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A fundamental problem obscuring the role of the ammine and primary amine groups in the activity of clinically
used Pt anticancer drugs is the dynamic character of the adducts with DNA and DNA constituents. Dynamic
motion is slower in analogues containing only secondary or tertiary amines, but such agents are not used clinically.
Recently we found that enclosing the N center within a piperidine (pip) ring greatly reduces dynamic motion. In
this work, we test the hypothesis that a diamine with only one pip ring, 2-aminomethylpipediea), would

slow dynamic motion enough for insightful study of adducts with one site (cis to the primary amine) closely
reflecting the coordination environment of clinically used drugs. Raceipien was prepared and resolved by
improved methods. Ptgpipen) synthesized with thpipen enantiomer having aR configuration of the asymmetric
carbon (determined on the basis of thdd sign) has theS stereochemistry at the N asymmetric center. In the
adduct §R)-pipenPt(5-GMPY),, restricted rotation of the two nonequivalent N7-coordinate@®IP’s about the
Pt—N7 bonds potentially could lead to two head-to-tallH{T and AHT) and two head-to-head (H+Hnd HH,)
atropisomers. However, 1D and 2D NOESY NMR data at pH indicated the dominance of the two HT
atropisomers in &AHT:AHT ratio of 2:1. Deprotonation of the phosphate group (pH 7) further stabilized the
AHT form, and the CD signal had the shape characteristic AHT form with a positive peak at~280 nm.
However, at pH 9.5, where thée-&MP N1H was largely deprotonated, the NMR spectrum and+®&0 nm CD

peak both revealed that theHT form had decreased. When the pH was jumped down to 6.9, the NMR signals
of the AHT form and the~280 nm CD peak increased with a half-time~e8 min. Thus, the pip ring lengthens

the atropisomerization time from seconds étinylenediamindt(3-GMP), to minutes for §R)-pipenPt(5-GMP),.

This pH jump experiment indicates that the signs of the CD signal are opposite faiHfieand AHT forms.
Changes with pH in both the relative abundance and shifts of the H8 signalsAHR@ndAHT forms correlated

with an increase in hydrogen bonding by the phosphate group of't@\V® cis to the primary amine. The
hydrogen bonding changes the®MP base tilt and hence the H8 chemical shift. Such information is not obtainable
on 5-GMP adducts of clinically used anticancer drugs.

Introduction the presence of NH groups in the carrier ligand has led to the
hypothesis thaG O6—NH®° and/or phosphateNH&"15 in-
tramolecular hydrogen bonding within the-FRNA adduct
influences structure and hence activity.

There are many other hypothetical roles for the carrier ligand.
DNA—carrier ligand hydrogen bonding could also affect the

Since the discovery of its anticancer activity, many new
analogues ofis-PtCh(NHj3), (cisplatin) have been synthesized
and tested for biological activity, and some of these compounds
are now well-established anticancer drdigs.Heterocyclic,
alicyclic, straight- and branched-chain alkylamines, and chelat-
ing diamines all give compounds with appreciable activity; ) - - .
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Chart 1. 5-GMP Structure and Numbering Scheme with
the Definition of Two Types of Arrows Used To Sketch
Derivative$

5-GMP
4 CHaPO
OH
Hs N
PO,
OH
< I Ns \N7
N3
o \ {
. NH, W

a Arrow on right defines the base directional properties (see Figure
1 caption). Arrow on left is used below to depict hydrogen-bonding
motifs involving the phosphate group or O6 dfGMP.

initial attack of the drug on DNA and the type of cross-linking
(either intra- or interstrand cross-links). Theds 3 direction
of intrastrand cross-link formation by the initial monoadduct
could be influenced by hydrogen bonding as well. The carrier
ligand may also affect biodistribution, rates and type of DNA
adduct formation, recognition of damaged DNA by repair
enzymes or regulatory/binding proteins, etc. The biological
activities of platinum drugs depend on the absolute configuration
of the carrier diamine, but the differences are not dramatic in
those cases in which the resolved forms were tested?

One feature of the PDNA adducts that has not drawn much

attention is the increased dynamic motion and fluxional character

of these adducts. The considerable distortion of the duplex
induced in a typical DNA or oligonucleotide by adduct
formation most likely leads to large fluxional (breathing)
motions. This motion and flexibility have confounded many
structural studies (both X-ray and NMR) aimed at assessing

the nature of the adduct. For example, we believe that the failure

to obtain crystals of the simplest cross-link adducis-
Pt(dGpG)(NH3),, may be due to a mixture of conformers
resulting from such fluxional motioff. Using specially designed
carrier ligands, we have recently begun to obtain evidence for
many conformers of such cross-linked d(GpG) add#f1s.
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Figure 1. Shorthand representation AHT, AHT, and HH conforma-
tions with the carrier ligand to the rear. When the carri€isymmetric

and N equals N, the two HH forms shown are identical. Arrows
represent th& bases withG H8 near the tip and with the G O6 near
the blunt end and projecting toward the carrier. Th®©6'’s are used

to define HT chirality. When viewing the complexes from Beside

of the coordination plane, a line connecting the O6 atoms will be rotated
(by an angle<90°) clockwise AHT) or counterclockwise AHT) in
order to be aligned with the perpendicular to the coordination plane.
For the §R)-pipenPtG, complexes, Rand N represent the primary
and the secondary amine nitrogens, respectively, and all foHiT(
AHT, and the two HH) conformations shown are theoretically possible.

Sources of conformational diversity include those typical of
DNA (syn vs anti nucleotide residues, N vs S sugar pucker,
etc.) and those characteristic of the metal center. Even in the
simplest cases, the metal center introduces numerous structural
features. For example, neglecting the complications of the
backbone and less symmetrical carrier ligands, th&dimses
in cross-links can be oriented in a head-to-head (HH) arrange-
ment, in which both H8 atoms lie on the same side of the
coordination plane, or in two chiral head-to-tail (HT) arrange-
ments with the H8 atoms on opposite sides of the coordination
plane AHT, AHT, Figure 1). In addition to the three principal
relative base orientations\HT, AHT, HH), the cisG bases
can be tilted in different directions and to different degrees
(Chart 2). This tilting and its consequences, as well as the
complications of having less symmetrical carrier ligands, will
be discussed below. It is thus clear that each orientation has
many variants. We will generally specify the conformer only
by the relative base orientation, i.e., by the atropisomer (rotamer)
designation.

