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The interaction of chloro(triphenylphosphine)gold(1) and [u-1,2-bis(diphenylphosphine)ethane]-
bis[bromogold(1)] with oxopurine derivatives under basic conditions has been investigated. The
resulting complexes, [Au(PPh;)L] [{Au(PPh,)},(pu-L)], [LAu(u-dppe)Aul], and [Au(u-dppe)-
(u-L)Au] [L = purine anion, dppe = 1,2-bis(diphenylphosphine)ethane], containing one or two
N-bonded gold(1) phosphine groups were characterized by means of 'H and *C n.m.r. and i.r.
spectroscopy. The crystal structure of the complex (theophyllinato) (triphenylphosphine) -

gold(1) was determined by X-ray crystallography. The compound is triclinic, space group P17,

with a = 9.061(2), b = 9.762(4), c = 13.588(4) A, « = 71.30(2), p = 87.20(2), y = 86.10(2)",
and Z = 2. The structure was refined anisotropically to R = 0.039 and R’ = 0.044, on the basis of
5 150 observed reflections. The crystal contains discrete [Au(PPh,)L] molecules (L = theophyllinate
anion) with no unusually close intermolecular contacts. The co-ordination of the gold atom is
almost linear, P-Au—-N(7) 176.1(2)°, with gold-nitrogen and gold-phosphorus bond distances of

2.047(6) and 2.231(2)

, respectively. Other bond lengths and bond angles are normal. The

Au .« - O(6) distance of 3.317(6) A indicates that there is no significant gold—carbonyl bonding.

Interest in gold co-ordination chemistry has been growing in
recent years with the successful use of gold(1) phosphine
complexes such as ‘auranofin’ (2,3,4,6-tetra-O-acetyl-1-thio-B-
D-glucopyranosato-S)(triethylphosphine)gold() and chloro-
(triethylphosphine)gold(i) for the treatment of rheumatoid
arthritis.!’?> Auranofin has also shown evidence of anti-
cancer activity in ‘in vivo’ studies of P388 leukaemia in mice.>*
These results prompted further efforts directed toward the
preparation of gold(1) complexes analogous to auranofin 3-!2
which might exhibit a broader spectrum of anticancer activity.
Among these complexes, those of the general formula
[Au(PPh3)L] (HL =2-thiouracil, S-fluorouracil, thymidine,
or 6-mercaptopurine)f demonstrated significant antineo-
plastic activity against P388 leukaemia in mice.!? Likewise,
a number of analogous 1,2-bis(diphenylphosphine)ethane
(dppe) gold(i) complexes have been reported to have good
antitumour activity in a spectrum of transplantable tumour
modelS_S.G,S.ll

On the other hand, absorption and circular dichroism
spectroscopy and gel electrophoresis studies have revealed that

1 (3,7-Dihydro-1,3-dimethyl-1 H-purine-2,6-dionato-N")(triphenylpho-
sphine)gold(1).

Supplementary data available: see Instructions for Authors, J.
Chem. Soc., Dalton Trans., 1989, Issue 1, pp. xvii—xx.

} Uracil = 1H,3H-Pyrimidine-2,4-dione; thymidine = 1-(2-deoxy-$-
p-erythro-pentofuranosyl)-5-methyl-1H,3 H-pyrimidine-2,4-dione.

§ Theophylline = 3,7-dihydro-1,3-dimethyl-1H-purine-2,6-dione; xan-
thine = 3,7-dihydro-1H-purine-2,6-dione; hypoxanthine = 1,7- dihy-
dro-6 H-purin-6-one; theobromine = 3,7-dihydro-3,7-dimethyl-1 H-
purine-2,6-dione;  thymine = S-methyl-1H,3 H-pyrimidine-2,4-dione;
barbituric acid = 1 H,3H,5 H-pyrimidine-2,4,6-trione.
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gold(1) complexes can bind to DNA ‘in vitro’ apparently via the
guanine and cytosine bases.!*!% According to this, purine and
pyrimidine bases could be utilized as model compounds for the
interaction of gold(1) complexes with DNA in an attempt to
explain their mechanism of action.

In view of all this, as a continuation of our studies on metal
complexes of purine bases,'>~!° in the current work we report
on the interaction of chloro(triphenylphosphine)gold(1) and
[p-1,2-bis(diphenylphosphine)ethane]- bis[bromogold(r)] with
theophylline (HLY), 8-ethyltheophylline (HL?),
3-methyl-8-ethylxanthine (H,L?), and hypoxanthine (H,L*).§
The results reported complete a field of investigation
where the information available is limited to only a few studies,
including the preparation and characterization by 'H, !3C, and
31P n.m.r. as well as i.r. spectroscopy of the products from the
reactions of [AuCIL] (L = triphenyl- or tricyclohexyl-phos-
phine) with purine (adenine, guanine, azaguanine, theobromine,
or theophylline) and pyrimidine bases (uracil, thymine,
barbituric acid and some of its methyl derivatives),?°~22 and
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Table 1. Analytical® and physical data for the gold complexes

