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Tetraacetatodirhodium(ll) complexes with
tris(methoxyphenyl)phosphines, their reactivity,
structure, and antitumor activity

Florian P. Pruchnik, Radostaw Starosta, Zbigniew Ciunik, Adam Opolski,
Joanna Wietrzyk, Elzbieta Wojdat, and Danuta Dus

Abstract: Reactions of [REu-OAc),(H,0),] ([1:(H,0),]) with tris(3-methoxyphenyl)phosphine at 1:1 and 1:2 molar
ratios yield, first, the appropriate adductd: (H,O){P(C¢H,-3-OMe)}] and [1-{P(CsH,-3-OMe)s} ], and then [Rh(u-
OAC);{H-(CgH3z-3-OMe)P(GH4-3-OMe )} (HOAC) 5] ([2:(HOAC),]), and [Rhy(-OAC){1-(CsHs-3-OMe)P(GH,4-3-
OMe),},(HOAC),] ([3-(HOAC),]) complexes, respectively. They have been characterized by spectroscopic methods. The
molecular structure of3:(HOAc)(H,O)] has been determined crystallographically. The compleesiDAC)], [Rhy(u-
OAC);{H-(CgH3-4-OMe)P(GH4-4-OMe)H(HOAC) 5] ([4-(HOAC),]), and [Rhy(-OAc),{1-(CsHs-4-OMe)P(GH4-4-

OMe),} ,(HOAC),] ([5-(HOAC),]) reversibly react with CO giving mono- and biadducts. Antitumor activity of binuclear
rhodium(ll) compoundsd:-(HOAc),], [Rhy(u-OAC)s{u-(CgH5-2-O)P(GH3-2-OMe),}(HOAC)] ([ 6-:HOAC)]), and [Rb(u-
OAC){u-(CgH5-6-OMe-2-0O)P[(GH;5-2,6-(OMe)] }(HOAC)] ([ 7-(HOACc)]) have been investigated in vitro. The most ac
tive agent for investigated tumor lines is compléx(HOAC)]. It shows higher activity than cisplatirci§-

[PtCI(NH3),]). Antitumor activity decreases in the serie§:(HOAc)] > [7-(HOAC)] > [3-(HOAc),]. Activity of all in-
vestigated rhodium(ll) complexes is higher than that b{H,0),].

Key words:dirhodium(ll) complexes, functionalized phosphines, aryl phosphines, ferrocenylmethylphosphines, adducts
with CO, antitumor activity, orthometallation reactions.

Résumé: Les réactions du [RIfOACc),(H,0),] ([1-(H,0),]) avec la (3-méthoxyphényl)phosphine, a des rapports molai-
res de 1:1 et 1:2, conduisent a la formation d’adduits appropriés soit premieremkHA){P(CzH,-3-OMe)}] et
[1-{P(CgH,4-3-OMe)} ] et ensuite a [REOAC)s{(C¢H3-3-OMe)P(GH,-3-OMe),}(HOAC) ] ([2-(HOAC)]) et
[Rhy(OAC),{(CgH5-3-OMe)P(GH4-3-OMe)} ,(HOAC),] ([3-(HOAC)]). Ces complexes ont été caractérisés par des mé-
thodes spectroscopiques. La structure moléculaire du compBefteAc)(H,O)] a été déterminée par cristallographie.
Les complexesd:-(HOAC),], [Rhy(OAC)s{(CgHs-4-OMe)P(GH,-4-OMe)}(HOAC) 5] ([4-(HOAC))) et
[Rhy(OAC),{(C¢H4-4-OMe)P(GH-4-OMe),} ,(HOAC),] ([5-(HOAC),)]) réagissent de facon réversible avec le CO pour
donner des mono- et des bisadduits. On a évalué I'activité antitumorale in vitro des composés binucléaires de rhodium
[3:(HOACc)], [Rhy(OAC){(CgH3-2-O)P(GH3-2-OMe),}(HOAC)] ([ 6:-(HOAC)]) et [Rh(OAC){p-(CgH4-6-OMe-2-
O)P[(GH3-2,6-(OMe)] ,}(HOAC)] ([ 7-(HOAC)]). Le complexe 6:(HOAC)] est I'agent le plus actif pour les familles de
tumeur étudiées. Il présente une activité supérieure a celle du cispleigtCl,(NH,),]. L'activité antitumorale di
minue dans la série6[(HOAc)] > [7-(HOAc)] > [3-(HOAc),]. L'activité de chacun des complexes de rhodium(ll) est
supérieure a celle duL{(H,0),].

Mots clés: complexes dirhodium(ll), phosphines fonctionnalisées, arylphosphines, ferrocénylméthylphosphines, adduits
avec le CO, activité antitumorale, réactions d’organométallation.

Introduction metallated compounds. Since that time, attention has been

paid to differentortho-metallated dirhodium(Il) compounds

The product of reaction of rhodium tetraacetate with tri with triaryl and alkyl-aryl phosphines because of the grow
phenylphosphine, first reported by Cotton and co-workersng interest in the problem of activation of the C—H bond
(1) was one of the first examples of bimetallmrtho- (2—14). However, reactions of tetraacetatodirhodium(ll) with
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Table 1. 3P and*C NMR dirhodium(ll) complexes (in CDGJ room temperature, broadened signal (*), signal from a metallated
phenyl ring ().

