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The reaction of [Rh(CO),CI], with Li2(TC-5,5), the lithium salt of the tropocoronand ligand containing two aminotropone iminate 
groups linked by two pentamethylene chains, produces an isomeric pair of compounds, syn-[Rh,(CO),(TC-5,5)] (syn-1), in which 
the metal atoms are held on the same face of the macrocyclic ligand, and anti-1, in which the dicarbonylrhodium(1) moieties lie 
on opposite sides of the tropocoronand. Synthesis, purification, and X-ray structural analyses of these “invertomers” are reported 
along with infrared and proton and carbon-13 N M R  spectroscopic data. The four-coordinate square-planar rhodium atoms have 
mean Rh-N and Rh-C bond lengths of 2.025 (5) and 1.848 (8) A, respectively. The metals are separated by a distance of 5.892 
(1) A in anti-1 and by 4.392 (4) 8, in the syn isomer. Crystal data for anti-1: monoclinic, space group P2,/c, a = 15.252 (3) 
A, b = 15.270 (2) A, c = 11.859 (3) A, B = 95.13 (2)O, V = 2751.0 AS, Z = 4, R, = 0.044. Crystal data for syn-1: monoclinic, 
space group C2/m, a = 14.849 (3) A, b = 16.466 (4) A, c = 11.280 (4) A, 0 = 95.05 (3)O, V = 2747.1 AS, Z = 4, R, = 0.031. 
Proton N M R  spectral studies showed that no isomerization occurs on the N M R  time scale up to a temperature of 130 OC, from 
which a lower limit of AG* > 20 kcal/mol was estimated for the interconversion barrier between stereoisomers. Thermal conversion 
of isomerically pure samples to a mixture of invertomers could be achieved by prolonged heating for several hours at 133 OC, 
however. 

Introduction 
We have been investigating the coordination chemistry of 

tropocoronands H,(TC-n,n’), macrocyclic ligands formed by 

U 

H 

(TC-fl,fl‘)Hz 

n.n‘  = 3.3: 4 . 4 ;  4 .5 ;  5 . 5 :  6.6 

joining two aminotropone iminate groups by polymethylene linker 
chains.’ Apart from mononuclear CU(II)~ and Ni(II)3 complexes, 
in which the metal  geometries are largely dictated by the specific 
tropocoronand used, we have also obtained binuclear compounds 
[C~~(p-OAc)(p-0Me)(TC-6,6)]~ [Cu,(p-alkyne)(TC-6,6)] ,’ and 
[Cu,(CO),(TC-S,S)] .6 Homobinuclear complexes of this kind, 
as well as heterobinuclear analogues in asymmetr ic  macrocycles 
such as the ph~sphands ,~  are of potential interest for promoting 
unusual organometal l ic  syntheses or catalysis. Thei r  stereo- 
chemical  properties have also proved to  be intriguing. 

In the (p-alkyne)dicopper(I) tropocoronand complexes, the 
meta l  a toms were held on t h e  same side of the macrocycle, but 
in t h e  case of the [Cu,(CO),(TC-S,S)] compound, t h e  carbo- 
nylcopper(1) uni ts  were situated far a p a r t  a n d  on opposite sides 
of the ligand. Since t h e  former configuration favors reactions 
involving bimetallic activation, we  wondered whether  complexes 
involving these two forms of t h e  l igand could be thermally in- 
terconverted. The [Cu,(CO),(TC-5,5)] complex was thermally 
too unstable for carrying out studies of this  kind. We have 
therefore  prepared and studied the analogous dicarbonyl- 
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3400. (c) Villacorta, G. M.; Lippard, S .  J. Pure Appl. Chem. 1986, 58, 
1477. 
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Table I. I3C N M R  Chemical Shifts for syn- and 
anti-[Rh2(CO),(TC-5,5)] (syn- and anti-1)” 

carbonb syn-1 anti-1 carbonb syn-1 anti-1 
11 166.49 166.96 31 58.85 57.04 
12 113.49 113.61 32 29.93 32.00 
13 132.46 132.82 33 30.25 27.18 
14 120.14 120.34 

“Recorded at 75.5 MHz from solutions in CD2CI,. bSee Figures 2 
and 4 for atom labels. 

rhodium(1) compounds in order both t o  expand t h e  scope of 
tropocoronand coordination chemistry and to obtain molecules 
s table  enough for studying t h e  thermal  stability of the syn a n d  
an t i  “invertomers”. Conformational  isomerism of this  kind has 
previously been considered for bimetallic complexes of binucleating 
macrocyclic ligands.* 

In this article, we  report synthetic, s t ructural ,  spectroscopic, 
a n d  stereochemical studies of new homobinuclear rhodium(1) 
dicarbonyl tropocoronand complexes in which two stereoisomers 
result from t h e  conformational preferences of t h e  coordinating 
macrocycle. 

