
C(1II)H. The signal a t  1.17 ppm is assigned to C(II)CH3 and 
the signal a t  1.25 ppm is assigned to C(III)CH3 based on the 
CH-CH3 NOE cross peak intensities. The alternating pattern 
of CH-CH3 cross-peak volumes (Table 6) confirms as described 
above that both C-CH3 groups are in quasi-equatorial positions 
and that the chelate has the 6 conformation. We reiterate that 
the distance from the C(I1)H to the N(1V)H protons is less than 
that from C(I1)H to N(1)H. 

Table 6. Chemical Shifts (ppm), Assignments, Cross-Peak Volumes 
of L Signals and H8 Signal from the Nearest 5’GMP for the Major 
Atropisomers of (S,S,S,R)-LR(SfGMP)2 

NH (site) NCH3 (site) CH (site) CCH3 (site) re1 vol H8 
nearest 

5.8 (IV)‘ A’ 
5.8 (IV) 3.36 (11) 1.2 A’ 

2.47 (IV) 1.25 (111) 24.3 A’ 
2.47 (IV) 3.03 (111) 18.2 A’ 

6.27 (I) 1.17(11) 6.4 B’ 
6.21 (I) 3.36 (11) 27.2b B‘ 

2.52 (I) 1.17 (11) 25.0 B’ 
2.52 (I) 3.02 (111) 5.9 B’ 

6.66 (I) 1.17 (11) 4.2 C’ 
6.66 (I) 3.36 (11) 16.8 C’ 

2.46 (I) 1.17 (11) 7.1 C’ 
2.46 (I) 3.03 (111) 17.5 C’ 

6.30 (IV) 3.02 (111) 4.6 D’ 
6.30 (IV) 3.36 (11) 27.2b D’ 

2.30 (IV) 1.25 (111) 18.6 D’ 
2.30 (IV) 3.02 (11) 17.2 D’ 

6.30 (IV)c 1.25 (IV) D‘ 

No cross-peak to CCH3 was visible. bOverlapped cross peaks 
prevented complete resolution; therefore, the reported relative volume is 
a sum of the large 6.27-3.36 ppm and small 6.30-3.36 ppm cross-peak. 
T1 noise prevented a volume estimate. 

The four N H  signals can each be assigned. The N H  signal 
a t  6.27 ppm is assigned to N(1)H from the very large cross-peak 
to the C(I1)H signal a t  3.36 ppm. Moreover, the N H  signals a t  
6.27 and 6.66 ppmeach havea cross-peak to the C(II)CH3 signal, 
indicating that both signals arise from N(1)H (Table 6). The 
N H  signal a t  6.30 ppm has cross-peaks to C(I1)H (large) and 
to C(II1)H (small) signals (Table 6) and must be for an N(1V)H. 
This N(1V)H signal has a NH-NH cross peak to the 5.8 ppm 
N H  signal which also must be an N(1V)H signal. 

The four NCH3 signals each have one cross-peak to a CCH3 
signal. The NCH3 signals a t  2.47 and 2.30 ppm have cross-peaks 
to the C(III)CH3 signal a t  1.25 ppm, indicating that they are for 
N(IV)CH3. The two other NCH, signals, a t  2.46 and 2.52 ppm, 
have cross-peaks to the C(II)CH3 with signal a t  1.17 ppm, 
indicating that they are from N(I)CH3. 

The N(1)H with the 6.27 ppm signal is nearest to the H 8  with 
signal B’, and the N(1)H with the 6.66 ppm signal is nearest to 
the H 8  with signal C’. The N(1)CHj signals a t  2.46 and 2.52 
ppm have cross-peaks to H8 signals a t  B’ and C’. Thus, the 
5’GMPs with H 8  signals B’ and C’ are a t  cpl. The N(1V)H with 
signal a t  6.30 ppm is nearest to the H8 with signals D’. The 
N(1V)CHjs with signals a t  2.30 and 2.47 ppm are nearest the 
H8 with signals A’ and D’. Thus the S’GMPs with H 8  signals 
A’ and D’ are a t  cp2. 