Compound 3P NMR: d (ppm),J (Hz) 13C NMR: d (ppm),J (Hz)

MMP —2.95 (s)

[1-(H,O)MMP)]  —30.2 (dd),%J (P-Rh) = 97.72] (P-Rh) = 31.7

[1-(MMP),] ~11.0 (s

[2-(HOAC))] 25.0 (dd),XJ (P-Rh) = 151.42] (P-Rh) = 4.9

[3-(HOAC))] 22.6 (d*), 1J (P-Rh) = 166.8 181.5 (s) (COO bridges); 179.5 (s) (COOH HOAC):

C6™ 158.4 (dd)1J (Rh-C2") = 33.3,2] (P-C6") =
12.7; 110-156 (aromatic carbon atoms); 55.33 (s),
54.7 (s), 55.3 (s), and 55.2 (s) (OMe groups); 22.8
(s) (CH; bridges); 22.4 (s), 22.3 (s) (GHHOAC)

[1-(dhfmp)] —43.2 (dd)%J (P-Rh) = 99.72] (P-Rh) = 22.4
[1-(hfmp)] —41.9 (dd)2J (P-Rh) = 101.52J (P-Rh) = 28.2
[7-(hfmp)] Py: (dd) 10.66,1 (Py-Rhy) = 169.1,3) (PA-Pg) = 6.4; Ry

(ddd) —41.341J (Pg-Rhg) = 97.3,2] (Ps — Rh,) = 27.3
[3-(HOAC)(hfmp)]  Ri: (dd) 27.64,%3 (Py-Rhy) = 183.1,2] (Py-Pe) = 15.2;

Pg: (d) 20.85,% (Pg-Rhg) = 155.1; R: (m) —37
[3-(hfmp)] P: (d) 24.24,13 (P,-Rh) = 170.4; R: (t) —20.52,

13 (Pg-Rh) = 2J(Pg-Rh) = 49.6

functionalized phosphines were not intensively studied- Wafirst coordinated along the Rh-Rh axis forming reactive ad
ter-soluble ortho-metallated complexes with tris(3-sodium ducts fL-(PRy)L] or [1:(PRy),].
sulfonatophenyl)phosphine  (TPPTS), [RrOAc){p- Formation of mono- and biadducts of-{H,O),] with
(CeH3-3-SO;Na)P(GH4-3-SO;Na)}], and [Rhy(p-OAc){-  MMP ([1-(H,O)(MMP)] and [L-(MMP),]) was followed with
(CgH4-3-SO;Na)P(GH,-3-SONa),},] have been investi- 3P NMR spectroscopy. For the monoadduct in CRGI
gated (15). It has been found that in reaction of tris(2,4,6-doublet of doublets at —30.2 ppntJ((P-Rh) = 97.7 Hz,
trimethoxyphenyl)phosphine (TMPP) (16-18), tris(2-metho-2J (P-Rh) = 31.7 Hz) and for the biadduct, a broad singlet at
xyphenyl)phosphine (OMP) (19, 20), and tris(2,6-dimetho-—11.0 ppm have been observed (see Table 1). This indicates
xyphenyl)phosphine (DOMP) (20) with1{(H,O),], the that axial phosphine ligands in the biadduct are labile. Coor-
O—CH,; bond is split off and complexes with Rh- dination chemical shifts/d (**P) =& (Pagdud — O (Piigand)
P(GH3(R)OMe)CgH,(R)(R)O-Rh (where R, R= H or  are —27.25 and —8.05 ppm for monoadduct and biadduct, re-
OMe) bridges are formed. In this paper we report on synthespectively.Ad (3'P) values are similar to those found in anal-
sSis of [Rip(U-OAC){ p-(CgH3-3-OMe)P(GH,4-3-  ogous dirhodium(ll) compounds with other phosphines: ca.
OMe)}(HOAC),] ([2:(HOAc)]) and [Rh(i-OAc){p- —30 and —10 ppm for monoadducts and biadducts, respec
(CgH3-3-OMe)P(GH,4-3-OMe),} ,(HOAC),]  ([3-(HOAC)]) tively, (2—4, 6-10, 12, 15, 18, 20, 32). Analogous adducts
as well as properties and reactivity of binuclear rhodium(ll)[1-(PR;)] and [1-(PRy),] were obtained with TPPTS (15) and
complexes containing othertho-C- andortho-O-metallated PMP (21).
tris(methoxyphenyl)phosphines. In the next step, phosphine ligands migrate to equatorial
It has been known for many years, that rhodium(ll) carbo coordination sites and then the C—H bond of the; Rgand
xylato complexes [R}{u-O,CR),] and their derivatives (21— can be activated giving the binuclear product aftho-
25), complexes [R}f-O,CR),(U-N-N),(H,0),]%* (N-N = metallation.
bpy, phen) (25-31) are promising antitumor agents. How In the reaction of [.(H,0),] with MMP complexes,
ever, antitumor properties of rhodium(ll) complexes with [Rh,(u-OAc)s{ t-(CgH3-3-OMe)P(GH ,-3-OMe),}(HOAC) 5]
phosphine bridges were not examined. Here we describg2-(HOAc),]) and mainly B-(HOAc),] were obtained.
antitumor activity in vitro of some binuclear rhodium(ll) In the contrast to the selective reactions of tris(4-
compounds with methoxyphenylphosphines, namely -commethoxyphenyl)phosphine (PMP) with rhodium(ll) acetate,
plexes B-(HOAcC)], [Rhy(u-OAC)s{p-(CeHs-2-O)P(GH4-2-  which  give  [RB(U-OAC)s{ p-(CgH3-4-OMe)P(GH 4-4-
OMe)}(HOACc)] ([6-(HOAC)]) and [RB(U-OAC){-(CeHs-  OMe)}(HOAC),] ([4-(HOAc)]) and [Rhp(u-OAC).{p-
6-OMe-2-O)P[(GH3-2,6-(OMe}],}(HOAC)] ([7-(HOAC)]),  (CgHs-4-OMe)P(GH,-4-OMe)} ,(HOAC),]  ([5-(HOAC),])
dhfmp as well as, for comparison, activity ofiss  complexes at-(H,0),]:PMP ratios equal to 1:1 and 1:2,-re
diaminadichloroplatinum(ll). spectively, (32), in the reactions of MMP with-[H,O),] we
obtained mainly 3-(HOAc)]. A mixture of compounds
[3:-(HOAc))], [2-(HOAc)], and [1:(H,0),] was obtained

Results and discussion even in the presence of excess of rhodium(ll) acetate,-at ra

tios of [1-(H,0), :MMP > 1. Thus complex 2-(HOAc),] is
Syntheses of Rh(Il) complexes with very reactive and can be easily transformed into compound
methoxyphenylphosphines [3:(HOAC),).