To obtain a better handle on the dynamic and structural
properties of the DNA adduct, we must understand the factors
that influence the orientational preferences and the dynamic
motions involving the metal center. We have been evaluating
cis-PtA,G, model complexes, in which Arepresents two
unidentate or one bidentate amine ligand &depresents a
unidentate guanine ligand. Conformers of these model species
have fewer potential variants than adducts with the DNA
backbone. The symmetry of tles-PtA,G, complex influences
the number of atropisomers. F@s-symmetrical A ligands,
one HH and two HT atropisomers are possible. With a nonbulky
A, carrier ligand, interconversion between atropisomers by
rotation around the PIN7 bonds is fast on the NMR time scale.
Usually a single H8 NMR signal is observed, representing an

(26) Ano, S. O.; Intini, F. P.; Natile, G.; Marzilli, L. G. Manuscript in
preparation.
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Chart 2. Sketches of th\HT Atropisomer with Right-
Handed and Left-Handed Tilted Variafts

"

right-handed tilt for AHT

/S~

left-handed tilt for AHT

2 The degree of the tilt is greater wheisaO6—NH hydrogen bond
can be hypothesized.

average signal of all possible guanine orientatfn%: Increas-
ing the bulk of the Aligand can slow the PtN7 bond rotation
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Figure 2. Sketches oMe,DABPt andBipPt withSRR,SandR,SSR
configurations.

atropisomerize very slowly, allowing us to determine the initial
distribution of rotamers during the attack of tBdigands onto
Pt35n contrast, thevle;,DAB complexes have greater fluxion-
ality, more similar to such behavior in complexes with clinically
used carrier ligands. Although thde,DAB complexes have
dynamic properties closer to those of the clinical drug, the
secondary amine center can isomerize at neutral pH in the

so that different atropisomers can be detected by the observatiorMe;DAB but not in theBip complexes.

of more than one H8 signakf-28-30.33-35 However, the HT forms
of cis-PtA,G, are favored in almost all cases, and only recently
have HH atropisomers in solution been reportéd®

We have found that many aspects of Pt driNA interac-

These observations prompted us to study a carrier diamine,
2-aminomethylpiperidine (pipen), which contains a secondary
amine resistant to isomerization and a primary amine that could
allow some flexibility. This type of complex does have

tions can be productively investigated by introducing chiral anticancer activity/-3 and one-half of it closely resembles
secondary amine centers into the carrier ligands. To control theclinically used drugs. The piperidine (pip) ring can reduce
chirality of the secondary amines we incorporated adjacent dynamic motion significantly, and we believe information
asymmetric carbons with known chirality into the ligand chelate relevant to clinically used drugs can be obtained by studying
ring. The chiral amine centers are also designed to be close tothesepipen complexes since we create an environment very
the DNA in adducts, in contrast to the positioning of chiral similar to thatin clinically used drugs. Fois-PtA;G, complexes
groups only at carbon atoms in more traditional carrier ligands. With ligands such apipen, which are noC,-symmetrical, two
The proximity of the necessarily bulky substituent on the HH and two HT atropisomers are possible. Although a few
asymmetric nitrogen has the additional advantage that the DNA studies on dichloro complexes with this kind of carrier ligand

adducts of Pt complexes of such carrier ligands will have
restricted fluxional character. More specifically, our studies with
cis-PtA,G, complexes of the carrier ligandde,DAB (N,N'-
dimethyl-2,3-diaminobutane) afgip (2,2-bipiperidine) (Figure

2) demonstrated that the configuration of the secondary NH's
strongly influenced thé\HT/AHT atropisomer ratio such that
one or the other HT form was highly favoré&3>3%we call
these diamines chirality-controlling chelat€GC) ligands.
(CCC)PIG, complexes withMe,DAB and Bip carrier CCC
ligands having the same chirality, e.g., BB,R Sconfigurations

of the four asymmetric centers (N, C, C, and N) in the chelate
ring, and the sam& derivative have very similar equilibrium
atropisomer distributions, chemical shifts, etc. The dynamic
properties, however, are very different. TBg derivatives

(27) Li, D.; Bose, R. NJ. Chem. Soc., Dalton Tran&994 3717.

(28) Cramer, R. E.; Dahlstrom, P. . Am. Chem. Sod.979 101, 3679.
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(30) Cramer, R. E.; Dahlstrom, P. lnorg. Chem.1985 24, 3420.
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VHCH-Wiley-VCH: Basel, in press.
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1988 27, 382.
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(34) Reily, M. D.; Marzilli, L. G.J. Am. Chem. S0d.986 108 6785.

(35) Ano, S. O; Intini, F. P.; Natile, G.; Marzilli, L. Gl. Am. Chem. Soc.
1997 119 8570.
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Marzilli, P. A.; Natile, G.Inorg. Chem.1998 37, 6898.

are described in the literatufé3°4°no report on the adducts
of guanine derivatives has appeared.

In this study, racemipipen was prepared and resolved, and
complexes of the formula Ptgpipen) were synthesized and
characterized (Figure 3). In these species (with chloride ligands
trans to the amine groups), the nitrogen configurations are very
stable, and the type and abundance of isomers obtained in a
given preparation depend on the experimental conditions used
and do not reflect their relative thermodynamic stability. The
interaction between'85MP and one of the enantiomer§,R)-
PtCh(pipen) (the configurations at the two asymmetric centers
areSandR at N and C, respectively), was studied by NMR
and CD techniques.

Experimental Section

Synthesis of 2-Aminomethylpiperidine (Pipen)2-Aminomethyl-
pyridine (10 g, 0.092 mol) in ethanol (700 mL) was hydrogenated using
sodium metal (45 g). The reaction temperature was kept initially at 50
°C, and as the reaction proceeded and the medium became viscous,
the temperature was increased until refluxing occurred. Afterh,
the reaction mixture was cooled to room temperature and brought to

(37) Morikawa, K.; Honda, M.; Endoh, K.; Matsumoto, T.; Akamatsu, K.;
Mitsui, H.; Koizumi, M. J. Pharm. Sci199Q 79, 750.

(38) Tanabe Seiyaku Co., Ltd. Jpn. Kokai Tokkyo Koho JP 59 67,262,
1984.

(39) Saito, R.; Goto, M.; Hirose, J.; Kidani, Bull. Chem. Soc. Jpri992
65, 1428.

(40) Saito, R.; Goto, M.; Hirose, J.; Kidani, Bull. Chem. Soc. Jpri992
65, 2118.
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RR

Figure 3. For a given configurationR) of C? of the free amine ligand,
there are two possible complexed ligand configurations of the N
coordinated nitrogen:aj Sand p) R.

pH 2 with concentrated hydrochloric acid, the solution was filtered (to

Wong et al.

configuration at the chiral carbon has been determined t& aedS,
respectively®! We have checked that ar]p of +2.54 (1% in
methanol) for the hydrochloride corresponds to aip[of ca. —15°
(2% in ethanol) for the free amine.

