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Rhodium(lll) Complexes with Acyclic Tetrathioether Ligands. Effects of Backbone Chain
Length on the Conformation of the Rh(lll) Complex
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Several Rh(lll) complexes containing tetradentate thioether ligands of the general form(fRDEIS(CH,)nS-
(CH)mS(CH,)nSCHR)]X (n, m= 2 or 3; R= COOH, GHs; X = CI~, PR, BPh™) have been synthesized and
fully characterized. The effect of the ligand backbone size on the configuratsor frans) has been investigated.
The smaller backbone chain length favored ¢flsasomer while the longer chain length favored thensisomer
(n,m=2,cis;n=3,m= 2 orn, m= 3,trans). However, botttis andtransisomers were observed in the case
wheren = 2 andm = 3. Spectroscopic methods (JWisible and NMR) were used to characterize the solution
conformations of these complexes, and single-crystal X-ray diffraction analyses determined the solid state structures
of the benzyl derivativescis-[RhCl(PhCHS(CH,).S(CH,),S(CH,),.SCH,Ph]PF; crystallized in the monoclinic
space groujP2i./c with a = 14.365(2) Ab = 13.200(3) A,c = 15.736(2) A8 = 115.571(4), Z= 4, R=0.048
andR, = 0.057. trans[RhCL(PhCHS(CH,),S(CH,)3:S(CH,).SCH,Ph]PF; crystallized in the monoclinic space
groupP2y/c with a = 10.937(3) Ab = 19.055(2) A,c = 13.734(4) A5 = 103.596(13), Z = 4, R= 0.037 and

Ry = 0.046. trans[RhCL(PhCHS(CH,)sS(CH,),S(CH,)sSCH,Ph]PF; crystallized in the triclinic space group
P1with a= 7.732(2) A,b = 13.046(3) A,c = 15.720(2) A, = 67.62(2}, B = 79.63(2), y = 78.60(2), Z =

2, R = 0.049 andR, = 0.061. trans[RhCL(PhCHS(CH,)3S(CH,)3S(CH,)sSCH,Ph]PFK crystallized in the
orthorhombic space groupnmawith a = 13.540(2) A,b = 12.774(3) A,c = 16.873(3) A,Z=4,R= 0.039
andR, = 0.047.

Introduction systems appear to form stable, kinetically inert complexes with
] ] ] ) 10Rh, the reaction conditions needed to obtai5% com-
Rhodium-105 was proposed as a therapeutic radionuclide by pjexation yield were fairly harsh (2 h reflux in aqueous ethanol)
T_rou'gne_r about a decade agolts nuclear properties and the 5344 often such high yields were not obser¢éd. Recently,
kinetic inertness of @Rh(Ill) complexes make!®Rh very several reports have shown that Rh(Ill) forms very stable and
attractive as a therapeutic radionuclid®®Rh is a moderate kinetically inert complexes with crown thioethérs? Blake
energy/; emitter (B;(max) = 0.560 MeV (70%), 0.250 MeV g 5189 synthesized and characterized Rh(lll) complexes with
(30%)) with a 36 h half-life, and it is available in “no carrier 12-, 14-, and 16-membered tetrathiamacrocycles ([12]-, [14]-,
added” concentrations (i.e., virtually all Rh atoms &®h). and [16]ane§ and reported that Rh(lll) forms onlygis
In addition, ***Rh emits a low abundance of imageapleays  complexes with the two smaller ring sizes and exclusively the
(E, = 306 keV (5%), 319 keV (19%)) which would alloi transisomer with the 16-membered, S1acrocycle. The high
vivo tracking of the therapeutic dose. Our research efforts are giapility of macrocyclic thioether Rh(lll) complexes is attributed
focused on developing Rh(ll) complexes containing tetraden- 5 53 combination of the macrocyclic effect and thacidity of
date ligands which can be formed in high yield0% yield) e sylfur atoms. The configurational isomerism of the Rh(lll)
under relatively mild conditions using™®Rh. These ligands will complexes with the macrocyclic ligands was found to be a
ultimately serve as bifunctional chelates to which a targeting fynction of ring size and flexibility of the macrocyclic ring.
molecule is appended (e.g., peptide, monoclonal antibody e recently reported on the chemistry’8Rh complexed with
fragment, etc.) to direct the complex toitsvivo site of action. a [16]ane$-diol macrocyclé! and demonstrated its stability
The 36 h half-life of'Rh makes it preferable to conjugate the iirg for greater than 5 days in pH 7.4 phosphate buffer and
biomolecule to the bifunctional chelate prior to complexation pyman serum, and Li et &.discussed the pharmacokinetics

with 19%Rh, which requires mild synthetic conditions. of 105Rh complexes with tetradentate amirthioether ligands.
Research efforts in developing potential radiopharmaceuticals (6) Kruper, W. 3., Jr; Pollock, D. K.; Fordyce, W. A Fazio, M. J..
0 - H f . J, . , . o y . . , RS
ba‘sed on'®Rh have f_ocused primarily on_ Rh(lll) complexes Inbasekaram, M. N. US Patent 4,994,560, February 19, 1991.
with N and O donor ligands, such as amine oxirhemine- (7) Pillai, M. R. A.; Lo, J. M.; Troutner, D. EAppl. Radiat. Isat199Q
phenol* amine®% and porphyririligands. Although these ligand 41, 69. _
(8) Blake, A. J.; Reid, G.; Schder, M. J. Chem. Soc., Dalton Trans
1989 1675.
* Author to whom correspondence should be addressed. (9) Blake, A. J.; Reid, G.; Schder, M. Polyhedron1992 11, 2501.
T University of Missouri. (10) Cooper, S. RAcc. Chem. Red988 21, 141.
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Rh(lll) Complexes with Tetrathioether Ligands

Chart 1. Structures and Acronyms for the Tetrathioether

Ligands
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R =Ph (L6, 323-S4-diBz) R = COOH (L3, 333-S4-diAcOH)
Ph (L7, 333-S4-diBz)

It should be pointed out that under “no carrier addé@¥Rh
complexation conditions, the starting compound is a mixture
of primarily anionic Rh(lI1)-105-chloride specied and that at
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Chart 2. Synthesis of the Acyclic £diBz Ligand$
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aKey: (a) triethylamine, N reflux 6 h; (b) filter, vacuum distill
(0.2 mbar, 100C); (c) NaOEt, N, reflux 2 h; (d) filter, remove solvent;
(e) wash with hexane; (f) precipitate-ab0 °C, wash with hexane; (g)
recrystallize from BO.

application to radiotherapy. However, difficulty in obtaining
X-ray quality crystals for assignment of stereochemistry neces-
sitated the synthesis of the dibenzyl-&alogs. Full charac-
terization of the Rh(lIIl) complexes with the dibenzyj{§ands
(L4—L7) allowed assignment of the conformations of the
dicarboxylic acid-$—Rh(Ill) complexes based on comparisons

least 10% by volume of ethanol is required to achieve high Of their spectroscopic characterizations. Our discussions focus
complexation yieldd115 The ethanol presumably reduces small On some interesting differences between the configurational
guantities of the Rh(Ill) to Rh(l) to facilitate the substitution iSomerism observed for macrocyclic and acyclic tetrathioether
reaction, and then atmospheric oxygen reoxidizes the Rh(1) to Rh(Ill) complexes. The solid state X-ray crystal structures of

generate the kinetically inert Rh(lll) complék:*® This method
allows “no carrier added” Rh(lll)-105 complexes with thioether
ligands to be efficiently formed in aqueous solution under
slightly acidic conditions (pH 47).1115

We have extended our work with tetradentate thioether

ligands to the related acyclic analogs. Our aims were to clearly
understand the similarities and differences (in terms of structure,
stereochemistry and stability of the complexes) between the

macrocyclic and the related acyclic tetrathioether ligands in
complexing Rh(lll) and to evaluate these open chain ligands in
the development of new radiopharmaceuticals baset5&.