In reactions of 1-(L),] (L = Lewis base) and other In the case of reactions ofl{(H,0),] with methoxy
dirhodium(ll) carboxylates with phosphines, Piggands are  phenylphosphines containing methoxy group®itho posk
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Table 2. 'H NMR dirhodium(ll) complexes (in CDGJ) room temperature, broadened signal (*), signal from a metallated phenyl™ihg (

Compound H NMR: d (ppm),J (Hz)

MMP 3.71 (s, 9H) (OMe groups); 6.8-7.3 (aromatic protons)

[1-(H,O)(MMP)] 3.67 (s, 9H) (OMe groups); 1.73 (s*, 9H) (OAc bridges); 6.9-7.4 (aromatic protons)

[1-(MMP),] 3.66 (s, 18t9M¢) (OMe groups); 1.59 (s, 12H) (OAc bridges); 6.9—-7.4 (aromatic protons)

[2:(HOAC),] 1.30 (s, 6H) (OAc bridgesgis); 2.32 (s, 3H) (OAc bridgetrans); 2.20 (s, 6H) (axial molecules of HOAc);
3.68 (s, 6H) (OMe groups); 3.65 (s, 3H) (OMe gr8lly 6.5-8.5 (aromatic protons)

[3-(HOACc))] 1.20 (s, 6H) (OAc bridges); 2.14 (s, 6H) (axial molecules of HOAc); 3.43 (s, 6H) (OMe groups); 3.51 (s, 6H)
(OMe groups); 3.76 (s, 6H) (OMe groupy; 6.2—7.4 (aromatic protons)

[1:-(dhfmp)] 1.84 (s) (OAc bridges); 2.0-4.4 (ligand’s protons)

[1-(hfmp)] 1.87 (s) (OAc bridges); 2.0-4.5 (ligand’s protons)

[7-(hfmp)] 1.25 (s, 3H) (OAc bridge); 1.27 (s, 3H) (OAc bridge); 1.72 (s, 3H) (OAc bridge); 2.08 (s, 3H) (molecule of

HOAC); 3.14 (s, 3H) (OMe group); 3.30 (s, 3H) (OMe group); 3.33 (s, 3H) (OMe group); 3.40 (s, 3H)
(OMe group); 4.09 (s, 108 (cyclopentadienyl ring); 4.65 (s, 3H) (OMe group); 2.5-4.5 (other protons of
hfmp)

6.11 (dd)3J (H-H) = 7.92,43 (H-P) = 4.20; 6.13 (dd$J (H-H) = 7.92,4) (H-P) = 4.68; 6.34 (dd$J (H-H) =
8.14,4) (H-P) = 3.49; 6.41 (ddfJ (H-H) = 8.15,4] (H-P) = 1.65; 6.50 (ddfJ (H-H) = 7.68,%] (H-P) =
4.89; 6.88 (dd)J (H-H) = 8.16,4) (H-P) = 4.89; 6.95 (tPJ (H-H) = %J (H-P) = 8.16; 7.02 (t®J (H-H) =
43 (H-P) = 8.14; 7.35 (t#J (H-H) = 4J (H-P) = 8.14

[3-(HOAC)(hfmp)] 1.14 (s, 3H) (OAc bridge); 1.12 (s, 3H) (OAc bridge); 2.07 (s, 6H) (molecule of HOAc); 4.13 ())10H
(cyclopentadienyl ring); 2.6-5.5 (OMe groups and protons of hfmp); 5.8—-7.5 (aromatic protons)
[3-(hfmp),] 1.00 (s, 6H) (OAc bridges); 2.07 (s, 6H) (molecule of HOAc); 4.15 (s, A0Kyclopentadienyl ring); 2.6-5.5

(OMe groups and protons of hfmp); 5.8-7.5 (aromatic protons)

tions, the O—Me bond of the methoxy group is activatedof the axial sites is occupied by a molecule of water and the
and a Rh-PgH,RR-2-O-Rh bridge is formed. Thus, tris(2- second one by a molecule of acetic acid.
methoxyphenyl)phosphine (OMP) and tris(2,6- The molecular structure shows distorted octahedral coor-
dimethoxyphenyl)phosphine (DOMP), at molar ratio dination around the central atoms. The complex has an al-
[PI:[Rhy] of 2:1, give complexesd:(HOAc)] (19, 20) and most eclipsed conformation, torsion angles O(1)-Rh(1)-
[7-(HOAC)] (20) with only one bridging phosphine ligand. Rh(2)-O(2) and O(3)-Rh(1)-Rh(2)-O(4) are 19.4° and 17.6°,
In these reactions, a methyl cation of one of the methoxyespectively. The torsion angles of the bridgimgtho-
groups is split off and a {(CK)PAr;}* cation is formed. metallated ligand are slightly smaller: P(1)-Rh(1)-Rh(2)-
Complexes 2-(HOAc),] and [3-(HOAc),] have been char- C(16) = 14.2° and P(2)-Rh(2)-Rh(1)-C(46) = 13.8°. The
acterized by a combination ofH, 13C, and 3 NMR  Rh(1)—Rh(2) distance is 2.4913(18) A, indicating a rather
spectroscopies (Table 2). The Chemical shift of OAc groupstrong single bond between two metal atoms. Rh(1)—P(1)
in cis positions is much lower (1.30 ppm, 6H) than that forand Rh(2)—P(2) bond lengths are 2.193 A and
the OAc bridge (2.32 ppm, 3H) in theans position relative ~ Rh(1)—C(46) and Rh(2)—C(16) distances are 1.993(14)
to the phosphine bridging ligand coordinated via P and Cand 1.995(14) A, respectively. Lengths of Rh-=edgyorial
(ortho) atoms. Both coordination chemical shift and Rh-Pbonds change in the range 2.12-2.17 A. The bond lengths

coupling constantsy (P-Rh) = 151.4 Hz,2] (P-Rh) = between the phosphorus atom and carbon atom of the
4.9 Hz) for complex 2-(HOAc),] (Table 2) are typical of metallated ring are shorter than those between the phespho
ortho-metallated complexes [Rtu-OAc)s{p-  rus and carbon atoms of the nonmetallated rings. Methoxy

(CeH3R)P(GH,4R),}. In the case of complex4:(HOACc),), substituents in the phosphine ligands lie approximately in
1J (P-Rh) = 147.4 Hz andJ (P-Rh) = 6.1 Hz (22). ThéH, the planes of the phenyl rings.