For the 40% HT (S,S,S,R)-LPt(S’GMP), atropisomer, the 
H8 a t  cp2with signal A’ is nearest N(IV)CH3 and the H 8  at  cpl 
with signal C’ is nearest to N(1)H; therefore, this atropisomer 
has the AHT conformation (Figure 9). For the 36% HT 
atropisomer, the H 8  at  cp2with signal D’is exchanging with the 
H8 with signal A’and is nearest N(1V)H and the H 8  at  cpl with 
signal B’ is exchanging with the H 8  with signal C’ and is nearest 
N(I)CH3; therefore, the 36% atropisomer has the AHT confor- 
mation (Figure 9). 

As for the S,R,R,R complex, the pH dependence of the N H  
shifts is also of interest. Identifying the N H  signals by the letter 
used to identify the H8 signal of the cis S’GMP, we find that the 
upfield A’ N(1V)H signal a t  5.8 ppm did not shift significantly 
as the pH was raised to above 6 (supplementary material). The 
N(1V)H of the other atropisomer, signal D’, shifted downfield. 
Likewise for N(I)H, only one (C’) shifted significantly while the 
other (B’) shifted very little. Thus, as for the S,R,R,R HT 
atropisomers, only one of the N H  signals for each S,S,S,R HT 
atropisomer shifted significantly. 
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Discussion 

An important goal of this research was to determine factors 
which influenced the stability of the atropisomers formed. In 
particular, we were interested in assessing potential H-bonding 
interactions, possible steric interactions, and finally any inter- 
nucleotide interactions. I t  should be noted that 2D N M R  is a 
powerful method in detecting small amounts of species not readily 
distinguished from noise in typical 1D N M R  experiments. In 
both systems studied here, the 1D spectra show essentially two 
dominant atropisomers. Most other species can be detected only 
along the diagonal in the 2D spectra. Our main focus will be to 
discuss the more stable species and to assess the factors that 
influence their stability. 

As discussed in the Introduction, four nonequivalent atrop- 
isomers are possible in the two systems. We found that for 
(S,R,R,R)-LPt( 5’GMP)z the two predominant atropisomers are 
HT (- lO:l, HT:HH). For (S,S,S,R)-LPt(S’GMP)z, the HT: 
HH ratio is large but cannot be determined because the HH 
signals were not found. The AHT conformation is preferred for 
both (S,R,R,R)-LPt(SGMP)z (1.3:l AHT:AHT at  pH 3.5) and 
(S,S,S,R)-LPt(S’GMP)z (-1.l:l AHT:AHT at  pH 3.5). 

As presented in Figure 9, the two systems have the S NH-  
(CH3) groupon theleft. However, becauseofthequasi-equatorial 
nature of the CCH3 groups, the chelate rings have h and 6 
conformations for the (S,R,R,R)-LPt and (S,S,S,R)-LPt chelate 
rings, respectively. Thus in Figure 9 the N(1) groups on the left 
in the (S,R,R,R)-LPt system and the N(1V) groups on the right 
in the (S,S,S,R)-LPt system have an equatorial methyl and a 
quasi-axial N H  group. The complementary relationship holds 
for the other groups. The chemical shifts of the relevant halves 
of the different systems are closely related. For example, the 
relationship of the guanine base in the N(1) half of the AHT form 
of (S,R,R,R)-LPt(S’GMP)z is similar to that in the N(1V) half 
of the AHT form of (S,S,S,R)-LPt(SGMP)z. This similarity 
suggests similar interactions, geometries, etc. and adds confidence 
to our shift assignments and to our conclusion about the 
conformations of the atropisomers. 

Note that the asymmetry of the sugar breaks the enantiomeric 
relationship between the S,R,R,R and S,S,S,R species in the 
same row of Figure 9 [Le., between AHT (S,R,R,R)-LPt(S’GMP)z 
and AHT (S,S,S,R)-LPt(SGMP)z (top row) and between AHT 
(S,R,R,R)-LPt( 5’GMP)z and AHT (S,S,S,R)-LPt( 5’GMP)z 
(bottom row)]. However, the chemical shifts of the “quasi- 
enantiomeric” pair of complexes are similar, 10.08 ppm for L 
and 10.10 ppm for S‘GMP H8 signals. 