We have investigated the ligand systetrts—L7 (Chart 1).
These acyclic Stetrathioethers differ in their backbone chain
lengths and the identities of their terminal R groups. The
backbone variations allowed us to probe the effect of chain
length on the configuration of the sulfur atoms about the Rh,
both with regard taigtransisomerization and to the orientation
of the sulfur atoms themselves (i.B/S). The pendant R groups
allow fine tuning of the properties of the resultant complex and
incorporation of a functional group for conjugation to a
biotargeting moiety. Here we report the synthesis of the open
chain § ligands, their complex formation with Rh(lll), and
characterization by spectroscopic (4Vis, FT-IR and NMR)
and single-crystal X-ray diffraction analysis techniques. The
Rh(Ill) complexes formed witlh.1, L2, andL3, which contain
two free carboxylic acid groups each, are of particular interest
for extension to the radiotracet®Rh level for potential

(16) Basolo, F.; Pearson, R. ®lechanisms of Inorganic Reactigns
Wiley: New York, 1967.

(17) Gillard, R. D.; Wilkinson, GJ. Chem. Sacl964 1224.

(18) Rund, J. V.; Basolo, F.; Pearson, R.I8org. Chem 1964 3, 658.

(19) Addison, A. W.; Guillard, R. D.; Vaughan, H. Chem. Soc., Dalton
Trans 1973 1187.

the rhodium complexes are compared to their solution structures
as determined by 1D and 2D NMR and electronic absorption
spectroscopy.

Experimental Section

Reagents and Materials. The chemicals required for the synthesis
of ligands 1,12-diphenyl-2,5,8,11-tetrathiadodecadde 222-S-diBz),
1,13-diphenyl-2,5,9,12-tetrathiatridecahé (232-S-diBz), 1,14-diphe-
nyl-2,6,9,13-tetrathiatetradecanss( 323-S-diBz), and 1,15-diphenyl-
2,6,10,14-tetrathiapentadecah& (333-S-diBz) were purchased from
Aldrich Chemical Co. Rhodium trichloride (trihydrate) was obtained
either from Aldrich Chemical Co. or from Acros Chemicals. All
chemicals were of reagent grade and used as received unless otherwise
specified.

2,5,8,11-Tetrathiadodecane-1,12-dicarboxylic atit, 222-S-diA-
cOH), 2,5,9,12-tetrathiatridecane-1,13-dicarboxylic atid, (232-S-
diAcOH), and 2,6,10,14-tetrathiapentadecane-1,15-dicarboxylic acid
(L3, 333-S-diAcOH) were available from a previous stugfy.

Benzylmercaptoethyl Chloride (PhCHS(CH).CI) (Intermediate
1). Caution! Intermediate 1 is a potential alkylating agent and
appropriate care should be taken while handling this reagefhe
general synthetic scheme of the intermediates and lighddd 7 is
shown in Chart 2. Benzyl mercaptan (4.96 g, 0.040 mol) was added
to excess 1,2-dichloroethane (39.6 g, 0.40 mol) and dry triethylamine
(4 mL, 0.050 mol) in a 3-necked round-bottom flask purged with N
The reaction mixture was refluxedrfé h under N. During this time
a white precipitate (triethylamine hydrochloride) formed. The reaction
mixture was cooled to room temperature and the precipitate removed
by filtration. The excess 1,2-dichloroethane was removed under
vacuum at<60°C. The oily intermediate benzylmercaptoethyl chloride
was purified by vacuum distillation (100C and 0.1 mbar) and
characterized by NMR spectroscopy. Yield: 4.5 g (60%)= 1.15

(20) Nef, W. Ph.D. Thesis, University of Basel, 1996.
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Table 1. Crystal Data, Data Collection Parameters, and Refinement Parafneters
Cis[RhCl(222-S-dibz)]PR  trans[RhCIx(232-S-dibz)]PR  trans[RhClx(323-S-dibz)|PR  trans[RhCl(333-S-dibz)]PR

formula RhGoH26S:Clot PR RhG1H26S.Clt PR~ RhGH30S.Clot PR~ RhGy3H3,S,Clyt PR~
fw 713.43 727.46 741.49 755.51
space group P2,/c P2i/c P1 Pnma

a, 14.365(2) 10.937(3) 7.732(2) 13.540(2)
b, A 13.200(3) 19.055(2) 13.046(3) 12.774(3)
c, A 15.736(2) 13.734(4) 15.720(2) 16.873(3)
o, deg 67.62(2)

B, deg 115.571(4) 103.596(13) 79.63(2)

y, deg 78.60(2)

v, A3 2691.6(8) 2782(1) 1427.7(6) 2918(1)
Z 4 4 2 4

Peale, 9lcn? 1.761 1.737 1.725 1.720
T,°C 23 23 23 23

u, et 12.3 11.9 11.7 114

A source, A 0.70930 0.70930 0.70930 0.70930
R 0.048 0.037 0.049 0.039

Ry 0.057 0.046 0.061 0.047

2 east-squares weights, = 0—2(F,), were calculated with the assumption thét= €2 + (ot)? wheree is the statistical counting error apd=
0.04. The function minimized in the least-squares refinements wef¢F,| — |Fc|)2. Ris defined asy ||Fo| — |Fd||/S |Fo| while Ry = [SwW(|Fo
— [Fe)A 3 w|Fo[7]*2

g/mL. H NMR (CDCl): d(ppm) 2.75 (m, &H,), 3.55 (m, CCH,), the products were recovered as the €hlts on removing the solvent
3.75 (s, PRHy), 7.20-7.45 (m,CeH5s). by rotary evaporation. All the products (CIPR~, or BPh~ salts)
1,12-Diphenyl-2,5,8,11-tetrathiadodecane (L4).Benzylmercap- were recrystallized from acetonitrile/ethanol (50/50 v/v), washed with

toethyl chloride (3.25 mL, 0.020 mol) was added to 1,2-ethanedithiol hexane and diethyl ether, and dried in vacuo with yields in the 40
(0.83 mL, 0.010 mol) and triethylamine (2.8 mL, 0.020 mol) in a round- 80% range.

bottom flask, and the resultant mixture was refluxed undgfoN3 h. Cis[RhCI-L1]PFs. Yield: 87 mg (43%). Anal. Found (calcd for
The reaction mixture was cooled to room temperature and slurried with RhGoCl2SsH1604PFsC2HsOH): C, 20.67 (20.70); H, 3.42 (3.45); Cl,
100 mL of diethyl ether, and the solid triethylamine hydrochloride was 9.72 (10.20); S, 18.57 (18.42).

removed by filtration. After the solvent was removed under vacuum,  cisltrans-[RhCI,L2]CI. Yield: 87 mg (54%).

the oily residue was washed several times with hexane at$a°C. trans-[RhCI,L3]CI. Yield: 90 mg (50%). Anal. Found (calcd for
The remaining solid was recrystallized from diethyl ether, collected RhCisCl3SiH2404-C:HsOH): C, 27.80 (28.68); H, 4.14 (4.78); Cl, 15.44
by filtration, and dried under vacuum (2.36 g, 60% yield): mp°G0 (16.10); S, 20.17 (20.39).