13C, and®P NMR data indicate that compled-[HOAc),] Lengths of rhodium — axial ligand bonds (Rh(1)—O(1w) =

has a head-to-tail structure. TH& (P-Rh) = 166.8 Hz for 2.313(9) A, Rh(1)—O(5) = 2.363(12) A) indicate rather

compound 8:(HOAc),] and is similar to that found for com weak bonding of these ligands. HOAc molecule is coordinat

plex [5:(HOAc),] (168.9 Hz). ing via oxygen atom of carbonyl group; the -OH group is in
volved in the formation of a strong hydrogen bond with the
Molecular structure of [3-(H,0)(HOAC)] oxygen atom of the bridging acetato ligand (O(6)-

The molecular structure of3[(H,O)(HOAc)] shown in H(6)---O(2),doo = ?-565(18) A). i
Fig. 1 confirms the structure o8[(HOACc),] established with A rather strong intermolecular hydrogen bond is formed
spectroscopic methods. Details of X-ray data collected ar€etween the axial molecule of water and the oxygen atom of
summarized in Table 3. Table 4 contains selected bon#l€ acetate bridge of another molecule of the compound
lengths and angles. The structure consists of a binuclear rh§O(1W)-H(2w)---O(3) (1 %, 2 -, -2), do_o = 2.695(13) A).
dium core bridged by two acetate groups and two MMP lig
ands in whichortho-metallation has occurred at one of the Reactions ofortho-metallated complexes
phenyl rings. The bridging phenyl rings are coordinated via Complex B-(HOAc),], as other dirhodium(ll)
C-6 atoms: C(46) and C(16). Phosphine ligands areisn carboxylates and their derivatives, reacts with ligands show
position to each other with H-T (head-to-tail) structure. Oneing o-donor andt-acceptor properties as well as with ligands
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Fig. 1. Molecular structure of3-(H,0)(HOACc)] (an OTREP (49) drawing with 30% thermal ellipsoids).

Table 3. Crystal data and details of the structure determination

for [3-(H,O)(HOAC)].

Empirical formula
Formula weight
T (K)

A (A)

Crystal system
Space group

a (A

b (A)

c (A)

a (°)

B

y(®)

V (A3

z

D, (mg nT3)
u(mn)

F(000)

Crystal size (mm)
Diffractometer

0 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Data (parameters)
Weighting schemea, b, c@
Goodness-of-fit [f?)

Final R; andwR, indices ( > 20l)
Largest diff. peak and hole (e

GgHs2013P,Rh,
1104.66
170(2)
0.71073
Triclinic
P1
11.026(2)
15.290(3)
15.653(3)
71.34(3)
69.53(3)
75.69(3)
2314.9(10)
2
1.585
0.8
1128
0.1 x 0.05 x 0.02
Kuma KM4CCD
2.6-22.5
h:» -11:11;k: - -16:15;
l:» -16:16
10 938
5941
591
0.00, 29.39, 3.00
1.19
0.0973, 0.1907
-0.72, 0.80

A = 1/[0%(F,2) + (a x P)> + b x P] where P = [max(Fy 0) + 2 x

F.2lc.

possessing onlyo-donor properties. Adducts3{(L)] and
[3:(L),] are the products of these reactions.

Reactions of complex3f (HOAc),] with {( n>-CsHs)Fen®-
CsH,)CH,},PCH,OH (hfmp) (Table 2) give stable com-
plexes. Pure adduct8-{hfmp)(HOACc)] and 8-(hfmp),] can
be obtained in chloroform at 8{(HOAc),]:hfmp ratio equal
to 1:1 and 1:2, respectively. Howevéd (**P) =& (Pagaud) —

0 (Pigand for axial hfmp ligands in this case are lower than
those for adducts with arylphosphines: —19.1 and —2.6 ppm
for [3-(hfmp)(HOACc)] and B-(hfmp)], respectively, (Ta
ble 2). Coordination of the ferrocenylmethylphosphine
ligand causes large changes in chemical shifts of the bridg
ing MMP ligand; binding hfmp as axial ligand moves the
signals of MMP to lower fields and raises the coupling con
stants between MMP and rhodium atom. In
[3-(hfmp)(HOAC)], there are two signals oftho-metallated
MMP ligand: a doublet of doublets at 27.6 pptd (P-Rh) =
183.1 Hz,2J (P-P) = 15.2 Hz) and a doublet at 20.85 ppm
(3 (P-Rh) = 155.1 Hz); in biadducB[(hfmp),] there is only
one doublet of MMP at 24.2 ppmtJ (P-Rh) = 170.4 Hz).

For monoadducts 1f (hfmp)(H,0)], [L(dhfmp)(H,0),]
(dhfmp = §®>-CsHg)Fe®-CsH,)CH,P(CH,0H),), and
[7-(hfmp)], almost the samAd (*'P) were observed as for
[3-(HOAC)(hfmp)].

Complex B-(HOAc),] in methanol, acetone, and chlero
form under a CO atmosphere very easily forms biadduct
[3:(CO),] that is considerably more stable than adducts
[6-(CO)], [6:(CO)], and [7-(CO)] (20). Complex 3-(CO))
is stable in these solvents in an air, nitrogen, or argon atmo
sphere at room temperature for several hours. The first band
observed in the electronic spectrum of compldxtHOAc),]
in acetone at 559 nm is shifted to 399 nm in biadduct
[3-(CO)]. The spectrum of the starting compound can be
observed after prolonged bubbling of nitrogen through solu
tion, which proves reversibility of the binding of CO. The
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Table 4. Selected bond lengths and angles 3(f,0)(HOAC)]. [4-(*C0O),] and [4-(*3CO)] at 243 K one can observe two
Bond lenoth X ~rdl - broad singlets at 171.6 and 168.8 ppm which can be
ond lengths (A ngles ©) assigned to4-(CO),] and a broad doublet at 156.1 ppAd (
Rh((1)—Rh(2) 2.4913(18) Rh(2)-Rh(1)-P(1) 88.38(11) (C-Rh) = 45.8 Hz). Two signals dfCO in the biadduct are
Rh(1)—P(1) 2.193(4) Rh(2)-Rh(1)-O(1) 83.9(3) observed due to unequivalent axial positions in comglex