Preparation of Dichloro(pipen)platinum(ll) Isomers. When di-
methyl sulfoxide (DMSO) (2 mmol, 0.142 mL) was added to a stirred
aqueous solution of {PtCls] (1 mmol, 0.415 g) in water (20 mL)
maintained at 70°C, the solution became yellow as P#ZIMSO),
formed in situ. An aqueous solution pipen hydrochloride (1 mmol),
neutralized with LiOH (2 mmol), was added slowly to the solution of
PtCL(DMSO),. The mixture was stirred at 9% for 1 h. The yellow
precipitate that formed was collected by filtration, washed with water
and diethyl ether, and dried. Yields in all cases weB9%. Elemental
analyses of the Ptgpipen) complexes are given in the Supporting
Information.

Preparation of Dinitrato(pipen)platinum(ll). A suspension of
PtCh(pipen) (1 mmol, 0.380 g) in acetone (40 mL), stirred at room
temperature, was treated with a solution of AgN®@ mmol, 0.338 g)
in a minimum of water. The solution was left to stir for 2 h, during
which time the yellow color of the Ptgbipen) disappeared and a
white precipitate of AgCl formed. The solution was filtered and
evaporated under reduced pressure to afford a quantitative yield (0.455
g) of Pt(NG;)2(pipen) as a colorless crystalline powder.

Preparation of (S,R)-PipenPt(5-GMP), Solutions. The pH of a
solution of 3-GMP (20 mM, Sigma, used as received) in(D(0.6

remove NaCl), and the solvent was evaporated at reduced pressuremL) was adjusted to-3.5. (SR)-PtCh(pipen) (0.5 equiv) was then
The residue was dissolved in water (20 mL), and after the addition of added, the pH of the reaction mixture adjusted back-8%5, and the
an excess of potassium hydroxide, the solution was extracted five timesmixture stirred at 50C for 3 days.

with 100 mL of diethyl ether. The ether was removed under reduced

pressure and the residue distilled (at°’8 7 mmHg pressure), yielding
5—6 g of a mixture ofpipen and 2-aminomethylpyridine as a colorless,

NMR Spectroscopy.!H NMR 1D spectra were obtained with either
a GE GN 500 MHz or a GE Omega 600 MHz spectrometer. For pH
titration experiments, 3-(trimethylsilyl)tetradeuterosodium propionate

oily liquid. Separation of this mixture was achieved by taking advantage (TSP) was used as an external reference; otherwise, all spectra were

of the different rates of crystallization of their hydrochloride salts from

referenced to the HOD peak. The 2D phase-sensitive NOESY/EXSY,

ethanol. Whereas the salt of 2-aminomethylpyridine precipitated 600 MHz spectra (1k 2K matrix, 300 ms mixing time, 32 acquisitions

immediately, thepipen salt precipitated only after the solution was
kept at 0°C for 24 h; yield: 4.5 g (0.024 mol, 26%) of pupgpen.
The pipen purity was monitored using NMR and GC mass

pert;) were obtained at C with a spectral window in both dimensions
of 6250 Hz. Spectra were processed with the FELIX program
(Molecular Simulations, Inc.)A 1 Hz exponential multiplication factor

spectrometry. The gas chromatogram obtained showed only one peakwas applied in the acquisition dimension. The evolution dimension was

and the corresponding mass spectrum could be attribuiggéa from
peaks aim/z 84 (GHioN) and 114 (GH14Ny).

Resolution ofrac-Pipen. Addition of a solution of dibenzoyl-()-
tartaric acid (DBTA, 6.5 g) in absolute ethanol to a solution of racemic
pipen (2.0 g) in diethyl ether gave a precipitate, which was recrystal-

zero filled to 2K points, and a 9&hifted skewed sine squared function
was applied.

31P{1H} NMR spectra recorded on the 600 MHz spectrometer were
referenced to trimethyl phosphate (TMP). The,pf each phosphate
group (in 90% HO/10% DO with NaCl added to give an ionic strength

lized several times from water/ethanol (20:80 v/v). The enrichment of of 0.1 M) was determined by curve fitting the following equatiah:

a given sample in one enantiomeric form was monitored by HPLC
(chiral column DAC-DNB, eluant hexane/dichloromethane, 7:3 v/v)
by converting the DBTA salt to the free diamine (by dissolving it in

= (0a[HT] + 0sKQ)/([H'] + Ka), where the®P chemical shift of a
given phosphate group dsat a given pHga when protonated, ands
when deprotonated. The pH (uncorrected) of samples in NMR tubes

the minimum amount of water, treatment with an excess of KOH, and was adjusted with 1% and 10% (w/v}O solutions of DNQor NaOD.

extraction into diethyl ether) and then making the amide derivative
using trifluoroacetic anhydride. The derivative of the racemic form had

Circular Dichroism (CD) Spectroscopy.CD spectra of+4 x 10°°
M solutions were recorded on a JASCO 600 spectropolarimeter at

previously been studied and the retention times noted. This procedureambient temperature. To improve signal/noise, four spectra were
was repeated during each stage of recrystallization until only one acquired in succession and averaged.

enantiomeric form was observed in the HPLC trace. The-GIS

spectrum of the trifluoroacetamide derivative showed a single peak in Results

the gas chromatogram at 308z Next the derivative was converted

to the hydrochloride salt (diethyl ether extracts of the free amine were

saturated with HCI gas) and characterized by elemental analyis,
NMR spectroscopy, and thet]o measured as2.54 (1% solution in
methanol).

After the DBTA salt of one enantiomer was removed, the other

Synthetic Methods. The syntheses opipen and of the
corresponding Pt complexes have been repdrtadwever, we
used a simpler, more convenient procedure here. Furthermore,
we separated the two enantiomeric forms of the free ligand and
synthesized the Pt complexes as single, pure sterecisomers.

enantiomer could be isolated from the mother liquor by evaporating Hydrogenation of the 2-aminomethylpyridine was effected with
the solvent, treating the oily residue with potassium hydroxide, and sodium metal in ethanol. The yield was comparable to, if not
extracting the free amine with diethyl ether. Treatment of the ether better than, that obtained by reduction with hydrogen gas in
solution with hydrogen chloride gas afforded a precipitate of the amine the presence of Pt@s catalyst? Our procedure leads to a crude

hydrochloride, which was recrystallized from ethanol. Thep[

measurement (1% in methanol) gave the same value, but with opposite

sign, as that of the amine hydrochloride obtained from the DBTA salt.

The latter enantiomer was also isolated from the racemic mixture using

dibenzoyl-(-)-tartaric acid as the resolving agent.
Determination of the Absolute Configuration. For the fregpipen
enantiomers withd]p of —19° and+19° (2% in ethanol), the absolute

product containing unchanged 2-aminomethylpyridine as the
main impurity. Purification of the amine proved straightforward,

(41) Hardtmann, G. E.; Houlihan, W. J.; Giger, R. K. A. (Sandoz-Patent-
GmbH). Ger. Offen. DE 3,702,943, 1987.