1H NMR (CD:CN): 6 (ppm) 2.58-2.64 (m, £H,), 3.75 (s, PEH,), cis[RhCI,L4]PF¢. Yield: 165 mg (80%). Anal. Found (calcd for
7.23-7.32 (M, CeHs). RhGxCl:SiHzsPR): C, 33.34 (33.67); H, 3.46 (3.67): Cl, 9.33 (9.93):
Benzylmercaptopropyl Chloride (Intermediate 2). Caution! S, 18.54 (17.98).

Intermediate 2 is a potential alkylating agent and appropriate care  Cistrans-[RhCI.L5]PFs. Yield: 158 mg (75%). Anal. Found
should be taken while handling this reager@enzylmercaptopropyl  (calcd for RhGiCloSiH26PFs): C, 34.78 (34.67); H, 3.73 (3.84); Cl,
chloride was prepared using the method described above for the9.86 (9.75); S, 17.78 (17.63).

synthesis of intermediaté. The product was purified by vacuum trans-[RhCI2L6]PF¢. Yield: 107.4 mg (50%). Anal. Found (calcd
distillation (130 °C, 0.2 mbar) and was characterized by NMR for RhG:Cl.SH30PFs): C, 34.88 (35.68); H, 3.75 (4.00); Cl, 9.86
spectroscopy. Yield: 5.21 g (65%)p = 1.21 g/mL. 'H NMR (9.58), S, 17.55 (17.32).
(CDCl): 6 (ppm) 1.96-2.20 (m, CHCH.CHy), 2.65 (t, £H,, J = trans-[RhCI,L7]PFe. Yield: 120.4 mg (55%). Anal. Found (calcd
8.3 Hz), 3.65 (tCHCl, J = 8.7 Hz), 3.85 (s, PAH,), 7.20~7.40 (m, for RhGsCl.SiHaPR): C, 35.02 (36.66); H, 3.95 (4.20); Cl, 10.45
CeHs). (9.41); S, 16.48 (17.02).

1,13-Diphenyl-2,5,9,12-tetrathiatridecane (L5), 1,14-Diphenyl- Physical Measurements. UV —visible spectra were obtained in

2,6,9,13-tetrathiatetradecane (L6), and 1,15-Diphenyl-2,6,10,14-  acetonitrile using a Hewlett-Packard HP 8452A diode array spectro-
tetrathiapentadecane (L7). In each preparation the appropriate photometer. Infrared spectra were obtained as Csl pellets on a Nicolet
benzylmercaptoalkyl chloride intermediate (0.0200 mol) was added to 20DXB FT-IR spectrometer.'H- and **C-NMR were recorded in
either 1,2-ethanedithiol or 1,3-propanedithiol (0.0100 mol) and freshly acetonitrileds (unless otherwise indicated) using a Bruker ARX-250
prepared sodium ethoxide (made by dissolving 1.15 g (0.05 mol) of SPectrometer. Th&C spectra were obtained in the proton decoupled
Na in 20 mL of absolute ethanol) in a 3-necked round-bottom flask. Mode. Elemental analyses were performed by Quantitative Technolo-
The resultant mixture was refluxed for5 h under N atmosphere.  9gi€s, Inc., Whitehouse, NJ.

Silica gel TLC was used to monitor the reaction for completion, and ~ X-ray Diffraction Analysis. Yellow crystals of the PE salts of
additions of the two reactants were made as necessary. After theCis'[RhCLL4]", trans[RhCLL5]*, trans[RhCLL6]*, and trans
reaction was cooled to room temperature and diethyl ether (20 mL) [RnCLL7]" were obtained as described above. Intensity data were
added, the sodium chloride was removed by filtration. The solvent obtained on an Enraf-Nonius CAD 4 automatic diffractometer, using
was removed under vacuum, and then the crude products werethe @—26 scan mode with Mo i radiation from a graphite mono-
repeatedly extracted with hexane, leaving an oily residue. The productschromator { = 0.709 30 A). Intensities were corrected for Lorentz

were recrystallized from 50/50 (v/v) diethyl ether/hexane at-€30 and polarization effects. Equivalent reflections were merged, and
°C and dried in vacuum, yielding oils at room temperature-(95% semiempirical absorption corrections were made usingWiscan
yield). technique. Space group, lattice parameters, and other relevant informa-

Synthesis of Rh(lll) Complexes. All Rh(lll) complexes were tion are given in Table 1. The structures were solved by direct methods
with full-matrix least-squares refinement, employing the NRCVAX

prepared using a common procedure. RIE,O (80 mg, 0.30 mmol) ) . \ -
package&~2¢ All non-hydrogen atoms were refined with anisotropic

dissolved in 2 mL of acetonitrile at ca. 8& was added dropwise to
a refluxing solution of the ligand (0.29 mmol) in 50 mL of a 4% (v/v) -
acetonitrile/ethanol solution. The reaction mixture was refluxed for 1 (21) Gabe, E. J; Le Page, Y.; Charland, J.-P.; Lee, F. L.; White, B. S.

: o Appl. Crystallogr.1989 22, 384-387.
h, the development of a bright yellow color indicating complex (22) Flack, H.Acta Crystallogr 1983 A39, 876.

formation. After filtration to remove insolubles, an excess of solid  (73) scattering factors, includirfg andf ", were taken from:nternational
NH4PFs or NaBPh was added with stirring, resulting in a yellow Tables for CrystallographyKynoch Press: Birmingham, England,
precipitate for all complexes excelp?2 andL3. For these two ligands 1974; Vol. IV.
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Table 2. Electronic Absorbance Spectra for [RR(E&:)]X in CHsCN

Inorganic Chemistry, Vol. 35, No. 26, 1996549

complex d-d transitiond charge transfer transitiohs
cis-[RhCLL1]PFs 388 (1010), 298 (4090) 238 (19 060)
cis'trans[RhCLL2]CI 426 (681), 370 (1680) 256 (12 000), 210 (16 000)
trans[RhCI,L3]CI 442 (330), 338 (1605) 256 (9310), 210 (17 000)
cis-[RhCLL4]PFs 386 (1120), 294 (3560) 226 (18 000), 208 (20 100)
cis'trans[RhCLL5]PFs 426 (708), 360 (1800) 266 (15 000), 204 (16 500)
trans[RhCLL6]PFs 436 (330), 338 (1500) 270 (17 000), 222 (17 100), 204 (18 000)
trans[RhCLL7]PFs 440 (159), 336 (1550) 288 (16 700), 220 (13 000), 205 (19 100)

azinnm,ein M~tcm™

thermal parameters. The hydrogen atoms were placed at calculatedlTable 3. Selected Far-IR Spectral Bands

positions and included in the refinement using a riding model, with
fixed isotropicU. The absolute configurations of the structures were
determined by refinement of the paramete?’ The final difference
maps had no features of chemical significance.