Rh(1)—0(1) 2.188(10)  Rh(2)-Rh(1)-O(1W) 162.3(3) The doublet at 156.1 ppm should be assigned4t¢dO)].
Rh(1)—O(1w)  2.313(9) Rh(2)-Rh(1)-O(3) 86.8(3)  Similar chemical shift and'J (C-Rh) were found for
Rh(1)—O(3)  2.122(10)  Rh(2)-Rh(1)-C(46)  96.7(4)  monoadduct T-*3C0O)] @ (**C) = 153 ppm,1J (P-Rh) =

Rh(1)—C(46)  1.993(14)  P(1)-Rh(1)-O(1) 94.8(3)  42.0 Hz) (20). The approximatet(CO)(HOAC)]: - (CO)|
Rh(2)—P(2) 2.193(5) P(1)-Rh(1)-O(1W) 99.8(3) ratio calculated from*C NMR is 3:7 and is similar to that
Rh(2)—0(2) 2.127(10)  P(1)-Rh(1)-O(3) 175.2(3)  determined from thé'P NMR spectrum.

Rh(2)—O(4)  2.177(10)  P(1)-Rh(1)-C(46) 90.5(4)

Rh(2)—0(5) 2.363(12)  O(1W)-Rh(1)-O(3) 84.9(4)  Antitumor activities of investigated complexes
Rh(2)—C(16)  1.995(14)  Rh(1)-Rh(2)-P(2) 88.34(13) We have investigated antitumor activity in vitro of some

P(1)—C(11) 1.805(13) Rh(1)-Rh(2)-0(2) 86.0(3) complexes against a few cell lines (KB (oral carcinoma),
P(1)—C(21) 1.848(15)  Rh(1)-Rh(2)-0(4) 83.5(3) Hul703 (bladder cancer), SW707 (colon adenocarcinoma),

P(1)—C(31) 1.813(17) Rh(1)-Rh(2)-0(5) 163.7(3) and T47D (breast cancer). Activities of investigated eom
P(2)—C(41) 1.813(17)  Rh(1)-Rh(2)-C(16) 96.5(4) pounds B-(HOAc))], [6:(HOAc)], [7(HOAc)], and dhfmp
P(2)—C(51) 1.833(16)  P(2)Rh(2)-0(2) 174.3(3) were compared to the activity of cis
P(2)—C(61) 1.824(16)  P(2)-Rh(2)-O(4) 93.1(3)  diaminadichloroplatinum(ll) (Table 7).

O(1)—C(1) 1.243(18)  P(2)-Rh(2)-O(5) 101.2(3) The most active agent against all investigated tumor lines
0(2)—C(1) 1.236(19)  P(2)-Rh(2)-C(16) 90.2(4) is complex PB-(HOAc)]. It shows higher activity than
0O(3)—C(3) 1.268(19) cisplatin. Antitumor activity decreases in the series:
O(4)—C(3) 1.244(17) [6-(HOAC)] > [7-(HOAC)] > [3-(HOAC),] > dhfmp. Activity

Hydrogen bonds: A-H (&), H--B (&), A-B (A), AH B () o; ail iav(e)stigated rhodium(ll) complexes is higher than that
O(1W)-H(2W)---0(3) [L %, 2 -V, —7]: 1.0792, 1.7625, of [1-(H,0),]. . . . »
2.695(13), 141.88 To explain possible mechanisms of antitumor activity of
these complexes we have investigated interactions in situ of
O(6)-H(6)---O(2): 0.8203, 1.7809, 2.565(18), 159.30 complexes 3-(HOAc)] and [6:(HOAc)] with adenine,
adenosine, AMP, ATP, guanine, guanosine, cytosine,
cytidine, glutathione (GSH), oxidized glutathione (GSSG),
presence of3-(CO)] was also demonstrated by thel and and cysteine using UV-vis spectroscopy. Complex
13C NMR spectra of complex3f(HOAc),] in CDCl; in an  [6-(HOAc)] reacts immediately with adenine, adenosine,
atmosphere of3CO (Tables 5 and 6). The AXX' type AMP, and ATP giving adducts most probably coordinated
spectrum of the!*CO ligand has been observed at 243 Kwith the Rh atom via the N7 atom. This follows from the
(d = 174.4 ppm,XJ (C-Rh) = 46.5 Hz,2J (C-Rh) = 4.0 Hz, blue shift of the first band in the visible region from 618 nm
Jc_c=31.7 Hz, andJ (Rh-Rh) = 3.5 Hz) (Table 6, Fig. 2). for compound5 to 564 nm for the adduct with adenine and
Relatively high stability of the Rh—CO bond i8-{CO),] 566 nm for the one with adenosine. The lowest shift, to
was confirmed by IR spectra. Stretching frequermc§CO) 596 nm, was observed in the case of the adduct with ATP
for this adduct is low (2036 cm) and similar tov (CO) ob  (Fig. 3). This observation is supported by literature data in
served for §-(CO)] (2032 cntd). This band is shifted to dicating that adenine and adenosine, when coordinated as
1991 cn! for complex B-(*C0O),], which agrees very well axial ligands to dirhodium(ll) complexes, usually interact
with the calculated value. For other adducts, ¥(€O) free  via the N7 atom (33-35). Spectra of a solution containing
quencies are higher, e.g., [1-(GD)2105 cnt?), [7-(CO)] [6:(HOAc)] and 10-fold excess of guanine, guanosine,
(2084 cn1Y), [6(CO),] (2085 and 2105 cr). cytidine, or cytosine are very similar to the spectrum of the
Adducts B-(CO)(HOAC)] and 4#:(CO)] are less stable pure complex. Thus, these nucleotide bases do not interact
than B-(CO),]. They are relatively stable in chloroform selu with complex p-(HOAC)] or are coordinated through the O
tions and less stable in more polar solvents, methanol andtom and therefore can be easily substituted by other oxy
acetone. At room temperature, in chloroform, the mixture ofgen-containing ligands present in cells,(J RCOQO, etc.).
labile monoadduct4-(CO)(HOAc)] and biadduct4} (CO))] Interaction of adenine with complex3-(HOAc),] is much
is formed. This was confirmed b¥P and*C NMR spectra weaker than with compound{(HOAC)]. The first band ob
of these complexes in chloroform under CO atmosphere (Taserved at 547 nm was shifted only to 545 nm after addition
ble 6). In the3P NMR spectrum only one doublet was-ob of 10 mol of adenine.
served at 11.7 ppmt{ (P-Rh) = 140.2 Hz). This signal is Complex p-(HOAC)] easily reacts with compounds con
shifted for 3 ppm to higher fields in comparison with com taining sulfhydryl groups, GSH, and cysteine. Even at a mo
plex [4-(HOAc)]. In the 13C NMR spectrum at room tem lar ratio [6-(HOAC)]:HSR of 1:1, the complex immediately
perature, ligand'3CO gave a broad singlet at 165 ppm. is reduced to the diamagnetic mixed valence Rh()-Rh(ll)
However, the®!P and °C spectra at 243 K indicate that complexes, most likely containing Rh§* core, showing a
monoadduct 4-(CO)(HOAc)] and biadduct4[(CO)] are very intensive band at 552 nm (Fig. 4). It was found that
rigid. In the P NMR spectrum, two doublets of the ratio of complexes [RE(p-OAC),(1-N-N),(H,0),]>* can also be
intensities 4.5:5.5 are observed. In i€ NMR spectrum of  readily reduced with sulfhydryl compounds (GSH, cysteine,
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Table 5. 'H NMR spectra of 8-(HOAc),] and [4-(HOAc),] complexes with CO (broadened signal (*), signal from a metallated phenyl
ring (M)).