Analysis (%)
A

p < Yield M.p.b
Complex C H N Au (g, %) (6/°C)
(1) {Au(PPh;)L"} 47.1 (47.0) 3.5(@3.5) 8.9 (8.8) 30.9 (30.9) (0.50, 78) 250—255
(2) [Au(PPh,4)L?} 48.7 (48.7) 4.0(3.9) 8.0 (8.4) 29.0 (29.6) (0.55, 82) 160—165
(3) [L!Au(p-dppe)Aul!] 41.6 (41.7) 3.3(3.3) 8.8(9.7) 34.5(34.2) (1.02, 89) 260—265
(4) [L*Au(p-dppe)AuL?] 42.5(43.8) 3.7(3.8) 9.2(9.3) 329 (32.7) (1.10,91) 360
(5) [Au(PPh,)(HL?)] 478 (479) 3.7(37D 8.4 (8.6) 29.5(30.2) (0.57, 88) 230—235
(6) [{Au(PPh;)},(u-L)] 46.5 (47.6) 35(3.5) 4.7(5.0) 35.2 (35.5) (091, 82) 130—135
(7 [{Au(PPh,)},(n-LH]-3H,0 45.8 (44.5) 34(3.3) 5.0(5.1) 35.2(35.6) (0.85,77) 165—170
(8) [Au(p-dppe)(n-LHAu]-3H,0 37.8 (38.0) 3.0(3.3) 5.0(5.7) 41.2 (40.2) (0.72,73) 290—295

@ Required values are given in parentheses. * With decomposition.

the crystal structures of (adeninato)(triphenylphosphine)-
gold(1),2>  (1-methylthyminato)(triphenylphosphine)gold(1),%*
and 5,5-diethyl-1,3-bis[(triphenylphosphine)aurio]barbituric
acid.?! Since the chosen purines generally exhibit biological
activity,2>2% it was hoped that this would enhance the
biological activity of the gold(r) complexes. For this reason, the
new phosphine gold(1) complexes are being tested for anticancer
activity.?’

Experimental
Theophylline and hypoxanthine were purchased from Carlo
Erba and Merck, respectively, and were used without further
purification. The purine derivatives 3-methyl-8-ethylxanthine
and 8-ethyltheophylline were prepared as described in the
literature.?® Triphenylphosphine and 1,2-bis(diphenylpho-
sphine)ethane were purchased from Aldrich. The [Au(PPh;)CI]
complex was prepared from Na[AuCl,]-2H,0 and PPh; as
previously described.?®

Microanalyses of C, H, and N were performed with a Perkin-
Elmer 240C analyser. Gold was determined thermogravime-
trically with a Mettler TG-50 thermobalance (Table 1). Infrared
spectra were recorded in the 4 000—180 cm™! range on a Perkin-
Elmer 983G spectrophotometer, using KBr and polyethylene
pellets. Proton and !*C n.m.r. spectra of the complexes dissolved
in (CD;),SO were recorded on a Bruker AM300 spectrometer.

Preparations—[Au(PPh;)L] (L = L!, L?, or HL3)—The
general procedure for the synthesis of [Au(PPh;)L] was as
follows: a solution of [Au(PPh;)CI] (0.26 g, 1 mmol) in acetone
(30 cm?®) was added to one of the purine derivatives (1 mmol) in
water (5 cm?®) containing 1 mol equivalent of KOH. The
resulting solution was refluxed for 15 min and then allowed to
stand at room temperature for several hours, whereupon the
white complex precipitated. The complex was filtered off,
washed with water, acetone, and diethyl ether, and dried in
vacuo. Crystals of [Au(PPh;)L!] suitable for X-ray analysis
were obtained by slow evaporation of a solution of the complex
in acetone-water (5:1, v/v) at 4 °C.

[(AuBr),(dppe)]. To a stirred solution of Na[AuCl,]-2H,0
(2 g, 5 mmol) in water (15 cm®) was added NaBr (2.3 g, 22.5
mmol) over 15 min. The resulting red solution was treated with
acetone (30 cm?) and heated at 70 °C until the solution became
colourless. Addition of dppe (1 g, 2.5 mmol) with continuous
stirring immediately gave a white precipitate, which was filtered
off, washed with water and acetone, and dried with diethyl ether.
Yield 90%;, m.p. 275—280 °C. In this method, acetone was used
as a reducing agent [equations (1) and (2)]. This procedure

Na[AuBr,] + Me,CO —
BrCH,COMe + Na[AuBr,] + HBr (1)

2Na[AuBr,] + dppe — [(AuBr),(dppe)] + 2NaBr (2)

presents some advantages over other published methods.?® 3!