Experimental Section 
General Methods. The tropocoronand macrocycle [H2(TC-5,5)] was 

synthesized by a published method.Ib [Rh(CO),CI], was prepared ac- 
cording to a literature procedure9 and stored in a desiccator. Carbon 
monoxide gas (CP grade) was supplied by Matheson. All other reagents 
were purchased from Aldrich Chemical Co. Tetrahydrofuran (THF) 
solvent was distilled from sodium benzophenone ketyl and degassed with 
nitrogen or argon for 15 min prior to use. Standard Schlenk techniques 
were used in handling all air-sensitive compounds and reaction mixtures. 
Elemental analyses were performed by Schwarzkopf Microanalytical 
Laboratories (Woodside, NY). Proton and carbon-13 N M R  spectral 
analyses were carried out on a Bruker 250 or Varian XL-300 FT in- 
strument with deuteriochloroform, methylene-d, chloride, or o-xylene-dlo 
solutions. Chemical shifts are reported in parts per million downfield 
from tetramethylsilane (TMS), and coupling constants are reported in 
hertz. Infrared spectra (KBr) were recorded on an IBM Instruments 
IR/32 FTIR spectrophotometer. 

Synthesis of Anti and Syn Isomers of [Rh2(C0).,(TC-5,5)] (1). A 
flame-dried round-bottomed flask containing [Rh(CO),Cl], (58.6 mg, 
0.151 mmol) was charged with 10 mL of T H F  under an atmosphere of 
carbon monoxide. The presence of excess CO helps to stabilize [Rh- 

(8) See, for example: (a) Newkome, G. R.; Kohli, D. H.; Fronczek, F. R.; 
Hales, B. J.; Case, E. E.; Chiari, G. J .  Am. Chem. SOC. 1980, 102,7608. 
(b) Acholla, F. V.; Takusagawa, F.; Mertes, K. B. J .  Am. Chem. SOC. 
1985, 107, 6902. 

(9) Colton, R.; Farthing, R. H.; Knapp, J. E. Aust. J .  Chem. 1970, 23, 1351. 
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Table 11. Experimental Details of the X-ray Diffraction Studies of 
anti- and syn-[Rh2(CO),(TC-5,5)] (anti- and syn-1)” 

anti-1 svn-1 

formula C28H30N402Rh2 C28H30N402Rh2 
a, A 15.252 (3) 14.849 (3) 

15.270 (2) 16.466 (4) 

Pcalcd. g 

space group 
radiation 
data limits, deg 
linear abs coeff, cm-’ 
no. of unique reflcns 
no. of abs data 
criterion 
no. of params refined 
RId 
R2C 

Pobsdrb g cm-3 

11.859 (3) 
95.13 (2) 
2751.0 
692.39 
4 
1.672 
1.672 (2) 

Mo Kor (0.71069 A) 

11.15 
6292 
3553 

345 
0.044 
0.055 

P2IlC 

3 Q 28 Q 55 

F > 4u(F) 

11.280 (4j  
95.05 (3) 
2747.1 
692.39 
4 
1.674 
1.668 (3) 
C2/m 
Mo K a  

11.17e 
3264 
2281 
F > 6u(F) 
180 
0.03 1 
0.045 

3 Q 28 Q 55 

“Data were collected by w/28 scans on an Enraf-Nonius CAD-4F 
K-geometry diffractometer at 22 ‘C. Calculations were performed on a 
DEC VAX 11/780 computer by using SHELX-76. bMeasured by neu- 
tral buovancv in aaueous NaI  solution. CAn empirical absorption cor- 