Results and Discussion

The structures, conformations and numbers of isomers formed
for the Rh(lll) complexes with the dicarboxylic aeidetrathio-
ether ligandsl(1—L3) were of interest because it is particularly
important that any potential radiopharmaceutical consist of only
a single product (and a single isomer). The complete charac-
terization, including X-ray crystal structures, of the complexes
with the dibenzyt-tetrathioether ligandsLé—L7) allowed
assignment of the dicarboxylic acid analogs by comparisons of
their spectroscopic properties.

Synthesis. The Rh(lll) complexes with the ligandsl —L7
were synthesized by a common procedureld infra) which
was similar to that reported by BlaReFairly low concentrations
of the reactants were used to maximize yield and avoid
formation of insoluble rhodium hydroxy compouridg® All

complex »(Rh—Cl)incm™

cis-[RhCLL1]PFs 336, 304
cistrans[RhCLL2]PFs 371, 357, 325, 305
trans[RhCLL3]PFs 382
cis[RhCLL4]PFs 346, 314
cistrans[RhCLL5]PFs 352, 336, 328, 301
trans[RhCLL6]PFs 370
trans[RhCLL7]PFs 317

of the lower energy ¢d transition band (e.geags = 1010 M1
cm! for cis[RhCLL1]" andezge = 1120 M1 cm? for cis-
[RhCLL4]™). Although the higher energy-el band was also
indicative of cis/trans isomerization, it was occasionally ob-
served as a shoulder on a charge transfer band and thus not as
reliable. Likewise, [RhGL3]", [RhCLL6]™, and [RhCIL7]T
were assigned asans-dichloro rhodium complexes based on
the observed molar extinction coefficients of thedltransition
bands é (M1 cm™1) = 330, 330, and 159, respectively). The
complexes [RhGL2]" and [RhCiL5]" were isolated as
mixtures of thecis andtransisomers as indicated by theé#C

complexes were air-stable and easy to handle at room temperNMR spectra gide infra).

ature. [RhC}(232-S-diAcOH)]CI proved very difficult to
isolate sufficiently pure for elemental analysis. This was in part
due to the presence of multiple isomer&d¢ infra). For this
reason, only NMR and FT-IR analyses were obtained.
Electronic Absorption and Far-Infrared Spectroscopy.
The UV-visible absorption spectra (Table 2) of each of the
Rh(Ill) complexes gave characteristic transitions in the range
200-500 nm. The two spin-allowed-edl transition bands'Tyg
— A4 and T, < *A14 ) were observed in the range 280
500 nm with charge transfer bands observed below 280 nm.
The intensity of the etd transitions in the [RhG84] " complexes
has been found characteristic for their geometry, with the lower
symmetrycis-dichloro complexes exhibiting significantly larger
molar extinction coefficients than th&ansdichloro com-
plexes?3931 |n addition, the position of the-éd bands was
found to be characteristic for the geometry of these complexes,
although this was not the case for the macrocyclic tetrathioether
complexes previously reportéd! The lower energy dd
transitions were observed between 385 and 390 nm focithe
complexes while those for theans complexes were observed
between 435 and 445 nm. Likewise, the higher energy d
transitions were observed between 290 and 295 nm focithe
complexes and between 335 nm and 340 nm for tthes
complexes. The complexes [RRC1]" and [RhCL4]" were
assigned as having ttoés configuration based on the intensity

(24) Larson, A. CCrystallographic ComputingMunksgaard: Copenhagen,
1970; p 293.

(25) Le Page, YJ. Appl. Crystallogr.1988 21, 983.

(26) Le Page, Y.; Gabe, E. J. Appl. Crystallogr.1979 12, 464.

(27) Rogers, DActa Crystallogr.1981, A37, 734-741.

(28) Cervini, R.; Fallon, G. D.; Spiccia, Unorg. Chem 1991, 30, 831.

(29) Read, M. C.; Glaser, J.; Sandstrom, M.; TotHnbrg. Chem 1992
31, 4155.

(30) Bounsall, E. J.; Koprich, S. RCan. J. Chem197Q 48, 1481.

(31) Sokal, L. S. W. L.; Ochrymowycz, L. A.; Rorabacher, D. IBorg.
Chem 1981, 20, 3189.

The far-IR bands (Table 3) far(Rh—CI) obtained in a Csl
matrix (in the range 256400 cnt?) for each of the complexes
were consistent with the assignment asdiser transisomer32
Two sharp IR bands of(Rh—CI) were observed in the range
300-400 cn? for each of thecis complexes, and one sharp
band was observed for each of thans complexes consistent
with symmetry-allowed vibrations. Four IR bands were ob-
served for [RhGIL2]" and [RhC4L5]™" in the 300-400 cnt?
range, probably from the presence of multigis and trans
isomers in the mixture.

NMR Spectroscopy of the Rh(lll) Complexes. The H
NMR spectral data of the ligands and their Rh(lll) complexes
are given in Table 4. ThéH NMR spectra of the complexes
were consistent with the proposed formulations; however, the
complexity of the spectra due to the conformations and coupling
with Rh-103 (spirt/;) made interpretation difficult. The phenyl
protons of the BP4T counterions were used as an internal
integration reference and confirmed that the complexes were
+1 cations.

13C NMR spectra were indicative of the number of isomers
in solution (Table 5). For example, [RhCIL]* and [RhCiL4]T
each showed four Chsignals consistent with a single isomer.
Both the acyclicL1 andL4 and its related macrocycle [12]-
aneq formed exclusively singlecis dichloro isomers on
complexation with Rh(llI However, the larger (by one spacer
CH; group) L2 and L5 yielded mixtures ofcis and trans
dichloro isomers as evidenced by thé#C NMR spectrum
(Table 5). On the basis of the number of signals for the central
carbon of the propylene group & andL5, it appears as if
three isomers were formed on complexation. Their relative
intensities were approximately 2:1:1; however, nothing more
can be said regarding their identities at this time. Blagelated

(32) Braunstein, P.; Chauvin, Y.; Nahring, J.; DeCian, A.; Fisched, J.
Chem. Soc., Dalton Tran§995 863.
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Table 4. *H NMR Data for the Free Ligand4.{—L7) and Their Rh(lll) Complex&®

Goswami et al.