(42) Kumar, A.; Ernst, R. R.; Whrich, K. Biochem. Biophys. Res.
Communl198Q 95, 1.
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Table 1. Proton Chemical Shifts (ppm) fd®ipen-2HCI and
[Pt(D2O)zpipen)]?* in DO

CH, CH CH, CH, CH, CH,
ligand 320 340 340 175 190 175
290 150 150 150
complex 230 270 295 145 180 170
2.25 2.70 120 145

however, by our taking advantage of the different rates of
precipitation of the amine hydrochlorides from ethanol. In the
resolution of the enantiomers carried out in the classical way
with DBTA as resolving agent, solvent composition (water/
ethanol,~20:80 v/v) was critical for effecting a quantitative
separation of the two enantiomers after only two or three
subsequent crystallizations.

Our PtCh(pipen) preparative procedure required only a
stoichiometric amount of the free ligand, which was added to a
reactive neutral substrate, P{@OMSO). The latter was
prepared in situ by the aqueous reaction giFCl,] and DMSO
(1:2 molar ratio). Two PtG(pipen) isomers could be formed
from a purepipen enantiomer (e.g., having thRconfiguration

at the asymmetric carbon), since, upon coordination to platinum,

the configuration at the secondary nitrogen becomes a resolvabl

chiral center (Figure 3). However, as already observed in other

cases, the configuration of the carbon is likely to influence the
configuration on the adjacent nitrogen. This is particularly true
for a complex like the one under investigation, in which the
two chiral centers (€and N are linked not only by a direct
bond but also through the six- and five-membered rings. Of
the two possible Pt@pipen) isomers, only one isomer was
formed in quantitative yield.

IH NMR Spectrum of Pipen Dihydrochloride. The H
NMR spectrum ofpipen-2HCI in D,O at pH 6.5 was compli-

[S)
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Figure 4. COSY spectrum of [Pt(ED),(pipen)]?" in D,0.

[Pt(H20)2(pipen)]?". The insolubility of the PtGlpipen)
complexes in most organic solvents and in water limited our
studies. Therefore, Pt&gpipen) was converted into the dinitrato
complex, which forms the diaqua complex in water. The COSY
spectrum (Figure 4) of 5 mM Pt(N§(pipen) in H,O at pH
6.5 was analyzed as above. The low-field region contained three
multiplets (at 2.95, 2.7, and 2.3 ppm). This last multiplet consists
of a doublet of doublets at 2.3 ppm and a pseudotriplet at 2.25
ppm. The doublet of doublets is assigned fdg, which can
have only one strong coupling (with the geminaHg,), while
the pseudotriplet is assigned tdHGy which can have two
strong couplings (with the geminaltBeqand with CHgy). The
multiplets at 2.3 and 2.25 ppm have cross-peaks with the

cated, and it was necessary to perform a COSY experiment in siplet at 2.7 ppm (which therefore must contain the signal

order to assign the peaks (integrations are given in italics in
parentheses). The downfield multiplets 2384 ppm five) were
presumed to be from CH’s next to the nitrogensHg C?H,

and CHy). The upfield multiplets (1.32.0 ppm, six) were
assumed to be from the other CH's3{G, C*H,, and CHy).
From the COSY spectrum (Supporting Information), the mul-
tiplet centered at 3.2 ppniwo) was assigned to¥€l,, as these

of C?H), but not with the multiplets in the 1-11.9 ppm region.
The peak centered at 2.95 ppan is assigned to &eq, Which
is expected to have only one strong coupling (with the geminal
C®Hay). The CHay signal, which falls in the multiplet at 2.7
ppm overlapping with &H, is also strongly coupled with%El .

The remaining multiplets are assigned to the more shielded
pip ring protons. The €H, signals have cross-peaks only with

protons were strongly coupled, and there was no evidence ofine proad multiplet centered at 1.45 ppthréd, which thus

coupling with upfield multiplets. These protons are expected
to couple only with CH; thus the signal of the latter proton
must be in the multiplet at 3.4 ppnw(©0). This multiplet must
also contain one of the 88, signals. The other @i, signal
must be that of the multiplet centered at 2.9 ppnd, which

must contain both &, signals. The one-proton multiplets at
1.8 and 1.2 ppm have a strong cross-peak with each other but
not with the low-field multiplets; therefore, they are assigned
to C*H,. The multiplet at 1.7 ppmoné), which has a strong
cross-peak with the multiplet at 1.45 ppm, is assigned to one

has a strong cross-peak with the multiplet at 3.4 ppm. (See Tablecay, signal. The other &, signal is the third signal in the

1)

multiplet at 1.45 ppm, an assignment supported by the cross-

Assignments of the multiplets between 1.3 and 2.0 ppm begin peak between the multiplet at 1.45 ppm and the multiplet at

with the C°H multiplet (at 2.9 ppm), which can have cross-
peaks only with the 8H, signals; thus the &, signals must
be part of the multiplets centered at 1.7&%d) and at 1.5 ppm
(threg). On the other hand, the?8 multiplet (at 3.4 ppm) can
have cross-peaks only with3g; in the high-field region;
therefore the €H, signals must also be part of the multiplets

2.7 ppm already assigned to théHXsignal. CH (which is axial)
is expected to have strong coupling with only the axigHC
therefore the €H. and the CH¢q signals are at 1.45 and 1.7
ppm, respectively.

To determine the configuration of thelNatom of the
coordinatedpipen ligand @ or b in Figure 3), [Pt(HO).-

centered at 1.75 and 1.5 ppm (the strong cross-peaks betweef(pipen)]>* was converted to the dimethylmalonato (viel)

the multiplets at 1.75 and 1.5 ppm are in accord with each
multiplet containing one of the signals of the geminal protons
bound to G and to CG). Finally, the CH, signals must be the
multiplet centered at 1.906€ and part of the multiplet at 1.5

derivative in the NMR tube in BD at pH 7. The Mgmal ligand

is a good probe of diamine stereochemistry since one Me group
projects above and the other below the Pt coordination plane.
In the case of th€,-symmetricBipPt(Me;mal), where the pip

ppm (there is a strong cross-peak between these multiplets).rings lie close to the coordination plane such as showrafor
As expected, the multiplet centered at 1.9 ppm has no coupling (Figure 3), the Me signal is at 1.82 ppm. As expected, the non-

with signals in the low-field region.