First, acetone is less expensive than the usual reducing agents
thiodiglycol and dppe itself, and secondly acetone is a very clean
reducing agent, since its oxidation product, bromoacetone, is
volatile and thus easily eliminated. Furthermore, this method is
general for the synthesis of p-diphosphine-bis[bromogold(r)]
complexes.

[LAu(p-dppe)Aul] (L =L' or L%). A solution of
[(AuBr),(dppe)] (1 mmol) in ethanol (30 cm?) was added to a
solution of purine derivative (2 mmol) in water (5 c¢cm?)
containing 1 mol equivalent of KOH. The resulting solution
was refluxed for 15 min and a white product formed, which was
filtered off, washed with water and ethanol, and dried with
diethyl ether.

[{Au(PPh3)},(u-L)] (L = L? or L*). These complexes were
prepared using the above method for [Au(PPh;)L] but with a
ratio purine derivative:[Au(PPh;)C1]:KOH of 1:2:2.

The complexes were also prepared by adding a solution of
[Au(PPh;)CI] (1 mmol) in acetone (30 cm?®) to one of the
corresponding [Au(PPh;)L] complex (1 mmol) in acetone—
water (5:1) (30 cm?®) containing KOH (1 mmol). In all cases, a
white product precipitated immediately from solution. This was
filtered off, washed with water, acetone, and diethyl ether, and
dried in vacuo.

[Au(p-dppe)(u-L*)Au]-3H,0. This white product was
prepared by the same method as for [LAu(p-dppe)AuL], using
either a 1:1 or 1:2 [(AuBr),(dppe)]: H,L* molar ratio.

Crystal Structure Determination and Refinement of
[Au(PPhy)LY] (1)—Crystal data. C,sH,,AuN,O,P, M =
638.4, a = 9061(2), b =9.762(4), c = 13.588(4) A, «=
71.30(2), B = 87.20(2), vy = 86.10(2)°, U = 1135.4(4) A by a
least-squares fit to 25 Bragg angles measured for both positive
and negative values, space group P1, Z = 2, D, = 1.87, D, =
1.84(1) g cm™3, FO00) = 620, AMMo-K,) = 0.71069 A,
w(Mo-K,) = 67.80 cm™.

Intensity data collection. A colourless prismatic single crystal
(dimensions 0.30 x 0.28 x 0.14 mm) was selected for data
collection at 295 K on an Enraf-Nonius CAD4 diffractometer.
A total of 6 559 independent reflections (with 0 in the range 2—
30°) was measured using the ®—28 scanning technique at a scan
rate of 1° min~!, 5 150 of which with I > 3c(/), were used in the
structure analysis. The intensity data were corrected for Lorentz
and polarization effects.

Structure analysis and refinement. The Au atom was located
on a Patterson map, the remaining non-H atoms of the
structure being located on successive Fourier syntheses. An
empirical absorption correction was applied after isotropic
refinement.®? The structure was then refined anisotropically. A
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Table 2. Fractional atomic co-ordinates with estimated standard deviations (e.s.d.s) in parentheses for [Au(PPh,)L']

Atom X/a Y/b Zlc
Au 0.099 09(2) —0.049 88(2) 0.216 03(2)
p 0.186 9(2) —0.2139(2) 0.142 3(1)
N(1) 0.220 1(5) 0.137 3(6) 0.499 2(4)
C(1) 0.358 7(8) 0.097 6(10) 0.555 5(6)
C(2) 0.115 6(7) 0.226 4(7) 0.533 2(5)
02) 0.142 5(6) 0.2727(6) 0.603 2(4)
N(3) —0.015 5(6) 0.261 4(5) 0.481 8(4)
C(3) —0.133 5(8) 0.3470(9) 0.516 3(6)
C(4) —0.039 0(6) 0.208 3(6) 0.402 0(4)
C(5) 0.066 7(5) 0.122 9(6) 0.369 7(4)
C (6) 0.204 8(6) 0.081 1(7) 0.416 6(5)
(6) 0.305 8(5) 0.006 4(6) 0.392 8(4)
N(7) 0.007 2(5) 0.091 6(5) 0.288 1(4)
C(8) ~0.128 7(6) 0.157 5(7) 0.279 6(5)
N(9) —0.163 0(5) 0.230 8(6) 0.346 3(4)
C(11) 0.299 2(6) —0.359 8(6) 0.228 1(4)
C(12) 0.399 7(7) —0.324 8(7) 0.290 4(5)