’/(CHz)m
)
(CHy)p (CHy),
s/
~ N
ligand R assignment o (ppm) of ligand integration assignment 0 (ppm) of [RhChL]PFg integration
L1 COOH SZH,CH,S2 2.74 (s) 4 S@H,CH,S2 2.76-2.90 (m), 3.42-3.60 (m) 2,2
n,m=0 SICH,CH,S2 2.78-2.84 (m) 8 SCH,CH,S2 3.16-3.40 (m) 8
CH,COOH 3.67(s) 4 CH,COOH 4.16-4.30 (m) 4
L2¢ COOH S2CHCH:CH; 1.83 (pJ=7.17) 2 CH; 2.25-3.58 (m) 14
n=0,m=1 CH,S2CH, 2.62 (t,J=7.17) 4
SICH,CH, 2.69-2.76 (m) 8
CH,COOH 3.26 () 4 CH,COOH 4.03-4.51 (m) 4
L3 COOH S2CHCH,CH; 1.77-1.85 (m) 6 CH; 2.20-3.84 (m) 18
nm=1 CH3S2CH, 2.55-2.61 (m) 8
SICH,CH, 2.66-2.72 (m) 4
CH,COOH 3.22(s) 4 CH,COOH 4.02-4.55 (m) 4
L4 CsHs SCH; 2.58-2.64 (m) 12 SEZH,CH,S2 2.58-2.80 (m), 3.56-3.59 (m) 2,2
n,m=0 SICH,CH,S2 2.96-3.40 (m) 8
CH,CsHs 3.75(s) 4 CH2CsHs 4.45-4.65 (m) 4
L5¢  GCeHs S2CHCHCH, 1.72 (pJ=7.17) 2 CH; 2.32-3.90 (m) 14
n=0,m=1 SZH,CH,CH, 254 (t,J=7.17) 4
SI1CH,CH,S2 2.58-2.64 (m) 8
CH2C5H5 3.76 (S) 4 CH2C6H5 4.03-4.53 (m) 4
CeHs 7.21-7.33 (m) 10 CeHs 7.20-7.60 (m) 10
L6 CeHs S1CHCHCH;S2 1.78 (pJ=7.15) 4 S1CHCH,CH,S2 2.33-2.63 (m) 6
n=1m=0 SZH,CH,CH, 2.50 (t,J=7.15) 4 H, 3.07-3.60 (m) 12
SICH,CH, 2.57 (t,J=17.15) 4
S2CH,CH,S2 2.65(s) 4
CH,CsHs 3.71(s) 4 CH2CsHs 3.75-4.75 (m) 4
CeHs 7.21-7.32 (m) 10 CeHs 7.30-7.50 (m) 10
L7 CeHs SCHCH,CH,S 1.72-1.80 (m) 6 CH; 2.35-3.33(m) 18
nm=1 SCH; 2.47-2.57 (m) 12
CH,CsHs 3.71 (s) 4 CH2CsHs 3.55-4.43 (m) 4
CeHs 7.19-7.32 (m) 10 CeHs 7.21-7.40 (m) 10

a All spectra were obtained in GBN. P The observed chemical shifts were designated-asinglet, t= triplet, p= pentet, and m= multiplet.
¢ A mixture of cis andtrans [RhCLL2/L5]PFs isomers are formed, complicating the spectrum further.
Table 5. 13C NMR Data for the Free Ligand$.{—L7) and their Rh(lll) Complexés
ligand assignment o (ppm) of the free ligand

L1 aliphatic 32.11, 32.77, 33.33, 33.77
carboxylic 172.27
L2bc aliphatic  30.52, 31.15, 32.08, 33.28, 33.86

o (ppm) of [RhChL]PFs

37.06, 39.10, 41.00, 42.12
171.00
23.69, 23.80, 25.83, 29.84, 30.28, 31.32, 31.75, 32.15, 32.40, 32.62, 33.34, 33.51, 33.67,
34.52, 34.64, 35.41, 36.07, 36.51, 37.13, 37.34, 37.73, 37.99, 41.40, 41.78,42.10, 42.98
167.56, 167.63, 167.99, 168.08, 168.18, 168.33, 168.36, 168.44, 168.52

carboxylic 172.08

L3¢ aliphatic 29.81, 30.37, 31.15, 31.18, 32.00, 32.04, 34.50 21.95, 23.00, 29.75, 34.05, 35.10, 38.15
carboxylic 172.16 171.20

L4d aliphatic 31.26, 31.41, 31.79, 35.41 35.99, 36.99, 40.28, 40.95
aromatic 126.89, 128.43, 128.81 128.95, 129.23, 130.09

L5bd aliphatic  30.50, 31.22, 32.28, 32.47, 36.52 23.83, 23.99, 25.92, 29.22, 29.96, 30.09, 30.22, 30.37, 30.48, 31.28, 32.51, 32.58, 34.21,

35.40, 35.99, 36.21, 37.60, 38.11, 38.38, 39.15, 39.55, 39.98, 40.30, 40.60, 41.92, 42.31

aromatic  127.95, 129.49, 129.50 128.84, 129.04, 129.17, 130.16, 130.28, 130.60
L6d aliphatic 29.12, 29.86, 30.25, 31.70, 35.54 23.28, 26.85, 30.60, 31.05, 36.59
aromatic  126.77, 128.38, 128.78 128.57, 129.09, 129.78
L79 aliphatic 29.04, 29.30, 29.88, 30.14, 30.18, 35.53 21.78, 22.24, 26.60, 32.46, 34.82, 36.82
aromatic 126.77, 128.36, 128.78 128.60, 129.08, 129.89

a All spectra were obtained in GIBN. ® A mixture of cis andtrans [RhCLL2/L5]PFs isomers are formed giving rise to the numerous carbon
signals for this complexX The spectra of the Rh complexes with these ligands were obtained in Ddd8@e to their low solubility in acetonitrile.
dDEPT *C NMR were run.

exclusively thecis dichloro isomer with the related macrocycle
[14]aneS. This difference may be attributed to a cavity size
which is able to more easily expand in the acyclic liganddg

pendant carboxylic acid and benzyl functionalities, the spectra

are identical. For example, thés complexes with.1 andL4

both show their four methylene carbons between 35 and 43 ppm

infra). while thetranscomplexes with.3 andL7 exhibit six methylene
The one-dimensionatH and 13C NMR spectra of the  carbons between 21 and 39 ppm (Table 5). The complexes

analogous dibenzyl and dicarboxylic acid complexes indicated with L2 and L5, which each contain at least three isomers,

identical solution structures (Tables 4 and 5). Discounting the exhibit analogous complexity in their spectra. An interesting
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Figure 1. (a) 2DH—H COSY NMR spectrum showing the aliphatic Pl = T3
region forcis-[RhCLL4]BPh, (in CDsCN). (b) 2D*3C—'H COSY NMR —\L s =
spectrum showing the aliphatic region fis-[RhCLL4]BPh, (in CDs- c ——T———————— ppm
CN): a= C(3 or 4), b= C(2 or 5), c= C(1 or 6), d= C(7 or 14). ppm 32 30 28 2.6 24
observation is that the methylene C signals fortthesisomers HGor 9 m7or2)
occur further upfield than do similar resonances for tie

isomers.
Two features of particular interest were observed in the NMR __,M.MWLM_

spectra of the complexes: (@) the protons on the central ethylene
bridge inL1 andL4 showed strong geminal coupling; (b) two a0
aliphatic C signals fotrans[RhCLL6]PFs and three fotrans 8 -
[RhCLLL3]CI and trans[RhClLL7]PFs were observed signifi- St 4= 25
cantly upfield from those in the corresponding ligand spectra. \@ -3.0
2D NMR studies were performed fois-[RhChLL4]PFs, trans [ 1
[RhCLLL6]PFs, andtrans[RhCLL7]PFs to elucidate the solution L Y .
structures that resulted in these spectral observations. - - 4.0
Two-dimensional'H—1H and 3C—'H correlation spectra ; S b [ 45
(COSY) forcis-[RhClLL4]* allowed assignment of multiplets )
at 3.61-3.42 ppm and 2.722.58 ppm to geminally coupled [ pem
axial and equatorial protons on the equivalent C(3) and C(4) L — P 35 3.0 25 20