(CO),CI],; a black precipitate forms when the reaction is carried out 
without CO. The mixture was cooled to -78 ‘C, and with vigorous 
stirring, a T H F  solution of Li2(TC-5,5), prepared from 50.7 mg (0.135 
mmol) of H2(TC-5,5) and n-butyllithium (2.0 equiv), was added dropwise 
by a syringe. The reaction mixture was allowed to warm to room tem- 
perature and stirred for an additional 20 min. The reaction vessel was 
flushed with N 2  to remove excess CO, and the red solution was filtered 
under a positive pressure of inert gas. Evaporation of solvent in vacuo 
left a red, air-stable solid. Analysis of the ‘H N M R  spectrum of this 
soluble mixture in deuteriochloroform revealed a ca. 1:l ratio of the anti 
and syn isomers (vide infra) of [Rh2(CO),(TC-5,5)]. Recrystallization 
of the mixture from pentane/toluene solvent mixtures a t  -20 OF gave a 
mixture of dark red opaque crystals and light red amorphous, but well- 
shaped, solids. The latter showed no X-ray diffraction and contained no 
lattice solvent. A similar mixture was obtained from methanol/chloro- 
form at room temperature. The combined yield was 52.3 mg (56%). The 
two types of crystals were easily separated from one another manually 
as they grew in separate homogeneous clumps. Pure crystals of the anti 
isomer suitable for X-ray diffraction studies were obtained at room tem- 
perature from methanol/chloroform solvent mixtures. Anal. Calcd for 
C28H30N404Rh2: C, 48.57; H,  4.37; N,  8.09. Found: C, 48.26; H, 4.36; 
N,  8.13. IR (KBr, cm-I): 2939 (w), 2040 and 1970 (s, CEO), 1589 
(m), 1508 (s), 1481 (m), 1444 (s), 1422 (s), 1386 (s), 1330 (w), 1275 
(m), 1233 (m), 1045 (w), 722 (m). IH N M R  (300 MHz, o-xylene-dIo, 
293 K): 6 6.79 (4 H, dd, J = 11.7, 8.9), 6.60 (4 H,  d, J = 10.8), 6.23 
(2 H, t,  J = 9.0), 4.02 (4 H, d, J = 14.0), 3.57 (4 H,  dd, J = 12.6, 8.6), 
1.50-1.17 (12 H, complex m). Table I lists the I3C NMR chemical shifts 
of the ligand carbons of anti-1. 

Since the light red amorphous solids obtained from pentane/toluene 
solvent mixtures gave no diffraction, well-formed, analytically pure 
crystals of the syn isomer were obtained, instead, from methanol/toluene 
solvent mixtures at room temperature. Anal. Calcd for C28H30N404Rh2: 
C, 48.57; H,  4.37; N ,  8.09. Found: C, 48.82; H,  4.55; N, 8.04. IR (KBr, 
cm-I): 2939 (m), 2044 and 1981 (s, C=O), 1589 (m), 1508 (s), 1483 
(m), 1445 (s), 1421 (s), 1386 (s), 1336 (w), 1276 (m), 1233 (m), 1045 
(w), 722 (m). ‘H N M R  (300 MHz, o-xylene-dlo, 293 K): 6 6.48 (4 H,  
dd, J = 11.7, 8.6), 6.36 (4 H,  d, J = l l . l ) ,  5.91 (2 H,  t, J = 9.1), 4.08 
(4 H,  d, J = 14.5), 3.84 (4 H,  t, J = 1 I@, 2.44 (2 H,  quartet of triplets, 
J =  13.0,4.0), 1.61-1.32 (10 H, complex m). Carbon-13 N M R  chemical 
shifts are listed in Table I. 

X-ray Structural Work. Details of the data collection, reduction, and 
refinement are summarized in Table 11. Typical procedures employed 
in our laboratory are further described in ref 10. Unit cell parameters 
were refined by using the setting angles of 25 reflections having 28 > 30’. 
Standard reflections monitored every 3600 s of exposure time showed no 

(10) Silverman, L. D.; Dewan, J. C.; Lippard, S. J. Inorg. Chem. 1980, 19, 
3379. 
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crystal decay. An empirical absorption correction was applied to the data 
for syn-1. Owing to the more regular crystal size, data for anti-1 were 
not corrected for absorption. 