Atom X/a Y/b Zje
c(13) 0.497 0(8) —0.429 7(9) 0.349 6(6)
c(14) 0.497 0(8) —0.569 4(9) 0.348 6(6)
C(15) 0.396 5(9) —0.606 0(8) 0.290 2(6)
C(16) 0.297 1(9) —0.502 4(8) 0.229 7(6)
C(21) 0.034 5(6) —0.297 8(6) 0.105 2(4)
Cc(22) —0.065 1(8) —0.3720(8) 0.182 3(5)
C(23) —~0.183 3(8) —0.434 1(9) 0.154 9(7)
C(24) —0.205 0(7) 0417 7(8) 0.051 4(7)
C(5) ~0.109 7(8) —0.343 2(8) ~0.023 7(6)
C(26) 0.013 4(7) —0.282 6(7) 0.002 3(5)
c31 0.301 4(6) —0.147 0(6) 0.024 5(4)
C(32) 0.269 8(8) —0.009 5(7) ~0.044 2(6)
C(33) 0.348 4(9) 0.037 4(9) ~0.138 4(6)
C(34) 0.460 4(7) —0.047 7(8) ~0.163 1(5)
Cc3s) 0.492 3(8) ~0.182 7(10) ~0.094 5(6)
C(36) 0.413 5(8) —0.234 1(9) ~0.001 1(6)

Fourier difference synthesis revealed the positions of all the
hydrogen atoms close to those expected on geometrical
grounds. A convenient weighting scheme of type w = wyw,,
with w, = k,/(a + b|F,))* and w, = k,/[c + b sinB/A + e(sin-
0/0M)%], was used to obtain flat dependence in (wAZF) uvs.
{F,> and vs. {sinB/A);3* the coefficients used were: k, = 0.62,
k, =081, a =34, and b = —0.1 for F, < 18; a = 1.8 and
b=00 for 18 <F, <39 a=03 and b5 =00 for
39 < F, < 56; a= —0.8 and b = 0.1 for F, > 56; ¢ = 0.6,
d =038, and e = —0.7 for sin 6/A > 0.05. Last cycles of
refinement (H atoms as fixed isotropic contributors) gave the
discrepancy indices R = 0.039 and R’ = 0.044. Most calcula-
tions were carried out using the X-RAY 76 system ** running
on a MicroVAX II computer. Final atomic co-ordinates for
non-H atoms are listed in Table 2.

Additional material available from the Cambridge Crystal-
lographic Data Centre comprises H-atom co-ordinates and
thermal parameters.

Results and Discussion

Complexes of Theophylline and 8-Ethyltheophylline Deriv-
atives—From n.m.r. studies in dimethyl sulphoxide (dmso)
solution it was concluded that purine derivatives containing a
weak acidic proton in the imidazole ring present a tautomeric
equilibrium between N(7)-H and N(9)-H forms.** In fact, both
forms have been found in metal complexes which contain
neutral theophylline as a ligand.3® When an imidazolic proton
dissociates in a basic medium, either N(7) or N(9) might act as
the co-ordination site to metal ions. However, in all metal
complexes containing the theophyllinato anion, for which
crystallographic results are available, co-ordination takes place
through N(7).37 The steric hindrance from the N(3)-CH; group
may explain why N(7) is favoured over N(9).

[Au(PPh3)L] complexes. Our results are in accord with the
above considerations. When HL! and HL? were allowed to
react in a basic medium with [Au(PPh;Cl)] neutral 1:1
complexes were obtained in good yield, in which the imidazolic
acidic proton is displaced by an Au(PPh,) group [equation (3)].

[Au(PPh,)CI] + HL 5o [Au(PPhy)L]  (3)

These complexes had satisfactory elemental analyses and were
further characterized by 'H and !3C n.m.r. and i.r. spectroscopy
(Tables 3—5). In addition to this, the X-ray crystal structure of
[Au(PPh;)L'] (1) was determined. This complex was

previously reported though prepared in a different way and only
characterized by 'H n.m.r. and i.r. spectroscopy.?°

The 'H n.m.r. spectra of these complexes lack the low-field
signal due to a proton at either N(7) or N(9). The H(8) signal in
(1) is masked by those of the phenyl protons occurring in the
7.57—7.71 range and, therefore, is shifted upfield with respect to
that of neutral theophylline. This upfield shift of H(8) is similar
to that observed for other theophyllinato complexes3%3° and
may be because the large amount of electron density delocalized
around the imidazole ring has a shielding effect.

On the other hand, (triphenylphosphine)gold(r) seems to be a
better electron-withdrawing group than the proton, as the
signals due to the ethyl group in [Au(PPh;)L?] (2) are shifted
downfield (0.1) compared to those of the neutral ligand. The
positions of the signals arising from methyl groups at N(1) and
N(3) are similar for the two complexes and remain practically
unaffected with respect to the corresponding ligand.