The slight stability of the AHT (S,R,R,R)-LPt(S’GMP)z 
atropisomer over the A atropisomer became greater as the pH 
was raised. The A/A ratio was 1.3:l a t  pH 2.5 (from pH titration 
data)andincreasedto -2.3:l atpH6.1.  Inthecaseof(S,S,S,R)- 
LPt(S’GMP)z, on the basis of the “quasi-enantiomeric” relation- 
ship between atropisomers in the same row of Figure 9, we would 
have expected the A atropisomer to be more stable than the A 
atropisomer. However, this was not the case, and the A 
atropisomer was again more favored. Although the A/A ratio 
was only -1.1:l a t  pH 2.5, it increased to -2:l a t  pH -7. If 
the guanine ligands had no attached asymmetric groups, a change 
in preference from the A to the A HT atropisomer must occur 
between the S,R,R,R and S,S,S,R systems. Thus, the small 
preference for the A HT atropisomer for both systems must be 
induced by the asymmetric sugar-phosphate group which, in the 
present case, overcomes any preference for either of the two 
atropisomers induced by the asymmetry of the L ligand. 

The downfield shift of the N H  protons of the diamine in the 
different atropisomers can give an indication of the occurrence 
of hydrogen bonding between an N H  and the cis 5 ’GMP.14P~~~ib le  
H-bonding modes can be assessed from models. The 0 6  can 
participate in H-bonding only when the 0 6  and the N H  are on 
the same side of the coordination plane. When, instead, the H 8  
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and the N H  are on the same side, only phosphate group H-bonding 
is possible. In the normal anti conformation of S’GMP, the 
phosphate group is close to H 8  and, thus, NH.  Because the 
sugar moiety is flexible and there is relatively free rotation about 
the glycosyl bond, it is possible to form an H-bond between the 
phosphategroupand theNH when theH8 a n d N H  areonopposite 
sides of the coordination plane. 

The N H  signals for both ends of the diamine for the 
atropisomers in the top row of Figure 9 have a moderately 
downfield shift (6.22-6.30 ppm), suggesting that both NHs are 
involved in H-bonds of medium strength. In both complexes, one 
guanine 0 6  is on the same side as N H  with respect to the platinum 
coordination plane and, in principle, could form an 06-NH 
H-bond. However, for the same guanine, there is a very intense 
H8-NCH3 NOE cross-peak, and it could be argued that, with 
H 8  close to NCH3, the 0 6  end of the guanine is tilted away from 
the N H .  If this is the case, a ROP03-NH H-bond must be 
invoked. Because the S G M P  is less strained in the preferred 
anticonformation, such an H-bond is expected to be less favorable. 
Indeed, there is no significant downfield N H  shift with pH. For 
the second guanine of the complexes in the top row of Figure 9, 
an 06-NH H-bond can be excluded since 0 6  and N H  are on 
opposite sides of the platinum coordination plane. Therefore, if 
an  H-bond is formed, this H-bond must necessarily involve the 
phosphate group. Indeed, when the pH was raised, the signals 
for the two quasi-axial NH groups (C and D’, top row of Figure 
9) shifted downfield further (supplementary material). Such a 
downfield shift is consistent with stronger ROPO3-NH H-bonding 
caused by deprotonation of the phosphate group. The similar 
pH dependence of the shifts for the quasi-enantiomeric pairs is 
another piece of evidence confirming the consistency of our 
assignments for the two complexes. 

For the complexes in the bottom row of Figure 9, the downfield 
shifts suggest that the quasi-equatorial N H  (shifts 6.58-6.66 
ppm) is involved in a strong hydrogen bond, while the upfield 
shifts suggest the quasi-axial N H  (shifts 5.79-5.80 ppm) is either 
not involved in H-bonding or is involved in very weak H-bonding. 
For both complexes, the S’GMP which is cis to and can interact 
with the quasi-equatorial N H  has 0 6  on the opposite side of the 
coordination plane. Therefore, the H-bond must involve the 
phosphate group; the rather downfield shift suggests a rather 
strong ROPO3-NH interaction. The quasi-axial N H ,  which does 
not appear to be involved in H-bonding, is on the same side as 
the 0 6  of the cis S’GMP. The reason for the failure of an 06-  
N H  H-bond to form most probably lies in the tilting of the guanine 
base such that 0 6  is away from the NH.  This tilting is caused 
by interactions with the guanine in the other coordination position; 
the orientation of this cis guanine is dictated by the strong ROPOs- 
N H  H-bond. 