antj-[Rh2(CO),(TC-5,5)] (and-1). Rectangular crystals of anti-1 were 
obtained by slow diffusion of methanol into a chloroform solution of the 
complex at  room temperature. A red crystal of dimensions 0.2 X 0.2 X 
0.3 mm was placed in a capillary for the diffraction study. Open-counter 
w scans of low-angle reflections revealed sharp (AG = 0.24O) fea- 
tureless profiles. The space group P2,/c (G,, No. 14)”’ was chosen 
from the systematic absences, a choice later confirmed by the solution 
and successful refinement of the structure. Standard Patterson and 
difference Fourier techniques were used to locate the non-hydrogen atoms 
of the structure. The refinement included fixed, calculated positions 
(C-H = 0.95 A) for all hydrogen atoms, which were then allowed to 
“ride” on their respective carbon atoms. Each group of hydrogen atoms 
was given a common isotropic temperature factor, which converged at  
U = 0.178 (17) A2 for the aminotroponeiminate ring hydrogen atoms and 
U = 0.108 (7) A2 for the methylene protons. Non-hydrogen atoms were 
refined anisotropically. The function minimized was xw(lFol - IFcI)2, 
where w = 1.6298/[u2(F,) + 0.000625(F0)2]. Scattering factors for 
neutral atoms and corrections for anomalous dispersion were taken from 
ref 12, and hydrogen atom scattering factors from ref 13. The highest 
peak on the final difference Fourier map was 1.19 e A-’ near the center 
of an aminotroponeiminate ring; the next highest peak was 0.50 e A-’. 

~yn-[Rh~(CO)~(TC-5,5)1 (syn-1). Thin red rectangular columns of 
syn-1 were grown by slow diffusion of methanol into concentrated solu- 
tions of the complex dissolved in toluene at room temperature. A crystal 
of dimensions 0.15 X 0.16 X 0.38 mm was selected and mounted at the 
end of a glass fiber. The crystal quality was checked by open-counter 
w scans of several low-angle reflections, which showed no unusual fea- 
tures (AG = 0.15’). Study on the diffractometer revealed a C-centered 
monoclinic system with no other systematic absences. The structure was 
solved by the heavy-atom method and difference Fourier maps. The 
choice of space group C2/m (C:,, No. 12), one of three consistent with 
the systematic absences,’Ib was confirmed by the successful refinement 
of the structure. Aromatic and aliphatic hydrogen atoms were treated 
in the same manner as for anri-1 (see above) with thermal parameters 
converging at U = 0.099 (8) A2 and U = 0.075 (4) A2 for the ring and 
methylene chain hydrogens, respectively. As with the anti-1 refinement, 
anisotropic temperature factors were used for all non-hydrogen atoms. 
The same weighted function was minimized with w = 1.6884/[u2(F0) + 
0.000625(F0)2]. The highest peak on the final difference Fourier map 
was 0.74 e/A3, near a rhodium atom. 

NMR Experiments. o-Xylene-dlo (Aldrich) was used as received to 
dissolve a sample consisting of approximately a 1 : 1 mixture of syn and 
anti isomers of 1. The solution was filtered into an 8-in. N M R  tube 
(Wilmad 526PP), frozen in liquid N2, and sealed under vacuum. Spectra 
were recorded at  19, 130, and again at  19 ‘C. The two room-tempera- 
ture spectra were identical. 

Results 
Synthesis. When a T H F  solution of the dilithium salt of the 

tropocoronand-5,5, Liz(TC-5,5), was allowed to react with [Rh- 
(CO)2Cl], under a CO atmosphere at low temperature, equimolar 
amounts of syn- and anti-[Rh2(CO),(TC-5,5)] were formed.’, 
The infrared spectrum of the product revealed the presence of 
terminally coordinated, cis carbonyl ligands,I5 somewhat broadened 
and suggestive of a mixture. That a mixture of products was 
obtained was further evident from the ‘H NMR spectrum, which 
was much more complex than anticipated from previous expe- 
r i e n ~ e . ~ , ~  Moreover, the 13C NMR spectrum revealed 14 reso- 
nances, twice the number expected for a symmetrical [Rhz- 
(CO),(TC-5,5)] compound. Finally, two types of crystals were 
evident following recrystallization of the product mixture. Pu- 

International Tables for Crystallography; D. Reidel: Dordrecht, The 
Netherlands, 1983; Vol. A: (a) p 174; (b) pp 114, 135, 158. 
International Tables for X-ray Crystallography; Kynoch: Birmingham, 
England, 1974; Vol. IV, pp 99, 149. 
Stewart, R. F.; Davidson, E. R.; Simpson, W. T. J .  Chem. Phys. 1965, 
42, 3175. 
The reaction of [Rh(CO),Cl], with Li2(TC-6,6) also gave isolable 
products, but these were much less soluble than those obtained from the 
reaction of Li2(TC-5,5). 
(a) Delgado-Laita, E.; Sanchez-Mufioyerro, E. Polyhedron 1984,3,799. 
(b) Van Koten, G.; Vrieze, K. Adu. Organomet. Chem. 1982,21, 151. 
(c) Gaudiello, J. G.; Wright, T. C.; Jones, R. A,; Bard, A. J. J .  Chem. 
SOC. 1985, 107, 888. 
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Crystals grown from methanoVchlorofom 