The !'3C nmr. spectra of complexes (2) and [L'Au-
(n-dppe)AuL'] (3) show that the signals due to C(5), C(6), and
C(8) are shifted downfield compared to those of the neutral
ligands, with the most pronounced shift differences (Ad)
occurring at C(5) (6.11 and 7.48 p.p.m., respectively) and C(8)
(6.90 and 7.82 p.p.m., respectively), while the signals for the
other carbons are affected to a much smaller extent. This
observation is consistent with the binding of the (triphenyl-
phosphine)gold(1) cation at N(7) in both complexes. Shift
differences of the same sign and similar magnitude have been
observed for the complex methyl(theophyllinato)mercury(in),*®
for which an X-ray crystal structure analysis clearly shows
methylmercury binding to the theophylline N(7) position.*°

In good accord with the 3C n.m.r. data, the similarity of the
i.r. spectra of (1) and (2) suggests an analogous co-ordination
mode for L! and L? in the two complexes. The spectra show no
bands due to N-H stretching vibration at 2 600—3 200 cm™*
region, as expected. Although the crystal structure data for (1)
(see below) rule out any direct interaction of the Au(PPh;)
moiety with the C(6)=O group, the bands for the ligand assigned
to C=0, as well as C=C and C=N stretching vibrations in the
1 500—1 750 cm™ region, undergo shifts to lower frequency
upon complex formation. These bands are primarily sensitive to
the loss of the imidazolic proton, and they occur practically at
the same positions for all N(7)-bonded theophyllinato
complexes.®’

Crystal structure of [Au(PPh;)L']. The results of the crystal
structure determination confirm the above proposed structure
for this complex. The unit cell contains neutral monomeric
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Table 3. Proton n.m.r. data (3) for some of the isolated complexes

Compound N'-CH; N3-CH, N’-H N'-H C8-H C®-CH,“° C®-CH,® Phenyl protons®
HL! 3.21 341 13.48 7.99
1) 324 343 d 7.58—17.70
HL? 3.19 3.38 13.09 2.68 1.22
2) 3.22 3.38 2.78 1.31 7.58—7.71
H,L? 3.32 13.04 1093 2.67 1.21
3) 333 10.65 2.76 1.30 7.57—1.70
¢ Quartets. * Triplets. © Multiplets. ¢ Included in the signal due to phenyl protons.
Table 4. Carbon-13 n.m.r. data (§/p.p.m.) for compounds (1) and (2)
Compound C®-CH; CB3-CH, N!-CH, N3-CH, C? Cc* Cs Ccs C?® Phenyl
HL! 27.60 27.90 151.10 147.74 106.34 154.32 140.38
) 27.49 29.61 1S1.15 148.71 112.45 158.25 147.28  127.83-—133.94
HL? 12.00 21.58 27.47 29.50 153.81 151.02 105.82 155.12 147.85
2) 13.66 2512 2743 29.62 151.21 148.69 113.36 160.76 155.68  127.73—133.91

Table 5. Selected i.r. data (cm™!) for the purine derivatives and their
phosphinegold(r) complexes®

Compound v(N-H) v(C%=0) v(C?*=0) v(C=C) Ww(C=N)
HL! 3106—2 620° 1712 1665 1610 1562
) 1688 1639 1587 1526
3) 1688 1642 1587 1525
HL? 3150—2 950° 1704 1643 1598 1 560
2) 1688 1643 1589 1517
(C)) 1 689 1641 1585 1517
H,L3 3 160—2 800° 1694 1 662 1593 1551
5) 3 157—3 000* 1678 1 660 1584 1529
(6) 1638 1610 1566 1509
H,L* 3 259—2 500° 1665 1579
N 1626 1 509
8) 1625 1510

2 All complexes show intense bands at 1479, 1 432, 1 101, 747, 720, and
692 cm™ due to the phosphine moiety. * Several bands.
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~ cim
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Figure 1. A perspective view of the [Au(PPh;)L'] molecule with atom
labelling

[Au(PPh;)L'] molecules in which the N(7)-H proton of
theophylline has been substituted by a [Au(PPh;)]"* cation. A
perspective drawing of the molecule is shown in Figure 1
together with the atom labelling. Selected interatomic distances
and bond angles are listed in Table 6.

The co-ordination around the gold atom is approximately
linear as expected [P-Au-N(7) 176.1(2)°]. The Au-N(7) and
Au-P bond lengths, 2.047(6) and 2.231(2) A, respectively, are in
the range usually found for other compounds containing a

P-Au-N linkage, such as (adeninato)(triphenylphosphine)-
gold(1) [2.038(4) and 2.240(1) A, respectively],?? 5,5-diethyl-1,3-
bis(triphenylphosphine)aurio]barbituric acid [2.022(1) and
2.233(5) A, respectively],?! and (phthalimido)(triethylpho-
sphine)gold(1) [2.238(6) and 2.05(2) A, respectively].*! In
the phosphine ligands, bond lengths and angles involving gold,
phosphorus, and the phenyl rings (av. C—-C and C-C-C 1.382 A
and 120.0°) compare reasonably well with results for other
gold(1) triphenylphosphine complexes.?!:2342