Co-symmetricpipenPt(Memal) has two Me signals, and the
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) 250 ) 300 nm Figure 6. H8 region of the NMR spectrum o§R)-pipenPt(5-GMP),
Figure 5. CD spectrum of §R)-pipenPt(5-GMP), below pH 7. at pH 3.

signals fall at nearly the same shift (1.78 and 1.80 ppm) and Table 2. (SR)-PipenPt(5-GMP), G H8 Chemical Shifts (ppm) and
close to that of th®ip analogue. Thus the configuration of the ~Cross-Peakswith NH and CH Signal§®

rings must be similar in both compounds, and we conclude that Hg  shift NH N’ CoH"" Hy'
pipen has thea stereochemistry (Figure 3). Furthermore, when ~ )™ g=o" \uH: 6.16 8.6) 239(15) 272(14) 588
the pH was then brought to 10.5, where base-catalyzed isomer- g 849  NHs: 5.78 (2.9) 5.88
ization at N- can occur, two new Me signals of equal intensity C  8.38 NH: 5.56 (0) 252(2.7) 289(29) 579
appeared at 1.64 and 1.98 ppm. The ratio between the initial D 8.35 NH" 5.61(4.9) 5.69
and the new pair of signals was2:1. Beyond any reasonable N?H": 5.84 (5.5)

doubt, the new pair of signals is due to the formation of an  aRelative volumes of the cross-peaks are listed in parentheses.
isomer in which the pip ring projects out of the plane such as pH 3 and 5°C. ¢ Also included are th& H;' chemical shifts.
shown in Figure 3b; in this isomer, the C and N atoms have
equal configurationsRR). indicates that the major atropisomers are head-to-tail (HT).
We conclude that the starting compounds used in this study Otherwise, NOE cross-peaks would be observed due to the
(with the exception of the new isomer just mentioned) contain proximity of H8 protons in the head-to-head (HH) form.
(SR)-pipen. This conclusion is supported by our finding that Importantly, there are no EXSY cross-peaks between the H8
the CD spectrum of the pH 4.2 aqgueous solution 8R)- signals, indicating that the dynamic equilibrium between the
Pt(NQ),(pipen) (Supporting Information) has positive peaks HT forms (Figure 1) is extremely slot?27:3536.44.45
at 370 and 272 nm and a negative peak at 240 nm. For the The H8 signals have NOE cross-peaks to the NH afid C
peak at 270 nm, assigned to th&; — A, transition in signals (Table 2 and Supporting Information). We shall discuss
analogous compound$ Ae = 0.35 M1 cm™. Although the first the interpretation of peaks A and D for the most abundant
peaks are at shorter wavelengths, the shape of the spectrungpecies and then peaks B and C. For the initial discussion, we
below 300 nm is very similar to all reported spectra bf ( exclude the possibility that signals A and D arise from more
alkyl-1,2-alkanediamine)Ptgtomplexes with the configuration  than one atropisomer. The cross-peak pattern, peak A to one
at the amine N center shown in Figure 3a. The positive and NH signal (at 6.16 ppm) and peak D to two NH signals (at
negative peaks at 303 and 267 nm, respectively, in these5.61 and 5.84 ppm), demonstrates Batis cis to the secondary
spectrd®4%and the positive and negative peaks at 272 and 240 amine andGp, is cis to the primary amine. Further confirming

nm, respectively, in the CD spectrum &R)-Pt(NOs)2(pipen) that G is cis to the secondary amine, peak A has cross-peaks

are consistent with all the other evidence that the configuration with the C®H' and CGH" signals at 2.39 and 2.72 ppm,

of Nt in pipenis S respectively. (Hand H' designate upper- and lower-field GH
(S,R)-PipenPt(8-GMP),. The CD spectrum of §R)- signals, respectively.)

pipenPt(3-GMP), at pH 3 (Figure 5) shows positive peaks at  From the NOE cross-peaks between NH and,@Hd CH
about 285 and 230 nm and negative peaks at 250 and 205 nmsjgnals within thepipen ligand (Figure 7, Table 3), the relative

This spectrum is similar to the characteristic spectr&&R.S)- positions of the protons can be determined. From the cross-
Me;DABPIG,, in which the major conformation iAHT, as  peaks, we can also determine if Blehd Ch protons are axial
determined by 2D NMR experiments. or equatorial, B and Hsy, respectively. The relatively small

In the *H NMR spectrum of §R)-pipenPt(8-GMP), at pH NIH—C?H NOE cross-peak indicates thatis in the axial
3, four H8 peaks (A-D) comprise>90% of the H8 intensity  position, which is possible only if the secondary amine nitrogen
in the 8.3-8.7 ppm region (Figure 6). The downfield shift of  and @ have different chirality (Figure 3). (Thus the conclusion
the H8 signals compared to this signal for freéP and the  drawn on the basis 6H NMR analysis of the Mgnal complex
acidic pH used for sample preparation indicate the®GBIP is is confirmed.) NH has a smaller NOE cross-peak with tiRHC
coordinated via N7. By integration, the areas of peaks A and D sjgnal than with the €H' signal, indicating that 8H’ is C8Heq
are equivalent and the areas of peaks B and C are equivalentyhijle C°H" is C®H,.. The CH—N2H' cross-peak is weaker than
The ratio of the sum of the areas of A and D to that of B and the @H—N2H" cross-peak, indicating that?N' is N2Heq and
Cis 7:3. The 1.6:3.1 ppm region contains the methylene and N2H" js N2H,,. Finally, the GH'—N2H' cross-peak is stronger
the methine signals of thpipen moiety. The 5.56.2 ppm than the GH'—N2H" cross-peak, indicating that8' is CHax.
region contains five NH signals; these have cross-peaks to theThe GH"—N2H' and GH"'—N2H" cross-peaks are comparable,
methylene and the methine signals. indicating that GH" is C'Heq. N'H has an NOE cross-peak with

In the 2D NOESY spectrum, the absence of any NOE cross-
peaks between these H8 signals (Supporting Information) (44) Li, D.: Bose, R. NJ. Chem. Soc., Chem. Comma892 1596.

(45) Williams, K. M.; Cerasino, L.; Intini, F. P.; Natile, G.; Marzilli, L. G.
(43) lto, H.; Fujita, J.; Saito, KBull. Chem. Soc. Jprl967, 40, 2584. Inorg. Chem.1998 37, 5260.
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Figure 7. NOE cross-peaks between NH and methylene and methine

proton signals of $R)-pipenPt(3-GMP),. Peaks are numbered ac- 87 86 85 84 83 82 8&lppm
cording to the assignments in Table 3. At this contour level, cross- Figure 8. H8 region of theH NMR spectra of §R)-pipenPt(3-GMP),
peaks 13 and 15 cannot be observed. at various pH valuesxj free 3-GMP.
Table 3. Chemical Shifts and Relative Volumes of NMCH NOE . . .
Cross-Peaks within theipen Moiety of (SR)-PipenPt(3-GMP), Because of the overlap of the’N signals, the orientation of
) ) Gg cannot be determined. Peak C has a cross-peak with the
Major Atropisomer C%H signal but none with the N¥H signal, indicating that this
peak NH N2H' N2H" CH' CH" C?H CSH' CPH" relvol H8 lies above the Pt coordination plane. The absence of an NOE
1 6.16 2.60 41.6 between peaks B and C strongly suggests that this atropisomer
2 6.16 3.06 7.8 is AHT.
3 6.16 2.39 64.0 pH Titration by 3P NMR. At pH 3.7, the majorAHT
4 616 272 225 atropisomer had signals at 0.21 and 0.29 ppm that shifted to
> 561 2.60 4.4 3.79 and 3.81 ppm, respectively, as the pH was raised to 8.1
6 5.61 2.74 191.0 : na s. | 1 L
7 5.61 3.06 6.2 The minorAHT atropisomer had signals at 0.34 and 0.36 ppm
8 5.84 2.60 42.7 at pH 3.7, which shifted downfield and overlapped at 3.72 ppm
9 5.84 2.74 247.2 at pH 8.1. The presence of fod*P signals allowed us to
10 5.84 3.06 315 determine the K, values of each phosphate group. THé&.p
Minor Atropisomer values were determined to be 5.81 and 5.84 for the major HT

conformer and 5.86 and 6.13 for the minor HT conformer. The

eak NH NH CH CH" CH CSH' C°H" relvol ) . |
P pKa of unplatinated 5GMP was determined to be 6.23 in a