L . . . . . . . . .  l . . . . . . . . . l . . . . . . . . . l  

5 4 3 2 

Crystals grown from methanoVtoluene 

l . . . . . . . . . I . . . . . . . . . l . . . . . . . . . I  
5 4 3 2 

Figure 1. @-Methylene proton resonances for the anti (top) and syn 
(bottom) isomers of [Rh2(C0),(TC-5,5)]. Peaks designated by arrows 
are impurities. Spectra were observed at 250 MHz (CDC13). 

Table 111. Final Positional Parameters for anti-[Rh2(C0),(TC-5,5)] 
(anti-1)" 

ATOM 

Rhl 
Rh2 
01 
02 
03 
04 
N1 
N2 
N3 
N4 
c1 
c2 
c3 
c4 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
c21 
c22 
C2 3 
C24 
C25 
C26 
C27 
C31 
C32 
c33 
c34 
c35 
C41 
C42 
c43 
c44 
c45 

X 

0.79544(3) 
0.73214(4) 
0.8583( 4) 
0.9864( 3) 
0.5761( 5) 
0.6626(5) 
0.6632( 3) 
0.7473( 3) 
0.7812( 3) 
0.8459( 4 
0.8323(4) 
0.9137(5) 
0.6346(6) 
0.6920( 6 )  
0.6118( 4) 
0.5187( 4 )  
0.4538( 5) 
0.4598(6) 
0.5342(6) 
0.6205( 5) 
0.6600( 4) 
0.8610( 5) 
0.8917( 5 
0.9696( 6 ) 
0.0444(5) 
0.0482( 5) 
0.9810( 5 )  
0.8971( 4) 
0.6239( 4 
0.5973( 4 )  
0.6764( 4 )  
0.6475( 4) 
0.7298( 4) 
0.8029( 5 )  
0.7969( 5) 
0.8377( 5) 
0.8222( 5) 
0 . 8 6 9 0 (  5) 

Y 

0.82819(3) 
0.12437(4) 
0.6986( 4) 
0.8611( 4) 
0.1290( 5) 
0.2905( 4 )  
0.8110( 3) 
0.9100( 3 )  
0.0078(41 
0.1155( 3) 
0.7481( 5) 
0.8482( 5 )  
0.1276(6) 
0.2278(6! 
0.8558(41 
0.8517( 5 
0.8843(6) 
0.9306( 6 
0.9614(5) 
0.9541( 5) 
0.9084(4) 
0.9804( 4 ) 
0.8972( 5) 
0.8575(5) 
0.8931( 5) 
0.9721 ( 6 )  
0.0401(5) 
0.0432(5) 
0.7592( 4) 
0.8124( 4 )  
0 . 8 5 0 5 ( 4 )  
0.9068( 5) 
0.9507 ( 5 
0.9693( 5) 
1.0644( 4 )  
1.0732( 5) 
0.1672(4) 
0.1819( 5) 

2 

0.59215( 
0.89279( 
0.7699( 5 
0.5727(6 
0.0285(8 
0.7859(6 
0.5949 ( 5 
0.4679(4 
0.9493( 4 
0.8177( 5 
0.7043( 6 
0.5807(6 
0.9751( 8 
0.8278(8 
0.5159(6 
0.5138(7 
0.4349 ( 8  
0.3389( 8 
0.2987(7 
0.3444(6 
0.4400 ( 5 
0.9093(6 
0.9362(6 
0.9216(7 
0.8724(7 
0.8217(7 
0.8062(7 
0.8436(5 
0.6794(6 
0.7790(6 
0.8514(6 
0.9452(6 
0.0217(6 
0.4072( 6 
0.4489( 6 
0.5694(6 
0.6187(6 
0.73481 7 

Bequiv 

3.5 
4 . 4  
6.5 
7.6 

10.6 
9.4 
3.8 
3.7 
3.8 
4.3 
4.6 
4.8 
6.6 
6.6 
3.8 
5.1 
6.1 
6.7 
6.0 
5.2 
3.6 
4.7 
5.1 

4.513) 
4.6(3) 
5.114) 
5.3(41 
5.4(4) 

"Numbers in parentheses are errors in the last significant digit(s). 
See Figure 2 for atom-labeling scheme. 

rification of the two isomers was achieved by a combination of 
mechanical separation, solubility differences in toluene, in which 
the syn isomer is more soluble, and recrystallization. 