(seelH—1H COSY spectrum, Figure 1a). These two pairs of
protons (deshielded axial and shielded equatorial) are bondedFigure 2. (a) Structural conformation ofis-[RhCLL6]*. An arrow
to the most upfield shifted (36.94 ppm) central ethylene carbons indicates the steric shielding effect between two closely spaced H atoms.
ifi _1 ; (b) 2D *H—'H COSY NMR spectrum showing the aliphatic region for
gz Vh‘“?glfée.: bgf ttmifx.a'l_' (r:oct)fnY ﬁ’:otégrg (ng-‘,‘ff dll?). th:(?e 1, rans{RhCLLB]PFs (in CDsCN). (c) 2DFC—H COSY NMR spectrum
shielding ot i lal p S Yy xpial d by ug showing the aliphatic region fdrans[RhCLL6]PFs (in CDsCN): a
space electric field effects from the close proximity of the — c(7 or 2), b= C(5 or 4), c= C(6 or 3), d= C(8 or 1). (d) 2D

aromatic ring (see Figure 3 for the structure). This analysis is 1H—1H NOESY NMR spectrum showing the aliphatic region fiens-
consistent with a solution structure analogous to that observed[RhCLL6]PFs (in CDsCN).
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Figure 3. ORTEP representation (50% probability elipsoids)cisf
[RhClL4]T.

in the solid state, which shows C(3) and C(4) very close in
space to the phenyl moiety on S4 (Figure 3). Similar interac-
tions are inferred focis-[RhChLL1]*.

Two-dimensionallH—1H, 13C—-1H (COSY), and!H-1H
NOESY NMR methods were used to elucidate the upfield
shifting of the methylene C signals in the Rh(lll) complexes
with L3, L6, andL7. The positions of these resonances may
be explained by steric interactions (1,4-diaxial) resulting from

Goswami et al.

lengths and bond angles are similar to previously reported
Rh(II)—S and Rh(Il)-Cl bond distance$!13536 The Rh-
S2 (2.293(2) A) and RhS3 (2.288(2) A) bond lengths which
aretransto chlorides are slightly shorter (ca. 0.05 A) than the
Rh—S1 (2.347(2) A) and RRS4 (2.328(2) A) bond lengths.
This can be explained by-back-bonding from the metal to
the S atom. Thérans Cl strengthens the back-bonding to the
S through electron donation to the metal, however, thetteuts
S atoms compete for electron density from the metal.

Crystal Structure of trans-[RhCI,L5]PFs. Rh(lll) formed
a mixture ofcis andtransisomers with ligand.5, and thetrans
dichloro isomer was isolated as single crystals by slow evapora-
tion from ethanot-acetonitrile solution. An ORTEPdiagram
of the structure of the complex is shown in Figure 4. Thd'Rh
atom is positioned in the center of thg&vity (endo position)
of the complex in a slightly distorted octahedral geometry
coordinating four S and two Cl atoms in ttrans configuration.
The bite angles involving the Rh and S atoms of the two five-
membered chelating rings and one six-membered chelating ring
are close to the ideal octahedral bond angles. A slightly larger
deviation was observed in the open-S3h—S4 bond angle

the close through space contact of the hydrogen atoms bondeq94.47(5%). This is accompanied by a lengthening in the-Rh

to those carbon aton¥s. The sterically induced polarization of

S1 and RR-S4 bonds (2.3774(1) and 2.360(2) A, respectively)

the C-H bonds caused shielding of the carbon atoms resulting and may result from a combination of cavity size expansion to
in the observed upfield shifts. The structural conformation of accommodate the large Rh(l1l) and tians positioning of the
trans[RhCLL6]* as shown in Figure 2a illustrates the possible two sterically crowding benzyl groups as depicted in Figure 4.
H—H steric interactions for K5)*Hy(7). The equivalent  The |east-squares plane determination for the four S atoms
interactions occur on the other side of the time averaged mirror shows them to be tetrahedrally distorted about the Rh atom
plane and arise from the facile conformational flexibility of the which lies close to the mean plane with a deviation of 0.0308(9)

six-membered chelate rings. Thd—1H COSY spectrum of
trans[RhCl,L6]" indicated that the axial and the most upfield
shifted equatorial protons ¢2.60 ppm, H 2.38 ppm) bonded
to the most upfield carbon C(7) (23.28 ppm) were geminally
coupled (see Figure 2b). Likewise, the axiglahd equatorial

He protons (3.10 and 2.42 ppm, respectively) bonded to the

A. Each of the sulfur atoms deviated by an average of
+0.0761(24) A from the plane. The reduced flexibility in the
related macrocyclic tetrathioether ligand ([14]apefevents
Rh from bonding to the endo arrangement of the&vity, and
so, exclusively, theis-dichloro isomer is formed.

Crystal Structure of trans{RhCI,L6]PFs. An ORTEP*

second most upfield carbon C(5) (26.85 ppm) were coupled, aSrepresentation of the structure tAns[RhCLL6]* with the

indicated by the correlation cross peaks (Figure 2b). Thit¢e
connectivities were confirmed in tHéC—H COSY spectrum
(Figure 2c). The close contact of the hydrogen atoms -€(7)
Ha+Ha—C(5) (1,4 interaction) (Figure 2a) was confirmed by
the 2D off-diagonatH—'H NOESY spectrum (Figure 2d) with
the cross peaks at= 2.60 ppm and = 3.10 ppm. Analogous
interactions were observed in the 2D NMR spectratfans
[RhCLL7]", showing coupling between the protons on C(5) and

atomic numbering scheme is displayed in Figure 5.""Ré&
coordinated by four equatorial S atoms and two axial Cl ions
which are mutuallytrans to each other, and the coordination
geometry around the metal ion is a distorted octahedron. One
of the 6-membered chelate rings adopted a chair conformation
(S1-Rh—S2, 86.41(8)) while the other one exhibited a twist
boat conformation (S3Rh—S4, 92.54(8)) (Figure 5). The
least-squares plane for the four S atoms showed them to be

C(3) and between those on C(4) and C(2). The NMR spectra tetranedrally distorted about the Rh atom. The Rh atom lies

were consistent with thigansstructure as determined by X-ray
diffraction analysis.

X-ray Crystallography of Rh(lll) Complexes. Single-
crystal X-ray structures of the rhodium(lll) complexes with the
benzyl-substituted tetrathioether ligand< L7) were deter-

mined in order to confirm the geometry and stereochemical
features. These structure determinations allowed assignmenkli

of the configurations in the Rh(lll) complexes prepared from
the diacetic acid substituted tetrathioether analdds—3)

based on spectroscopic information. Tables 1 and 6 list the

0.0657(13) A below the mean, Blane, with each of the S atoms
deviating an average a£0.133(4) A. The two bulky benzyl
groups orient themselves trans positions. Significant devia-
tion is found in the SRh—S bond angles as a result of the
positioning of the benzyl groups (Table 6).

Crystal Structure of trans[RhCI,L7]PFs. An ORTEP*

ew of this cation is shown in Figure 6. Only six-membered
chelate rings are present in this complex, which would suggest
greater conformational freedom with the larger cavity size of
the ligand. RH is found in the center of a distorted octahedron.

experimental details and selected bond distances and anglesThe largest bond angle distortions were observed in this

respectively, for the four structures.