Bond lengths and angles of theophylline in the present
compound do not significantly differ from those reported for
free theophylline ** and its N(7)-bonded complexes.?” The nine
atoms of the purine system are coplanar within 0.03 A. The
exocyclic atoms O(2), C(1), and C(3) are distant from this plane
by 0.033(6), —0.044(9), and —0.059(9) A. These deviations
might be due to the steric interactions between the methyl
groups at N(1) and N(3) and O(2) as is evidenced by the short
C(1)+++0O(2) and C(3) - - - O(2) contact distances of 2.70(1) and
2.769(9) A, respectively which are 0.6 A less than the sum of
their van der Waals radii.**

As pointed out by some authors37#5 the existence of a
significant M-O(6) interaction causes a dissymmetry in the
exocyclic bond angles at N(7), so that the C(5)-N(7)-M angle is
smaller than C(8)-N(7)-M. For instance, in the complexes
bis(n*-cyclopentadienyl)(theophyllinato)titanium(ur) 3?  and
(N-3,4-benzosalicylidene-N’,N’-dimethylethylenediamine)-
(theophyllinato)copper(i1),** which contain the theophyllinato
monoanion co-ordinated in N(7),0(6) chelate mode, the
C(8)-N(7)-M angle is larger than C(5)-N(7)-M by 50 and 21°,
respectively. In the present compound, the Au-N(7) bond lies
roughly along the expected lone-pair direction of N(7) since the
C(8)-N(7)-Au angle [129.4(4)°] differs from C(5-N(7)}-Au
[1259(4)°] only by 3.5° indicating that the Au-.-O
interaction is very weak. In good accord with this, the distance
Au-..-0 [3.317(6) A] is larger than 3.2 A, the sum of the van
der Waals radii of gold and oxygen.** The lack of any Au—O
interaction is not surprising since the soft (class b) gold(1) shows
a preference for the softer N donors over the hard oxygen atoms.

Figure 2 illustrates the arrangement of the [Au(PPh,)L!
molecules in the unit cell. Intermolecular contacts less than 3.5
are listed in Table 7 indicating that only van der Waals forces
are present between molecules.

[LAu(p-dppe)Aul] complexes. These complexes were
prepared in good yield from the reaction of [(AuBr),(dppe)]
and the corresponding purine ligand, at a 1:2 stoicheiometry
(Scheme 1). Attempts to obtain complexes of the type [LAu(p-
dppe)AuBr] at a 1:1 stoicheiometry were unsuccessful. The i.r.
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Table 6. Interatomic distances (A) and bond angles (°) with e.s.d.s in parentheses

Au-P 2.231(2) N@3)-C(4) 1.375(9) C(11)-C(12) 1.403(9) C(23)-C(24) 1.386(14)
Au-N(7) 2.047(6) N@3)-C(3) 1.463(10) C(11)-C(16) 1.386(10) C(24)-C(25) 1.356(10)
P-C(11) 1.810(5) C(4)-C(5) 1.375(8) C(12)-C(13) 1.375(9) C(25)-C(26) 1.407(10)
P-C(21) 1.822(6) C(4)-N(@©9) 1.351(8) C(13)-C(19) 1.368(13) C(31)-C(32) 1.388(8)
P-C(31) 1.823(5) C(5-C(6) 1.407(7) C(14)-C(15) 1.373(12) C(31)-C(36) 1.383(10)
N(1)-C(Q2) 1.404(9) C(5-N(7) 1.382(8) C(15)-C(16) 1.387(10) C(32)-C(33) 1.391(11)
N(1)-C(6) 1.414(9) C(6)-0(6) 1.227(8) C(21)»-C(22) 1.395(8) C(33)-C(39) 1.365(11)
N(1)-C(1) 1.466(9) N(7)-C(8) 1.343(8) C(21)-C(26) 1.380(9) C(34)-C(35) 1.370(10)
C(2-N(3) 1.374(8) C(8-N(9) 1.337(10) C(22)-C(23) 1.388(12) C(35)-C(36) 1.388(10)
C(2-0(2) 1.217(10)
P-Au-N(7) 176.1(2) C(2)-N(3)-C(3) 120.1(6) N(7)-C(8)N(9) 115.5(5) C(21)-C(22)-C(23) 119.4(7)
Au-P-C(11) 113.22) C(4-N(3)-C(3) 120.0(5) C(4)-N(9)-C(8) 102.4(5) C(22)-C(23)-C(24) 120.1(7)
Au-P-C(21) 110.0(2) N@B)}-CMA)-C(5) 121.9(5) P-C(11)-C(12) 118.1(5) C(23)-C(24)-C(25) 1204(7)
Au-P-C(31) 116.32) N(3)-C(4)»-N@©9) 126.3(5) P-C(11)-C(16) 123.0(5) C(24)-C(25)-C(26) 120.7(7)
C(11)-P-C(21)  106.4(3) C(5)-C(4)-N@©) 111.8(5) C(12)-C(11)-C(16)  118.8(6) C21)-C(26)-C(25) 119.1(6)
C(11)-P-C(31) 104.8(3) C(4)-C(5-C(6) 122.9(5) C(11)-C(12)-C(13) 120.3(7) P-C(31)-C(32) 119.5(5)
C(21)-P-C(31) 105.4(3) C(4)-C(5-N(7) 106.3(5) C(12)-C(13)-C(14) 120.6(7) P-C(31)-C(36) 121.2(5)
C(2-N(1)-C(6) 126.6(5) C(6)-C(5)-N(7) 130.8(5) C(13)-C(14)-C(15) 119.7(8) C(32)-C(31)-C(36) 119.1(6)
C(2)-N(1)-C(1) 116.7(6) N(1)-C(6)-C(5) 112.1(5) C(14)-C(15)-C(16) 120.9(8) C(31)-C(32)-C(33) 119.8(7)
C(6)-N(1)-C(1) 116.8(5) N(1)-C(6)-O(6) 120.5(5) C(11)-C(16)-C(15) 119.7(7T) C(32)-C(33)-C(34) 121.1(7)
N(1)-C(2)-N(3) 116.8(6) C(5)-C(6)-O(6) 127.5(6) P-C(21)-C(22) 118.8(5) C(33)-C(34)-C(35) 118.9(7)
N(1)-C(2)-0(2) 121.0(6) C(S)-N(7>-C(8) 104.0(5) P-C(21)-C(26) 120.8(5) C(34)-C(35)-C(36) 121.4(8)
NQG)-C(2)-0(2) 122.2(6) C(5)-N(7>-Au  125.9(4) C(22)-C21)-C(26) 120.4(6) C31-C(36)-C(35) 119.6(7)
C(2)-N(3)-C(@) 119.8(5) CB)-N(T-Au  129.4(4)
Table 7. Intermolecular contacts less than 3.5 A in compound (1) [(AuBr,) (dppe)] + 2HL
Au---O(2Y 3.500(5) C(1)---O(6"™)  3.178(8) i
C(4)-- - C(6" 3473(7) C(22)--- 02" 3.384(10)
N@©)-.-C(23" 3.466(9) C(Q25)+++C(25") 3.431(10) Ph Ph
C(3).---C(12 3.443(10
3) ( )A (”) Ph\\/ \//Ph
Symmetry equivalent positions: I —x,—y, 1 — z; II x, 1 + y,z; III P P
1 —x,—y,l —zIV—x,—1 —y,—z A{’ \A\u 0
Me l / o ka _Me
/> N\
|
Me R Me
pot
=l @) Et