Just as for the quasi-enantiomeric pair in the top row of Figure 
9, the quasi-enantiomeric pair in the bottom row of Figure 9 has 
significant pH dependence for only one N H  signal per atropisomer 
(D and C’). These quasi-equatorial NHs  can interact with the 
phosphate group of an anti S’GMP and this H-bonding should 
becomemore favorable when the phosphategroupis deprotonated. 
Thus, the downfield shifts with pH support the occurrence of 
H-bonding in this case. 

The more symmetrical (S,R,R,R)-LPt(S’GMP)2 and (R,S,S,R)- 
LPt(5’GMP)z complexes studied previously, with quasi-axial NHs  
on opposite sides of the platinum coordination plane, have only 
three possible atropisomers (two HT and only one HH) .  One 
HT atropisomer was greatly favored over the other HT atrop- 
isomer, and the stability of the less favored HT atropisomer was 
comparable to that of the HH atropisomer.8 The favored HT 
atropisomer could form two 06-NH H-bonds, the HH atrop- 
isomer could form one 06-NH H-bond and the other HT 
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atropisomer could not form any 0 6 - N H  H-bond. Thus, 06- 
N H  H-bonds appeared to dominate the stereochemistry of the 
complexes. 

If one type of H-bonding in isolation determined the atropisomer 
formed for the (S,R,R,R)-LPt(5’GMP)z and (S,S,S,R)-LPt- 
(S’GMP);! compounds, one HH form would dominate. If 06- 
N H  H-bonding was most influential, we would have seen 
predominantly H H (  l ) ,  Figure 2. If phosphate H-bonding 
dominated, we would expect primarily HH(2). This investigation 
has shown that the HT atropisomers are preferred over the HH 
atropisomers. There appears to be no significant preference for 
either 06-NH or ROPO3-NH H-bonds. Another feature of our 
results that suggest that one type of H-bonding is not dominant 
is the finding that although the AHT atropisomer is preferred in 
both the S,R,R,R and S,S,S,R systems, this atropisomer is in 
different rows in Figure 9, meaning that the H-bonding is different. 
Furthermore, in both cases, raising the pH favored the AHT 
atropisomer. 

If indeed there is no significant preference for either 06-NH 
or ROPO3-NH H-bonds, one might expect the two HT and the 
two H H  atropisomers to be present in comparable amounts. 
However, the two HT atropisomers dominate. Therefore, the 
preference for the HT atropisomers must stem from factors other 
than H-bonding. One factor could be an internucleotide interac- 
tion (a type of molecular recognition). It should be noted that 
in the case of LPt(guanosine)z complexes with L = tertiary 
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diamine,31 for which H-bonding cannot be an important factor, 
the prevailing atropisomers always have the H T  conformation. 
Furthermore, in most cases where the evidence is clear, either in 
solution or solid states, the HT forms dominate. Additionally, 
although the AHT atropisomer has been found almost exclusively 
in solid M(5’GMP)z complexes, in solution the A- and AHT 
atropisomers generally have been shown to have comparable 
stabilities. Thus, the crystallization process may favor the AHT 
atropisomer. The (S,R,R,R)-LPt(5’GMP)z and (R,S,S,R)LPt- 
(5’GMP)z complexes appear to be a very special case with only 
one HT atropisomer dominating and with the HH species having 
significant stability. Thus, 0 6 - N H  (axial) H-bonds may be of 
somewhat greater stability than ROPO3-NH (axial) H-bonds; 
in conjunction with the preference for HT species, these H-bonds 
may tip the balance slightly in favor of the species observed. 
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of the pH dependency of the N H  signals from (S,R,R,R)-LPt(S’GMP)z 
and (S,S,S,R)-LPt(S’GMP)z, and tables of HI-H1’ cross-peaks for the 
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