11 556 268 75 separate experimefft. Thus, except for one phosphate group,
12 556 2.73 a S .
13 556 3.06 28 platination caused theKp values to decrease by0.4 unit.
14 556 252 10.0 However, we did not determine whether this phosphate group
15 556 2.89 1.0 with 0.1 unit K, drop was inGg or Ge.
16 5.78  2.68 7.2 pH Titration by *H NMR. H NMR spectral changes from
17 .78 2.13 853 pH 5.3 to 7.8 (Figure 8) demonstrated that the majiT
18 5.78 3.06 6.2 : .

_ _ atropisomer became highly favored on phosphate group depro-
& Cannot be determined due to overlap of signal. tonation. Deprotonation of th& N1H'’s at higher pH reversed

CH', which is only possible if RH is in the axial positon  this trend and by pH 9.8 th&HT form became the major
(Figure 3). This further demonstrates that Bind G have conformer (Figure 8). During the pH titration, the B and D H8
opposite configurations. signals for theG’s cis to the primary amine of thAHT and

To determine whether the most abundant HT conformer was AHT atropisomers, respectively, experienced large shift changes
A or A, we estimated the distance of H8 with respect to the compared to signals A and C.
two axial protons, MH and CHay, which are on opposite sides pH Titration by CD. Raising the pH of the§R)-pipenPt-

of the platinum coordination plane. The strong-N'H and (5'-GMPY), solution from 3.0 to 6.6 increased the CD signal
weak A—CP®H,x NOE cross-peaks (Table 2) indicate ti@f intensities (Figure 5). This result is consistent with the NMR
H8 lies below the Pt coordination plane. The-N2H" NOE data showing that phosphate group deprotonation favored the

cross-peak is stronger than the-N2H' cross-peak, indicating ~ AHT atropisomer. Further increases in pH caused decreases in
that Gp H8 lies above the Pt coordination plane. These results signal intensities; at pH 9.9, the CD signal started to invert
demonstrate that the most abundant speciddi3 (Figure 1). (Figure 9), consistent with the NMR data demonstrating that
For the second most abundant species (Table 2), th?Bl the AHT atropisomer was favored at high pH. The agreement
NOE cross-peak at 5.78 ppm indicates tk&t is cis to the between the CD and the NMR studies strongly suggests that
primary amine. The ECPH' and G-C°®H" cross-peaks indicate  the signs of the CD features can be used to determine the
thatGc is cis to the secondary amine. The relative positions of conformation of the major atropisomer.
the protons in theipen moiety for this atropisomer can be pH Jump. NMR and CD pH titration results are correlated
deduced as described above (Table 3). The results are aswith the assumption that theHT andAHT atropisomers have
follows: CPH' is C®Heq CPH'" is CPHax C'H' is CHax and similar CD signal intensities but with opposite sign. If the
CH" is C'Hegq assumption is correct, the resultant CD spectrum of a mixture
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Figure 10. H8 region of the!H NMR spectrum of §R)-pipenPt(5-
GMPY), (a) at pH 9.5 and at pH 6.9, recorded (b) 3 min and (c) 30 min
after pH adjustment;«) free 3-GMP.
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Figure 11. CD spectra of §R)-pipenPt(3-GMP), at pH 9.5 and at
different times after the pH was adjusted to 6.6.

determined the chirality of the dominant HT conformer at pH
7 and below; the nature of th@ N9 substituent had only a
modulating effect on the atropisomer distributio:36 The
dominant HT form had botks O6’s on the opposite side from
the NH group even for@CC)PtG, complexes with a simple G
such as 9-ethylguanine, which has no hydrogen-bonding groups
in the N9 substituent. Therefore hydrogen bonding involving
G O6 (Chart 1) can have at best a secondary effect on
distribution. Even the presence of phosphate groups on the N9
substituent does not override this preference, especially at low
pH, where the phosphate group is protonated.

In this study of §R)-pipenPt(5-GMP), the carrier ligand
has only one chiral N center; therefore, attenuation of the degree
of stereochemical control would be expected. For b8§R RS-
Me;DABPt(8-GMP), and SR R.S-BipPt(3-GMP),, the AHT:
AHT ratio determined by NMR methods #s6:1 at pH 33536

provides information about the conformation of the dominant For (SR)-pipenPt(5-GMP),, this ratio is 7:3 at pH 3, consistent
rotamer. Since the two atropisomers are not true mirror imagesith the decreased stereocontrol expected. In both previously
of each other, the above assumption had to be tested. Furtherstudied systems and i R)-pipenPt(3-GMP), (see below), the
more, there is the problem that the CD signal reflects both ragre HH forms are minor species; the HH form has weak CD
rotamer redistribution and the pH dependence of the CD signals.sjgnals3® The CD spectrum is dominated by HT for#fsThe
Thus, although CD sigr_1al inten;ities changed_ in the manner cD spectrum of $R)-pipenPt(3-GMP), is similar to those
expected from changes in NMR signals, we designed “pH jump found in other cases @fHT dominance, $R R.S-Me,DABPt-
experiments” to eliminate uncertainties from any pH effect. The (5.GMP),3¢ and GRR,S)-BipPt(5-GMP),.35 This result sug-

pH of an §R)-pipenPt(3-GMPY), solution was left at 9.5 for 1

gests that theS configuration of only one secondary amine

h; enough acid was added to drop the pH to slightly less than nitrogen can favor thHT atropisomer. Furthermore, it lends
neutral, and immediately the solution was examined over time. fyrther support to the empirical principle that the absolute

Separate such experiments were performed for NMR and CD configuration of secondary amines of tBE€C ligands controls
measurements. Fortunately, the rate of the atropisomer redisyhich chiral HT isomer is favored.

tribution was slow enoughi(; ~ 3 min) that we could easily
monitor the time-dependent spectral changes.