Crystal Structure of cis[RhCI;L4]PFs. An ORTEP*
diagram of the cationis-[RhCLL4]" with its atomic numbering
scheme is shown in Figure 3. The'lRfon is found to sitin a

distorted octahedral environment, coordinating to four S atoms (16ane9)]*

and two Cl atoms in a&is arrangement. The observed bond

(33) Breitmaier, E.; Voelter, WCarbon-13 NMR Sprectroscopyigh
Resolution Methods and Applications in Organic Chemistry and
Biochemistry 3rd ed.; VCH: Weinheim, Germany, 1990.

(34) Johnson, C. K. ORTEPA Fortran Thermal Ellipsoid Plot Program.
Technical Report ORNL-5138; ORNL: Oak Ridge, TN, 1976.

complex, with only the StRh—S2 and its symmetry-related
S3—-Rh—S4 angles being close to the ideal°90The other
angles had an average deviation from 90 deg of °7.5Bhe
structure of the related macrocyclic anafod,trans[RhCly-

, exhibited very close to ideal octahedral geometry
with all angles within 1.1 deg of 90 This suggests that the
pendant benzyl groups may be responsible for the observed

(35) Cooper, S. R.; Rawle, S. C.; Yagbasan, R.; Watkin, D. Am. Chem.
Soc 1991, 113 1600.
(36) Brandt, K.; Sheldrick, W. SI. Chem. Soc., Dalton Tran996 1237.
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Table 6. Selected Bond Distances (&) and Angles (deg)

cis[RhCly(222- trans[RhCl,(232- trans[RhClx(323- trans[RhCly(333-
Ss-dibz)|PFs Ss-dibz)|PRs Ss-dibz)|PRs S,-dibz)|PFK

Rh—S1 2.347(2) 2.377(1) 2.382(2) 2.373(2)
Rh—S2 2.293(2) 2.313(2) 2.322(2) 2.329(2)
Rh—S3 2.288(2) 2.310(2) 2.320(2) 2.329(2)
Rh—s4 2.328(2) 2.360(2) 2.362(2) 2.373(2)
Rh—CI1 2.349(2) 2.339(1) 2.339(2) 2.335(2)
Rh—CI2 2.366(2) 2.343(2) 2.347(2) 2.359(2)
S1-Rh—S2 87.55(7) 88.19(6) 86.41(8) 89.58(6)
S2-Rh—S3 89.86(9) 89.88(6) 87.93(8) 97.96(6)
S3-Rh-S4 88.68(8) 87.67(5) 92.54(8) 89.58(6)
S1-Rh-S4 174.27(7) 94.47(5) 93.69(7) 82.85(6)
S1-Rh—S3 92.92(8) 174.54(5) 173.12(8) 172.36(6)
S2-Rh-S4 97.96(7) 176.49(6) 170.35(8) 172.36(6)
S1-Rh—ClI1 91.49(8) 85.73(5) 90.57(7) 87.30(6)
S1-Rh—CI2 88.87(7) 93.66(5) 90.84(8) 93.95(5)
S2-Rh—ClI1 89.05(7) 86.72(6) 95.61(8) 93.41(5)
S2—-Rh—CI2 175.76(8) 92.28(6) 83.82(8) 85.50(5)
S3-Rh—ClI1 175.40(8) 89.06(5) 86.09(8) 93.41(5)
S3-Rh—CI2 88.04(9) 91.52(5) 92.43(8) 85.50(5)
S4-Rh—Cl1 87.05(7) 95.75(5) 94.03(7) 87.30(6)
S4-Rh—CI2 85.68(7) 85.27(5) 86.53(8) 93.95(5)
Cl1—Rh—-CI2 93.33(8) 178.85(6) 178.44(8) 178.34(8)

Cc?
L7
C20
. . - . . Fi 5. ORTEP tati 50% bability elipsoidsjrah
Figure 4. ORTEP representation (50% probability elipsoidsjrahs- [RI%UCEEL(SF representation (50% probability elipsoidsjrahs

[RhCLL5]™.
related macrocycles, although no large deviations from typical

distortion intrans[RhCLL7]". The four S atoms lie in the  Rh—S bond distances were obsenfdd3536 These effects were
least-squares plane with the Rh atom lying 0.023(1) A below observed in the four SRh—S bond angles and in the-S
it. The complex cation with its two opposite six-membered distances in these structures. Figure 7 illustrates these distortions
chelate rings in the boat conformation and the central ring in for the related macrocyclic and acyclic tetrathioether complexes.
the chair conformation ha€s symmetry with its plane of  Although it is difficult to say which backbone length is an
symmetry passing through the Rh, both chlorides and C5. appropriate match for the open end, [14]ane@s considered

Comparison of Structures of Acyclic and Macrocyclic for our purposes as the macrocyclic analog for both 282-S
Tetrathioether Metal Complexes. Macrocycles are more  diBz (L5) and 323-%diBz (L6), while [16]anegwas the 333-
restricted in their bonding modes to metal ions by the reduced Ss-diBz (L7) macrocyclic analog.
flexibility of the backbones between the coordinating atoms than  Comparison of the structures afans[RhCly([16]aneS-
are their related acyclic derivatives. The flexibility of the diol)]™ 1! and trans[RhClx([16]aneS)]* & with trans[RhCl-
backbone affects the size of the cavity available for coordinating (333-S-diBz)]* demonstrated the added flexibility available to
metal ions and impacts the bonding configuration of the ligand. the acyclic ligands. These three structures contained only six-
This effect is demonstrated in the Rh(Ill) complexation with  membered chelate rings to the Rh(lll), with the acyclic ligand
the acyclic ligand 232-&diBz (L5), in which bothcis- and having one open end as well. For the two macrocycles, the
trans-dichloro isomers are observed. The related macrocycle, Rh—S bond distances ranged from 2.348(3) to 2.354(2) A with
[14]aneq, yielded only thecis isomer because Rh(lll) is too = S—Rh—S bond angles ranging from 89.47(7) to 90.53(@nd
large to be accommodated in the cavity. The complexes with the distances between S atoms ranging from 3.317(3) to 3.335(3)
the acyclic tetrathioether ligands exhibited bothF8—S bond A (Figure 7a®! The structure ofrans[RhChL(333-S-diBz)]*
angle and RkR'S bond length distortions. The three structures exhibited a wider range of RFS bond distances (2.329(2)
exhibiting thetrans-dichloro configuration showed significant  2.373(2) A) and a much broader range of bond angles (82.82-
S—Rh—S bond angle variations compared to structures with the (6)—97.96(6}). The S-S distances varied from 3.141(4) to
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complex exhibited the smallest angle while that directly opposite
(S2-Rh—S3) had the largest angle. Minimization of steric
interactions by the two benzyl moieties bonded to S1 and S4

A 8 probably contributed to this distortion, although one would
W ;‘% expect a small expansion to occur simultaneously in all three
%,‘ X of the remaining SRh—S angles.
YO Significant distortions were observed in the open end
? S—Rh—S angles for 232-&diBz and 323-%diBz, however,
(////§l in both of these cases the_SRh—S4 angle has opened_(to ca.
Ve = . 94°) rather than compressing as was observed for 33H%.
X Rh(lIll) has been reported to complex with [14]age only
= the cis configuration and thus direct comparison with Rh(lll)
(Y situated in the cavity of this macrocycle is not possible.
) However, comparison of the structures todins[RhCly(232-

S;-diBz)]™ and trans[RhCIx(323-S-diBz)]*" to the those re-
ported for the Cu(ll) complexéswith the related open chain