Compound 'H NMR: d (ppm),J (Hz)
[4-(HOAc)] + CO 1.27 (s, 6H) ¢is OAc bridges); 2.17 (s, 3H)tans OAc bridge),
(MeOH-d,, room temperature) 1.98 (s, 6H) (molecules of HOAc); 3.80 (s, 6H) (OMe groups),

3.84 (s, 3H) (OMe group);

H2.6: 7.34 (dd, 4H)3J (H2.6-P) = 10.33J (H2.6- H3.5) = 8.9;

H3.5: 6.93 (dd, 4H)J (H3.5- P) = 1.8; H3" hidden under H2.6; H% 6.46 (dt, 1H),3J

(H5M-HE™) = 8.5, 4J(H5M-P) = 4J(H5™-H3™) = 2.0; HE™ 6.70 (dd, 1H),2J(H6™-P) = 10.3

[4-(HOAc)] + 8CO 1.33 (s, 6H) (OAc bridgessis); 2.25 (s, 3H) (OAc bridgetrans);
(CDCl;, room temperature) 2.09 (s, 6H) (molecules of HOAc); 3.77 (s, 6H) (OMe groups);

3.86 (s, 3H) (OMe group));

H2.6: 7.29 (dd, 4H)3J (H?®-P) = 10.8,%] (H2.6- H3.5) = 8.8;

H3.5: 6.84 (dd, 4H)2J(H3.5- P) = 2.0; HS: 7.47 (s*, 1H);

H5™ 6.46 (dt, 1H),3J (H5™-H6™) = 8.4,4J (H5™-P) = 4] (H5™-H3™) = 2.0;

H6™: 6.70 (dd, 1H),%J (H6™-P) = 10.3

[4-(HOAC)] + °cO 1.32 (s*, 6H) (OAc bridgessis); 2.27 (s*, 3H) (OAc bridgefrans);
(CDCl;, 243 K) 2.11 (s*, 6H) (molecules of HOAc); 3.73 (s*, 6H) (OMe groups);

3.83 (s*, 3H) (OMe groufV); 7.4-6.3 (aromatic protons)
[3:-(HOAc)] + CO 1.17 (s, 6H) (OAc bridges); 1.98 (s, 6H) (molecules of HOAC);
(MeOH-d,, room temperature) 3.52 (s, 6H) (OMe groups); 3.55 (s, 6H) (OMe groups);

3.78 (s, 6H) (OMe groups); 7.4—6.2 (aromatic protons)
[3:(HOAc)] + CO 1.22 (s, 6H) (OAc bridges); 2.05 (s, 6H) (molecules of HOAC);
(CDCl;, room temperature) 3.48 (s, 6H) (OMe groups); 3.51 (s, 6H) (OMe groups);

3.77 (s, 6H) (OMe groups); 7.3-6.2 (aromatic protons)
[3-(HOAc)] + ’co 1.19 (s, 6H) (OAc bridges); 2.09 (s, 6H) (molecules of HOAC);
(CDClg, 243 K) 3.84 (s, 6H) (OMe groups); 3.51 (s, 6H) (OMe groups);

3.55 (s*, 6H) (OMe groups); 7.5-6.2 (aromatic protons)

Table 6. 3P and*C NMR spectra of 3-(HOAc),] and [4-(HOAc),] complexes with CO (broadened signal (*), signal
from a metallated phenyl rind™).

Compound 3P NMR 13C NMR

[4(HOAC),] + CO 15.2 (d),XJ (P-Rh) = 143

(MeOH-d,, room temperature)

[4-(HOAc)] + ¥CO 11.7 (d),%J (P-Rh) = 140.2

(CDCl;, room temperature)

[4-(HOACc),] + '3co 13.4 (d),J (P-Rh) = 149.2 (55%); '3CO: 171.6 (s*), 168.8 (s*),
(CDCl, 243 K) 11.7 (d),3J (P-Rh) = 124.3 (45%) 156.1 (d*) 45.8
[3-(HOAC),] + CO 15.1 (d),XJ (P-Rh) = 152.6

(MeOH-d,, room temperature)

[3-(HOAC),] + CO 13.2 (d),%J (P-Rh) = 151.5

(CDClg, room temp.)