One of our goals was to determine the factors underlying
the empirical principle. In particular, we wished to assess how

From the pH jump NMR spectra, the abundance of the potential hydrogen-bonding interactions, possible steric interac-
dominant atropisomer increased in 3 min from 58% at pH 9.5 tjons, and any internucleotide interactions influence the relative
to 72% at pH 6.9 (Figure 10). The final abundance (83%) was stability of the atropisomers. A previous study employing
consistent with the pH titration results obtained slowly and complexes with norG,-symmetrical carrier ligandsSR R.R)-
discussed above (Figure 8). The first spectrum recorded in thepe,DABPt(3-GMP), and §SSR)-Me;DABPt(5-GMP), 8 re-
pH jump CD studies (Figure 11) showed an increase in signal vealed no clear single factor to account for stereocontrol.
intensity, as well as a clear shift of the signal maxima and Although thepipen carrier ligand is also no, symmetric,
minima toward shorter wavelengths and distinct changes in the dynamic motions are less pronounced than for MesDAB

signal shape. With time, the signal intensity eventually reached complexes. The stability of the secondary amine to isomerization
about twice the pH 9.5 value. Spectra obtained in both types of at h|gh pH allows for a more extensive Study_

measurements when the pH was returned to near neutral revealed |n theH NMR spectrum of R)-pipenPt(3-GMP), at low
that no irreversible processes had occurred. These experimentpH, the secondary aminelN signal of theAHT form has the
clearly demonstrate a correlation between the CD signal intensity most downfield chemical shift (6.16 ppm) of the NH signals

and the population of the major isomer.

Discussion
Previously, we studieddCC)PtG, complexes with two chiral

for this complex. In theAHT conformation, the phosphate group
of the 3-GMP cis to the secondary amine is on the same side
of the coordination plane as the* ldroton (Chart 3; the tilting

of the G bases depicted in this chart is discussed below).

N centers (Figure 2). Our studies established the empirical Therefore, the downfield shift most probably is caused by the

principle that the chirality of th€,-symmetricalCCC ligands

phosphate group, either by its hydrogen bonding to NH (Chart
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Chart 3. Relationship of the Structure of th§R)-PipenPt The relative influence on conformer distribution of different
Moiety to the Schematic Representation of the Moiety in 5'-GMP hydrogen-bonding groups will depend on pH. At low
Depictions of theAHT and AHT Atropisomers of §R)- pH, the phosphate group and the six-memb@&eihg are both
PipenPt(5-GMP)? protonated, and as noted, the hydrogen-bonding abilities of the

PO, andG O6 groups are weak, with other factors controlling
the distribution. In the neutral pH range, the Rfdoup is partly
/ or fully deprotonated and becomes a better hydrogen-bonding
N N group. At still higher pH, the N1H in the six-memberéding
1=~ becomes deprotonated a@dO6 becomes a better hydrogen-
bonding group. However, when the N9 substituent contains a
(o] phosphate group, stror@—G electrostatic effects between the
charged six-membered ring (when N1H becomes deprotonated)
and the dinegative phosphate groups may dominate over the
effects of hydrogen bonding or steric interactions betw&en
N1 N2 and the diamine. These considerations of the changé&s in
’ protonation state largely explain the dependence of the atrop-
PO~ isomer distribution on pH. However, another fact@,base
tilting, is also relevant; furthermore, tilting helps us to rationalize
the changes in shifts as the atropisomers redistribute.
We first consider tilt inC,-symmetrical HT adducts. In the
solid state, HT forms cluster into two groups differing in ffit;
o i.e., the bases can have either a right-handed (R) or a left-handed
= (L) tilt, illustrated in Chart 2. It should be noted that the degree
oy of tilting can also be different from case to case. Relative to
7 the average H8 signal, a lesser tilt gives less shielding and hence
u’ \H a deshielded (d) H8 signal, and the greater tilt gives a shielded
(s) H8 signal. In theory, three sets of two variables lead to eight
“PO4 possible HT forms, but computatiolison cis-Pt(NHs),-
(guanine) indicate that there are only four stable HT forms, as
follows: AHTRd, AHTLs, AHTRs, andAHTLd. The conse-
AHT guences of this tilting on the NMR specitd® and on the CD
~ *Arrows are described in Chart 1 and Figure 1 captions. Dashed spectr&® of complexes have been analyzed.
lines indicate likely hydrogen bonds. A similar analysis can be used to interpret tB&Rj-pipenPt-
3) or by its through-space effect. The observed increased (5-GMP} NMR spectra; however, one must consider separately
population of theAHT atropisomer accompanying deprotonation  the likely tilt of eachG base since there is i, symmetry in
of the phosphate group (Figure 8) is consistent with such an this case. We begin by classifying the four H8 signals into three
ROPQ—HN! hydrogen bond. groups dgpendlqg on how the shpit changed with pH as
The lower (K.'s of phosphate groups of purinesucleotides ~ follows: (i) Ga; (ii) Ge andGp; and (iii) Ge. The H8 ofGa
coordinated to platinum have been attributed either to hydrogen Was relatively unaffected by ptGp (the partner 0iG) and
bonding between the phosphate group and an amine hydro-Ge have H8 signals that shifted from upfield to downfield and
gerfo1L34or to the electrostatic effect of the positively charged then back upfield as the pH was raised. BGip and Ge are
platinum? Three of the phosphate groups in the WV&Rj- Cis to the primary amine in their respective atropisont.
pipenPt(5-GMP), atropisomers had the typical decreasekap ~ (the partner ofGg) has an H8 signal that shifted moderately
vs free 5-GMP 45 However, one of the four phosphate groups With pH, but only upfield. Thus, the H8 signals of t&s cis
exhibited only a small decrease. This result can be readily t© the secondary aminéh and Gc) shift the least with pH.
rationalized if this one group belongs to the@MP cis to the In Chart 4, we explain the reason for these shift behaviors as
pip ring in the AHT conformer; no ROP&-NH(pipen) a function of pH with the type of representation introduced
hydrogen bond can readily form in this case (Chart 3). Through- @Pove for theAHT atropisomer. Note first thea H8 (tip of
space electrostatic effects should be comparably strong in all&ToW) is always away fror®p, regardless of any tilt changes
cases, so this result is less readily attributable to electrostaticin G- Thus, Ga H8 is downfield and affected little by pH
effects. A recent molecular mechanics sttidgn (RSSR)- changes. The H8 dBp, on the other hand, is affected Kx
Me,DABPt(53-GMP), indicated that each phosphate group is anisotropy atlow pH because of its tilt caused by the suspected
close enough to the six-membered ring of the otheBBIP to Gp O6-NH(pipen) hydrogen bonding. At higher pH-(7 to
form phosphateNH(G) hydrogen bonds; such hydrogen bond- 8). the phosphate is deprotonated and@gtilt changes; the
ing could decrease thd<a However, the observation that only ~ greater distance dbp H8 from Gy leads to a downfield shift.
one of the four ;s was not affected suggests that such Finally, at higher pH, thé&Sp six-membered ring N1H depro-
internucleotide hydrogen bonding is not highly significant in tonates, probably again favori@ O6—NH(pipen) hydrogen
this case. It is interesting that this finding forAHT form is bonding. The tilt change bringSp H8 close toG,, leading to
consistent with the evidence suggesting that the reasontffe  the upfield shift of theGp H8 signal.