The purified complexes exhibited greatly simplified 'H N M R  
spectra, displayed in Figure 1. The key difference between the 
two samples is the symmetrical multiplet centered at  6 2.69, 
corresponding to two hydrogens, which occurs in the spectrum 
of only one isomer. The 13C N M R  spectra of the purified isomers 

Figure 2. Structure of anti-1, showing the 50% probability thermal 
ellipsoids and atom-labeling scheme. 

Figure 3. Stereoview of the structure of anti-1 

C32 c34 

Cl 

C14 

Figure 4. Structure of syn-1, showing the 50% probability thermal el- 
lipsoids and atom-labeling scheme. 

exhibit only seven signals apiece, as expected, the chemical shifts 
of which are listed in Table I. This spectroscopic evidence is 
consistent with the occurrence of syn and anti isomers of [Rh2- 
(CO),(TC-5,5)], in which the rhodium atoms are situated on the 
same or on opposite faces of the macrocycle, respectively. 

Crystal and Molecular Structures. Final coordinates for non- 
hydrogen atoms of anti-1 are given in Table 111. Interatomic 
distances and bond angles are listed in Table IV. Tables V and 
VI list the positional parameters for all non-hydrogen atoms and 
the interatomic bond lengths and angles of syn-1, respectively. 
A listing of the non-hydrogen atom temperature factors, hydrogen 
atom parameters, and observed and calculated structure factors 
for both isomers may be found in the supplementary material, 
Tables S1-S6. 

As expected from the spectral data, [Rh2(CO),(TC-5,5)] occurs 
as two stereoisomers, anti (Figures 2 and 3) and syn (Figures 4 
and 5 ) ,  in which the (Rh(CO),] moieties are situated on opposite 
sides of the mean plane through the tropocoronand macrocycle 
and on a common face of the ligand, respectively. The rhodium 
atoms have four-coordinate, square-planar stereochemistry with 
two nitrogen donor atoms from the aminotroponeiminate groups 
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Table IV. Interatomic Distances (A) and Angles (deg) for 
anti-[Rh2(CO),(TC-5,5)] (anti-1)' 
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Table VI. Interatomic Distances (A) and Angles (deg) for 
syn- [ Rh2(CO),(TC-5,5)] (syn-I)' 

Rhl - Rh2 
Rhl - c1 
Rhl - c 2  
R h l  - N 1  
Rhl - N2 

Nl - c11 
N 1  - C31 
N2 - C17 
N2 - C41 
c1 - 01 
c 2  - 0 2  
C11 - C17 
c11 - c12  
C12 - C13 
C13 - C14 
C14 - C15 
C15 - C16 
C16 - C17 
C31 - C32 
C32 - C33 
c 3 3  - c34 
c34  - c 3 5  
01 - c1 - Rhl 
0 2  - c 2  - Rhl 
c 2  - Rhl - c1 
c 2  - Rhl- N2 
N2 - R h l - N l  c1 - Rhl- Nl 
C11 - N 1  - C31 
C11 - N 1  - Rhl 
C31 - N1 - Rhl 
C17 - N2 - C41 
C17 - N2 - Rhl 
C41 - N2 - Rhl 
Nl - c11 - c12 
Nl - C11 - C17 
C12 - C11 - C17 
C13 - C12 - C11 
C12 - C13 - C14 
C15 - C14 - C13 

C15 - C14 $3 I C16 - C17 
N2 - C17 - C16 
N2 - C17 - C11 
C16 - C17 - C11 
Nl - C31 - C32 
C31 - C32 - C33 
C32 - C33 - C34 
c 3 5  - c34  - c33  
N3 - C35 - C34 

Rh2 - c3 
Rh2 - c4 
Rh2 - N3 
Rh2 - N4 

N3 - C21 
N3 - C35 
N4 - C27 
N4 - C45 
C3 - 0 3  
C4 - 04  
C21 - C27 
c 2 1  - c22  
C22 - C23 
C23 - C24 
C24 - C25 
C25 - C26 
C26 - C27 
C41 - C42 
C42 - C43 
c 4 3  - c44 
c44 - c 4 5  

N2 - C41 - C42 111.7 5 
C41 - C42 - C43 110.9 5 
C43 - C44 - C45 113.5 6 
N4 - C45 - C44 112.6 6 
c44 - c43 - C42 111.6jri 

'Numbers in parentheses are errors in the last significant digit(s). 
See Figure 2 for atom-labeling scheme. 