[3-(HOAc)] + 3cO 14.2 (d),}J (P-Rh) = 149.0 13CO: (AA’ part of AAXX"):
(CDCl,, 243 K) 174.38 ppm3J (BCC) = 31.7,13 (Rh-Rh)

= 3.5,1) (3C-Rh) = 46.5,2] (*3C-Rh) = 4.0

and coenzyme A) giving polynuclear rhodium compounds Absorbance of the reaction product of complex
(36) intensively absorbing in the same region, at ca. 590 nm.3-(HOAc),] with GSH is considerably greater than the start
Similar spectra were also observed for tetranuclear anthg compound, however in the 750-400 nm region, only a
polynuclear complexes with isocyanides [l shoulder at ca. 550 nm is present (Fig. 5). This suggests that
CNRNC)]®* (37-40), [Rh(OAc),(N-N),J(OAc), (41), and  reduction of compound3f(HOAc),] with GSH proceeds less
{[Rh,(OAC),(N-N),]*} X5 (42), where N-N = bpy, phen and effectively than reduction of complex6 {HOAC)].

X~ = BF;, PF. Interaction of complex §-(HOAc)] with Antitumor activity of complex ¢-(HOAC)], reacting effec
GSSG is very weak and the electronic spectrum oftively with adenine and its derivatives and with sulfhydryl
[6-(HOAC)] after addition of GSSG almost does not changecompounds, is much higher than the activity of complex
That proves that complex6{(HOAC)] is easily reduced with [3-(HOAc),] that reacts with the same compounds much less
GSH. intensely.
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Fig. 2. Fragment of thé3C NMR spectrum of 3-(*3CO),] spec Fig. 3. UV-vis spectra of the mixtures oB{(HOACc)] with ade
trum in CDC} (temperature 243 K)XCO groups signal (AXX' nine, adenosine, AMP, and ATP (in molar ratios 1:10) in the
type)). mixture of H,O and AcMe (1:1 by volume)X axis: A (hm), Y

axis:e = Acgt L%

1000 1}
|
T
_"\ T —e
\‘; 2, 2r----- 6 + Adenine
) \&‘ 3, 3r------ 6 + Adenosine
1\ 4, 4r——— 6 + AMP
5004 \% 5, 5r—-— 6 +ATP

L AL S B o o L S e
(ppm) 175.2 174.9 1746 174.3 174.0 173.7
75.5 73.4 731 72.8

Experimental

Procedures and materials
Tris(4-methoxyphenyl)phosphine (PMP), tris(3-methoxy

phenyl)phosphine (MMP), tris(2-methoxyphenyl)phosphinetion was evaporated to dryness and the product was crystal-

(OMP), and tris(2,6-dimethoxyphenyl)phosphine (DOMP)lized from mixture of chloroform (5 cf) and acetic acid

were purchased from Strem or Avocado and used withou3 cn?¥). Yield: 0.316 g, 69%. Mass spectrum (M = Rfr

further purification. Adenine, adenosine, adenosine 5 OAC){p-(CgHs-3-OMe)P(GH,-3-OMe)},) (signals of in-

monophosphate (AMP), adenosinétriphosphate (ATP), tensity higher than 16%): 367 (100%) (MMR CH,), 926

guanine, guanosine, cytosine, cytidine, glutathione (GSH)(18%), 967 (30%) (M — OAc), 1335 (20%) (M — OAc +

oxidized glutathione (GSSG), and cysteine were purchasedMP + CHjy), 1993 (20%) (M* — OAc). Anal. calcd. for

from Reanal (Hungary) and also used as purchased. All solS5gH5,0,4P,Rh,: C 52.37, H 4.75; found: C 52.42, H 4.71.

vents were deoxidized prior to use. Infrared spectrum (KBr

pellet) was measured on a Bruker IFS 113v and UV-vin>CsHs)Fe(n’-CsH,)CH,P(CH,OH), (dhfmp) and {g°>

spectra on a Beckman DU 7500 spectrométdrNMR and ~ CsHs)Fe(n°-CsH,)CHo} ,PCH,OH (hfmp) _ .

3lp NMR spectra were measured in CRQn a Bruker Both phosphines were synthesized according to literature

AMX 300 spectrometer with traces of CHCAs an internal methods (44, 45) describing the synthesis of dhfmp as-a sin

reference forH (3 = 7.23 ppm) and 85% PO, in H,O as  gle product. . _

an external standard fGtP. Mass spectra were measured on 19.27 g of an 80% solution of P(GBH),CI in H,O was

Finnigan Mat TSQ 700 ESI. diluted with MeOH (20 cr), deoxidized, and placed under
an Ar atmosphere; KOH (4.26 g, 0.076 mol) was added to
Syntheses the solution. The resulting mixture was stirredr  h at

All operations were performed in dinitrogen or argon atmo foom  temperature.  Then  {B5FeGH,CH,N(CHg)3l
sphere using standard Schlenk technique. Complexed0.0 g, 0.026 mol) suspension in methanol (20°cmas

[Rhy(u-OAc),(H,0),] ([1-(H,0),]) (43), slowly added and the reaction mixture was refluxed with
[Rh,(u-OAC)4{ p-(CgH5-4-OMe) P(GH,O-4- stirring for 20 h. After that time two-thirds of the solvent
OMe),}(HOAC),] ([4-(HOAC)]) (21), was evaporated and,B (15 cn?), diethyl ether (45 cr),
[Rh,(u-OAC){ p-(CgH3-4-OMe)P(GH,4-4-OMe),} ,(HOAC),] and triethylamine (15 cf were added. Aftel h of stirring,
([5-(HOAC)]) (21), the water layer was removed and reextracted with diethyl
[Rhy(U-OAC)4{ P-(CgH 4-2-0)P(GH,-2-OMe),} (HOAC)] ether (15 cm). The combined extracts were washed a few
([6-(HOAC)]) (19), and times with small portions (5 cf of water (to dispel the
[Rh,(u-OAC)4{ p-(CgH4-6-OMe-2-0O)P[(GH4-2,6- characteristic smell of amine). After removing ether under
(OMe),] }(HOAC)] ([ 7-(HOAC)]) (20) were synthesized ac reduced pressure, the products were recrystallized from the
cording to literature methods. mixture of CH,CI, (5 cnm), MeOH (5 cnt), and light petre