form is favored by 5GMP is a more favorable internucleotide I the A atropisomer, exactly the same sequence of filt
interaction in theAHT form. changes can be expected {8g as depicted foGp in Chart 4

for the A atropisomer. However, in this case the base of the

POy

o..-ﬁ:\
., :E/ \

(46) Song, B.; Oswald, G.; Bastian, M.; Sigel, H.; Lippert,\Bet.-Based
Drugs 1996 3, 131. (48) Kozelka, J.; Fouchet, M.; Chottard, Bur. J. Biochem1992 205
(47) Yao, S.; Plastaras, J. P.; Marzilli, L. Gorg. Chem1994 33, 6061. 895.
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Chart 4. Sketches of the\HT Atropisomer of
(SR)-PipenPt(5-GMP), at Different pH Value%

Ga Gp
PO4H-
H3 1 2/H
p N N
n’ N
“HO,P
0
G G
034 D
Qq~
P
H7 N1 N2
p W N
PO,
GAGp
WA
H
pH 10 N1 N2
w g
4 0
AHT

2 The hydrogen-bonding changes with pH are shown; these explain
why the tilt of Gp and hencé&p H8 shift change dramatically with pH
whereas the tilt ofGa remains unchanged.

5'-GMP cis to the secondary amin@() is always tilted toward
Gg and theG¢ H8 signal is always upfield. We do not have at
this time a detailed specific explanation for the further upfield
shift of the G H8 signal with pH, but the ring anisotropy should
change on N1H deprotonation.

Wong et al.

groups. G bases coordinated to platinum complexes with
nonbulky amine groups, such as (RH (cisplatin) anden
(ethylenediamine), exhibit fast rotation around the R¥ bond

on the NMR time scalé’"32 For complexes with a six-
membered chelate ring, several conformations, including chair,
skew, and boat, can be adopted. This additional flexibility results
in low-energy structures with axidl-methyl groups, according

to molecular mechanics and dynamics calculationsMa3-
DAPP1G, complexe$>4° (Me,DAP = N,N'-dimethyl-2,4-di-
aminopentane). Rapid rotation about the—R¥ bond is
generally observed. Five-membered chelate rings with two
asymmetric carbons are less flexible; generally, at least one
N-alkyl substituent is equatorial to minimize intraligand steric
repulsions. Thus\Vie,DABP1G, complexe$837atropisomerize
more slowly thanMe,DAPPtG, complexes’>4° However,
EXSY cross-peaks in the spectra ®e,DABPIG, com-
plexeg837showed that all atropisomers interchange even at 5
°C. In BipPtG, complexes, the rigid amine makes rotation
around the PtN7 bond very slow, such that not only are there
no EXSY peaks but there is no magnetization transfer even at
80°C235Thus, even when the carrier ligand permits observation
of different atropisomers, the dynamic properties can vary.

For thepipenPtG, complexes studied here, the diamine ligand
is a hybrid, having a more rigid bulky pip moiety on one side
and a nonbulky primary amine on the other side. Pifgen
ligand can hinder rotation of theé-&MP cis to the secondary
amine. Interconversion from one HT isomer to the other requires
rotation of both 5GMP’s. If one 3-GMP is strongly hindered
in its rotation, the overall rate of interconversion of one HT
isomer into the other would be slow. This is why we did not
observe exchange between atropisomers in the NOESY/EXSY
experiment at 5C. The reasonably sharp 1D NMR signals of
individual HT atropisomers observed at room temperature
indicate slow exchange. However, if the rotation of th&B1P
cis to the primary amine is fast, the interconversion between a
given HT isomer and one HH isomer would be fast. Then, the
HH isomers may contribute to some extent to the resonances
assigned to each HT isomer. The fact that there was ne H8
H8 NOE cross-peak for either atropisomer indicates that the

It is tempting to speculate that the change in the atropisomer populations of any HH isomers are very low.

ratios is due entirely to the differences in hydrogen bonding.
From ongoing studies, we believe that hydrogen bonding
involving the diamine has little effect on atropisomer distribution
at low pH; a protonated'sphosphate group or an O6 on a
neutral six-membered ring of @ base is found on the same
side of the coordination plane as NH with about equal frequency.
However, near neutral pH, the deprotonategttosphate group
definitely seems to favor atropisomers in which the phosphate
group is close to a diamine NH; the high ratio of theform
(signals A and D, Figure 8) to tha form (signals B and C)
near pH 8 is consistent with this trend and suggestive of
phosphate-NH(pipen) hydrogen bonding.

At still higher pH, the A form becomes relatively more
favored; this finding agrees with the suggestion that an O6 of
an N1H-deprotonated, negative, six-membe@dng should
be a better NH hydrogen-bonding acceptor group. However, it
is also possible that tha form is favored because of mutual

At higher pH, the H8 signals for th&’s cis to the primary
amine Gp in AHT andGg in AHT) clearly broaden (Figure
8). If the broadening were due to more rapid interconversion
betweerAHT and AHT, all H8 signals would have broadened.
The H8 signals of54 andG¢ remain sharp and do not appear
to be very sensitive to the broadening process, which may be
localized to theG'’s cis to the primary amine of each atropi-
somer. We suspect that the results are consistent with a relatively
fixed G next to the secondary amine, but further work at lower
temperatures in mixed solvents may be needed to determine
the cause of the broadening.

The dynamic processes that we believe are occurring in the
acidic to neutral pH range are shown in Figure 1. The most
abundant form, AHT, is in rapid equilibration with a trace
amount of HH. AHT equilibrates slowly withAHT, which
equilibrates rapidly with trace amounts of HHualitatively,

attractive and/or repulsive forces between the trinegative 5 the AHT to AHT atropisomerization rate is probably influenced
GMP ligands. More studies are needed before factors influencingby the amine ligand(s) in the following order: (N}~ en >

distribution in this very high pH range become clear.
Finally, we consider the relationship between atropisomer
interconversion rate and the properties of the carrier ligand,

including the chelate ring size and the substituents on the amine

Me,DAP > Me,DAB > pipen > Bip.

(49) Cerasino, L.; Williams, K. M.; Intini, F. P.; Cini, R.; Marzilli, L. G.;
Natile, G.Inorg. Chem.1997, 36, 6070.
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Conclusions that, in this case, the sign of the CD signal reflects the absolute
We conclude that the configuration of the secondary amine conformation of the major HT atropisomer, even though CD

complexes are more dynamic than those with By carrier ligands such apipen or Bip may prove to be helpful aids in
ligand, which has two secondary amines incorporated into pip Understanding the origins of these large CD effects.
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