(§\% /§ (232-S-diEt) and macrocyclic ([14]aneptetrathioether ligands
) , S~0O afforded insight to the cavity size expansion possible with the
2D _<S acyclic analogs (Figure 7b). The four—€u—S angles in
S~ ’/ [CuXy([14]aneS)] were close to 99 and all Cu+-S bond
O > distances were close to 2.303A Both the Rh and Cu structures
with the acyclic analogs showed an expansion of the open end
Figure 6. ORTEP representation (50% probability elipsoidsjrahs of the S ligand framework, with the SM—S angle being ca.
[RhCLL7]™. 94° in both cases. However, MS bond distances have not
Macrocyclic S4 Complexes Acyelic S4 Complexes significantly changed. In the Rh structure, the two five-

membered chelate rings undergo compression (decrease in the
@ S—Rh—S angles) with the six-membered chelate ring(82—

23319 o S22 53 S3) remaining close to 9¢Table 6). The benzyl groups bonded
80.47 W‘ to S1 and S4 are oriented perpendicular to each other apparently
3.33590.5390.53 3.335 3.133189.58 <89.58,/3.133 to minimize steric interactions.
$9.47 VAL AN Stereochemistry at the Sulfur Centers in the Rh(lll)
S1™ 359 ™ 3141 &) Complexes. On coordination, each S atom becomes a chiral
trans-[RhCh(16aneS4-dioh}* trans-[RhCly(333-S4-diBz)}+ center and the stereochemistry about the S atoms play an
o important role in determining the conformation of the com-
2325 o plexes. Each of the four S atoms on complexation with Rh-
90.09 (1) can exhibit eitheR or S stereochemistry. This leads to at
3.255129.91%¢89.91 3.255 least eleven different possible isomers for eathor trans
.00 isomer, or five enantiomeric pairs of isomers and one meso
Sl I3 4 isomer. The theoretical possibilities, listed as enantiomeric pairs,
are RRRRand SSSSRSSSind SRRRRRSSNd SSRRRSRR
frans-{Cu(OCI03),(14aneS)] andSRSSRSRSNdSRSRandRSSRmeso). On the basis of
the ORTEP drawings for the four X-ray crystal structures, the
following stereochemistry was observed at the four S atoms.
ligand geometry of Rh(lll) complex S1 S2 S3 S4
222-S-diBz cis R S S S
232-S-diBz trans R R S R
323-S-diBz trans S R R R
333-S-diBz trans S R S R
These four complexes crystallized in centrosymmetric space
groups and thus the enantiomer for each complex was also
present. ltis interesting that the four complexes have different
stereochemistries about the four S atoms and that only one of
the theoretically possible stereocisomers was observed. With the
trans-[RhCly(323-54-diBz)]+ exception of the 232-&ackbone in which botkis andtrans
Figure 7. Comparison of the SS distances and the-84—S bond isomers were observed for the complexes, the isomers listed
angles in analogous macrocyclic and acyclic tetrathioether complexesWere the only ones observed.
for (a)trans[RhCly(16ane$-diol)]PRs't andtrans[RhCl(333-S-diBz)]- Dicarboxylic Acid —Tetrathioether—Rh(lll) Complexes.
PR and (b)trans[Cu(OCIOs),(14ane$]*” andtrans[Cu(OH,)(OCIOs)- As mentioned earlier, the chemistry of Rh(Ill) complexes with
(232-S-diEY)]CIO,*" trans[RhCl(232-S-diB2)]PFs, andtrans[RhCl,- the dicarboxylic acid tetrathioether ligands is of particular

(323-S-diB2)|PFs. interest because of their potential applications to therapeutic

radiopharmaceuticals. The elemental analyses and the NMR

3.514(2) A. The constraints (or rigidity) of the macrocycle spectra of the complexes with ligand& —L3 confirmed the

required that all bond angles be comparable, while this was not
necessary for the acyclic ligands. However, it was interesting (37) Diaddario, L. L., Jr.; Dockal, E. R.; Glick, M. D.; Ochrymowycz, L.
to observe that the open end (SRh—S4) of the 333-$diBz A.; Rorabacher, D. Blnorg. Chem 1985 24, 356.
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identities of these species. The assignments of the complexesallowed assignment of the structures of the analogous diacetic
ascis and/ortranswas based on comparison with the spectro- acid complexes based on comparative spectroscopic results as
scopic data from the structurally characterized dibenzyl analogs. cis-[RhClx(222-S-diAcOH)]PFs (L1), cis'trans[RhClx(232-S-

This included UV~visible, FT-IR, and NMR {H and 3C) diAcOH)]CI (L2), andtrans[RhCIx(333-S-diAcOH)]CI (L3).
spectral analyses. The data obtained from the dicarboxylic acidSince radiopharmaceuticals must consist of a single, well-
complexes showed that they had the identical solution and solid characterized species, complexes based on the acyclic £32-S
state structures as their fully characterized dibengsirathio- backbone are unsuitable because at least three different isomers
ether analogs. As for the dibenzyl analogs theddransitions were observed. Preliminary mouse biodistribution studies with
observed in the electronic spectra were found to be characteristidhe 1°Rh complexes ok1 andL3, prepared using the methods

of the geometry about the Rh(lll) center, with longer wave- previously described for%Rh—[16]aneS-diol,!l show the
lengths and lowee values observed for thigans complexes primary clearance route to be through the kidney8%% of
(Table 2). Thel3C-NMR spectra of the complexes were the injected dose in the bladddrzah for 1%°Rh—L1 and>73%
indicative of the number of geometric isomers present in solution for 19Rh—L3). These results make them suitable for conjuga-
(Table 5), and the number of bands between 300 and 406 cm tion with a peptide or antibody fragment as there was no

in the FT-IR spectra supported the assignmentisfr trans significant retention in any normal tissé&.

(Tables 2 and 3). Combining these results allowed us to assign

the geometries of the complexesas[RNCL(222-S-diAcOH]- Aqknowledgment. We gratefullly acknowledgg the support
PR, trans[RhChL(333-S-diAcOH]CI, and a mixture ois and provided from the National Science Foundation NSF CHE
transisomers for [RhGI(232-S-diAcOH]CI. 9011804 (X-ray facility) and 9221835 (250 MHz NMR).
Conclusion Supporting Information Available: Tables giving experimental

details, fractional coordinates, bond distances, bond angles, thermal
The Rh(Ill) complexes with dibenzyl and diacetic acid parameters, torsion angles and least-squares planeis-{&hCl,(222-
functionalized acyclic tetrathioether ligand(-L7) have been ~ SsdiB2)]PF;, trans[RhCl(232-S-diBz)]PFs, trans[RhCly(323-S-
synthesized and characterized. The 1D and 2D NMR studiesdiB2)]PFs, andtrans[RhCl(333-S-diB2)]PFs (27 pages). Ordering
showed that the solution conformations of the Rh(lll) complexes information is given on any current masthead page.
with ligandsL4—L7 were identical to those observed in the c9609522
solid state. Single-crystal X-ray diffraction analysis of the Rh-

(1) complexes with the dibenzyl analogsé4—L7) allowed 38) Goswami, N.; Jurisson, S.; Alberto, R.; Volkert, W. A. Unpublished
us to assign the absolute configurations of these complexes, an results.