leum ether (35 crd). In all experiments, we have always-ob
[Rhy(u-OACK{ - (CgH5-3-OMe) P(GH4-3-OMe)} ,(HOAC)] tained two products, which were isolated using the
([3-(HOACc))) difference of their solubility in the mixture of water and
A suspension of I-(H,0),] (0.144 g, 0.3 mmol) and methanol. In methanol-water (50:50 by mass) practically
MMP (0.226 g, 0.6 mmol) in a mixture of 5 chof ethanol  only dhfmp is dissolved. The purity of products was €on
and 5 cni of acetic acid was refluxed with stirring for 3 h. trolled using TLC (5 x 20 cm plates with reversed phase
The initial orange color of the reaction mixture was replacedsilicagel (Gg) from Alltech). Eluent: 90% solution of metha
by brown-gray and then by deep violet solution. The solu nol in water. Intense yellow color of products facilitated the
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Table 7. 1Dg [ug mL™Y ([mol dm™9)).

875

KB (oral Hul703 (bladder SW707 (colon TA7D (breast
carcinoma) cancer) adenocarcinomay) cancer)
[6-(HOAC)] 9.12 + 2.00 0.309 + 0.0013 0.427 = 0.0012 0.302 = 0.0012
(1.17 x 109 (3.96 x 107 (5.47 x 107 (3.87 x 107
[7-(HOAC)] 55.00 + 1.90 5.100 = 0.013 38.000 = 0.001 3.550 = 0.001
(6.32 x 109 (5.86 x 109 (4.36 x 109 (4.08 x 109
[3-(HOACc))] 66.00 = 1.80 46.000 + 0.001 49.000 = 0.001 38.000 = 0.001
(5.76 x 109 (4.01 x 105 (4.27 % 109 (3.31 x 109
dhfmp 74.0 £ 0.00 39.000 + 0.001 40.000 = 0.001 45.000 = 0.001
(2.53 x 10% (1.34 x 10% (1.37 x 10% (1.54 x 109
Pt(NH,),Cl, — 0.23 3.0 —
(cis-platin) (7.66 x 107 (1.00 x 109

Fig. 4. UV—-vis spectra of the mixtures ob{(HOACc)] with GSH,
GSSG, and cysteine (in molar ratios given in the figure) in the
mixture of H,O and AcMe (1:1 by volume)X axis: A (nm), Y
axis:e = Acgt L

Fig. 5. UV—-vis spectra of the mixtures oB{(HOAc),] with GSH
and cysteine (in molar ratios given in the figure) in the mixture
of H,O and AcMe (1:1.5 by volume)X axis: A (nm), Y axis:
e=AcytL™

2000 - ‘l 20007
| s
4 ii i i ‘\\
O T
1500 . EE [ J— 6 (co) + TGSH 15000 .\1 \\“\\\\ 1 —3
I 6 (co) + 10 GSH 1 ‘-,\ N 2,2r ——3+1GSH
i %4 ——6(c=0,1cg) + 10' GSH A ) “::\‘ 3,3r ----3+10GSH
iis ——6 (co) + 10 GSSG SN2 4,4r ———3+10cysteine
1000 | 16 ——-6 (co) + 10°cysteine 4 2ry,

500

7|00 82)0
Frames (612) were measured at 0.75° intervals with a eount
ing time of 20 s. The data were corrected for Lorentz and
polarization effects. Data reduction and analysis were car
ried out with the Kuma Diffraction programs (46, 47). The
structure was solved by direct methods and refined by the
full-matrix least-squares method &t (48). The refinement
was performed using the SHELXL program (49). Non-
hydrogen atoms were refined with anisotropic thermal pa
rameters; hydrogen atoms were included from the geometry
of molecules and\p maps but were not refined.
Crystals of B:-(HOAc)(H,0)] suitable for X-ray analysis
were obtained from recrystallization oB-[HOAc),] from
the mixture of CHCJ and 96% EtOH in HO.

observations. Yield: 47% for dhfmp and 21% for hfmp
Mass spectrum of dhfmp (M =
(CsHs)Fe(GH,)CH,P(CH,0OH),) (signals of intensity higher
than 16%): 199 (100%) {FcC}l}, 292 (20%) {M*}, 322
(42%) {M* + CH,OH}, 460 (18%) {(FcCH),P(CH,OH)"},
490 (20%) {(FcCH),PH(CH,OH),}. Mass spectrum of
hfmp (M = {(CsHs5)Fe(GH,4)CH,} ,PCHOH) (signals of in
tensity higher than 16%): 199 (72%) {FcGH, 461 (100%)
{M* + H}, 491 (68%) {M* + CH,OH}. Anal. calcd. for
C,gH,7/FeOP (dhfmp): C 53.46, H 5.87, P 10.60; found: C
53.4, H 5.6, P 9.8. Anal. calcd. for,gH,5Fe,0P (hfmp): C
60.04, H 5.48, P 6.73; found: C 59.8, H 5.3, P 6.4.

X-ray structure determination

All measurements were made at 170(2) K on a Kum
KM4CCD  k-axis diffractometer  with graphite  Compounds
monochromated Mo & radiation A = 0.71073 A, 3.30 = Test solutions of the compounds tested (1 mg Hhwere
27.00). The crystallographic data together with data cellecprepared ex tempore by dissolving the substance in 100
tion and structure refinement details are given in Table 2. Allof solvent completed with 900L of tissue culture medium.
the data were corrected for Lorentz and polarization effecté\fterwards, the tested compounds were diluted in culture
but absorption and extinction were not applied. The crystamedium (described below) to reach the final concentrations
was positioned at 65 mm from the KM4CCD camera.of 100, 10, 1, 0.1, and 0.04g mL™%. The solvents (in dilu

aCytotoxic activity in vitro
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tion corresponding to its highest concentration applied to théon Road, Cambridge CB2, 1EZ, U.K. (Fax: (+44)1223-336-
tested compounds), did not exert any inhibitory effect on033 or e-mail: deposit@ccdc.cam.ac.uk).

cell proliferation.
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