X b

g
e

Figure 2. View of the unit cell of [Au(PPh,),L!]

spectra of complexes (3) and [L2Au(u-dppe)Aul?] (4) do not
show significant differences in the positions of the ligand bands
with respect to those in (1) and (2), respectively, suggesting also
N(7) co-ordination of the purine ligand in both complexes.

Scheme 1. (/) EtOH, 2KOH

Therefore, the proposed structure for (3) and (4) as is depicted in
Scheme 1.

Complexes of 3-Methyl-8-ethylxanthine—3-Methyl-8-ethyl-
xanthine contains two ionizable protons, N(1)-H and that
involved in the tautomeric equilibrium N(7)-H = N(9)-H.Ina
basic medium these protons can be replaced by Au(PPh,)
groups. Owing to the higher acidity of the imidazolic proton ¢
and the steric hindrance from N(3)-CH;, N(7) must be the first
binding site of the Au(PPh,) group.

The complexes obtained from the interaction of 3-methyl-8-
ethylxanthine with [Au(PPh,)CI] are given in Scheme 2.

Complex (5) was obtained from the reaction of an equimolar
mixture of [Au(PPh,)Cl] and 3-methyl-8-ethylxanthine. The
'H n.m.r. spectrum of complex (5) (Table 3) lacks the signal due
to either the N(7)-H or N(9)-H proton. The positions of the
signals for the protons associated with the 8-ethyl group are
shifted downfield by 0.1 with respect to those of the neutral
ligand. This downfield shift is similar to that observed for the
same signals of (2), suggesting the binding of the Au(PPh,)
group at the N(7) positions, as expected. According to this, the
i.r. spectrum of complex (5) does not show significant differences
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in the positions of the C=0, C=C, and C=N stretching vibrations
with respect to those in (1)—(4).

The reaction of H,L* with [Au(PPh;)Cl] and KOH at a
1:2:2 stoicheiometry yielded complex (6). This complex was
also obtained by the reaction of (5), which still contains an
acidic proton, with an additional molar equivalent of
[Au(PPh,)CI]. In the ir. spectrum the absence of N-H
stretching vibrations provide good evidence for Au(PPh;) co-
ordination at both N(7) and N(1). On going from (5) to (6) the
positions of the C=O stretching bands are shifted to lower
wavenumber by 40 cm™!. This observation is consistent with the
binding of the second Au(PPh,) at N(1), since when the N(1)-H
proton is substituted by an Au(PPh,;) ion the electron

0 H
My /
] %E‘
|
() Me )

0 Au(PPh;) OPhyPYAU
Hay N L P {
O)\ />——Et % 2\ />_—Et

N N

|

Me

(5} (6)

Scheme 2. (i) KOH, [Au(PPh;)Cl}; (i) 2[Au(PPh,)CI}-2KOH,
acetone—water

O) B

(Ph3P)AU__ (PhaP)Au\ (PhyP)Au__
/k '
N

e Me Me
Scheme 3.
7‘h
__Ph
P
Ph\(P\\Au |0
/ A\\ NN
N N
Ph KK' NH
N N ‘N
N N
| Au
Au!/Ph
|
Ph— P—Ph

P N/
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distribution in the N-C=0 region approximates that of the
anion, leading to a reduction of the C=0 bond orders (Scheme
3).

The same effect on the C=O stretching vibration bands has
also been observed for N(1)-HgMe complexes of xanthine ¢
and xanthosine (3,9-dihydro-9-f-p-ribofuranosyl-1H-purine-
2,6-dione).*”

Complexes of Hypoxanthine—Hypoxanthine has two
tonizable protons, which are involved in two types of
tautomerism; prototropic N(7)-H == N(9)-H in the imidazole
ring, and lactam-lactim, HN(1)-C(6)=0 = N(1)=C(6)-OH, in
the pyrimidine ring. Nevertheless, 'H and !3C n.m.r. studies led
to the conclusion that hypoxanthine exists in solution
predominantly in the lactam form.?>%? This tautomer has also
been observed in the metal complexes of hypoxanthine.*®
Therefore, the likely Au(PPh;) binding sites in this purine base
must be N(1) and either N(7) or N(9).

The reactions of hypoxanthine with [Au(PPh;)CI] and
[(AuBr),(dppe)] do not depend on the stoicheiometry of the
reactants. The complexes obtained from these reactions are
given in Scheme 4.

All attempts to prepare complexes analogous to (1)—(4)
failed. The evidence concerning the structures of the complexes
(7) and (8) has been derived from ir. absorption results, since
the 'H and '3*C n.m.r. spectra could not be obtained because of
the low solubility of the complexes in dmso. The similarity of the
ir. spectra of (7) and (8) (the bands which originate from
vibrations in the theophylline unit occur virtually at the same
positions) suggest the same co-ordination mode for hy-
poxanthine in the two complexes. The band assignable to the
C(6)=0 stretching vibration is shifted to lower wavenumber
by 40 cm™, which together with the absence of N-H
stretching vibration bands supports the co-ordination of
hypoxanthine through N(1) and either N(7) or N(9).
Nevertheless, owing to the steric hindrance from C(6)=0,
N(9) might be favoured over N(7). According to this, the
proposed structures for (7) and (8) are as depicted in Scheme 4.
For compound (8), a tetranuclear structure is proposed, since
the geometric requirements of the Au(p-dppe)Au group
prevent its binding to both N(1) and N(9) positions of the
same hypoxanthine moiety.

o} 0
N (PhaP)Au~_ N
| \> . T\ | \>
NS NS
N N\ N~ N
H (Ph 3P)Au

(7)
(8) / \
0

QEU oLy ae

Au Au
Ph\FID Fl,/Ph
Ph~"\_/ \Ph

Au(PPh;)

Scheme 4. (i) [(AuBr),(dppe)], ethanol-water; (if) 2[Au(PPh;)Cl]- KOH, acetone-water
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Conclusions

Theophylline and 8-ethyltheophylline react with [Au(PPh;)Cl]
and [(AuBr),(dppe)], under basic conditions, affording
[Au(PPh;)L] and [LAu(dppe)AuL] complexes, in which the
binding of gold(1) phosphine occurs at the N(7) atom. However,
with hypoxanthine the [Au(u-dppe)(p-L*)Au] and [{Au(P-
Phj),}(u-L*)] complexes are obtained, in which both
N(1) and N(9) are involved in the co-ordination. All attempts to
obtain the monoaurated complex were unsuccessful, thus
indicating the tendency of hypoxanthine to replace all its N-H
protons by gold(1) phosphine groups. Reaction of [Au(PPh;)Cl]
with 3-methyl-8-ethylxanthine, at 1:1 and 1:2 stoicheiometries,
affords [Au(PPh,)(HL?)] and [{Au(PPh;)},(u-L*)] complexes,
respectively. In the first one the binding of the Au(PPh;) group
takes place at N(7), while in the second one both N(1) and N(7)
are involved in binding. To the best of our knowledge the
diaurated complexes [{Au(PPh,)},(u-L)] and [Au(p-dppe)-
(u-L)Au] reported in this work are new types of purinegold(1)
phosphine. Although a few purine complexes of Au(PPh;) were
previously reported,?® all were of the monoaurated
[Au(PPh;)L] type.
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