Table V. Final Positional Parameters for syn- [Rh2(CO),(TC-5,5)] 
(syn-1)' 

ATOM X Y 

R h l  0 . 8 9 4 3 7 ( 3 )  0 . 0 0 0 0 0  
Rh2  0 . 6 1 7 1 4 ( 3 )  0 . 0 0 0 0 0  
01 0 . 8 0 7 7 ( 3 )  0 . 1 2 4 1 ( 2  
0 2  0 . 6 0 7 9 ( 3 )  0 . 1 2 3 9 (  3 
N1 0 . 9 5 5 2 ( 2 )  0 . 0 7 7 4 0 (  
N2 0 . 6 2 1 2 ( 2 )  0 . 0 7 7 4 1 (  
C1  0 . 8 4 0 6 ( 3 )  0 . 0 7 6 5 (  3 
C2 0 . 6 1 2 1 ( 3 )  0 . 0 7 6 7 (  4 
C 1 1  1 . 0 0 7 1 ( 2 )  0 . 0 4 4 4 ( 2  
C12  1 . 0 5 7 9 ( 3 )  0 . 0 9 3 3 (  4 
C13  1 . 1 1 4 7 ( 4 )  0 . 0 7 4 2 ( 7  
C14 1 . 1 4 3 2 ( 7 )  0 . 0 0 0 0 0  

z Bequiv 

0 . 0 4 8 4 8 ( 3 )  3 . 3 8 ( 1 )  
0 . 1 5 5 7 9 ( 3 )  4 . 5 1 ( 3 )  

- 0 . 1 1 7 3 ( 3 )  8 . 2 ( 2 )  
- 0 . 0 3 8 7 ( 3 )  9 . 0 ( 2 )  

7 )  0 . 1 6 9 6 ( 3 )  3 . 8 ( 1 )  
0 . 2 9 6 0 ( 3 )  4 . 0 ( 1 )  

- 0 . 0 5 3 7 ( 4 )  5 . 2 ( 2 )  
0 . 0 3 5 1 ( 4 )  6 . 3 ( 2 )  
0 . 2 5 9 6 ( 3 )  4 . 4 ( 2 )  
0 . 3 4 3 7 ( 4 )  7 . 1 ( 3 )  
0 . 4 4 2 3 (  5 )  11.1( 5 )  
0 . 4 9 0 5 ( 1 0 )  1 0 . 7 ( 8 )  
0 . 4 0 5 5 ( 3 )  3 . 6 ( 1 )  
0 . 5 0 8 6 ( 4 )  5 . 0 ( 2 )  
0 . 6 2 5 8 ( 4 )  6 . 1 ( 2 )  

C 2 1  0 . 6 2 1 6 ( 2 )  0 . 0 4 4 7 ( 2  
C22  0 . 6 2 1 8 ( 3 )  0 . 0 9 2 4 ( 2  
C 2 3  0 . 6 2 2 9 ( 4 )  0 . 0 7 3 7 (  3 
C24 0 . 6 2 3 2 ( 5 )  0 . 0 0 0 0 0  0 . 6 8 1 9 ( 6 )  6 . 1 ( 4 )  
C 3 1  0 . 9 4 6 0 ( 3 )  0 . 1 6 6 5 1  2 )  0 . 1 5 9 9 I 4 )  5 . 3 1 2 1  
C32  0 . 8 7 9 7 ( 3 )  0 . 2 0 1 4 (  2 )  0 . 2 4 2 6 ( 4 )  5 . 9 ( 2 )  
C33  0 . 7 8 5 0 ( 3 )  0 . 1 7 0 2 ( 2 )  0 . 2 1 9 2 ( 4 )  5 . 1 ( 2 )  
C34 0 . 7 1 9 4 ( 3 )  0 . 2 0 1 0 ( 2 )  0 . 3 0 5 4 ( 4 )  5 . 0 ( 2 )  
C 3 5  0 . 6 2 4 9 ( 3 )  0 . 1 6 6 3 ( 2 )  0 . 2 8 2 5 ( 4 )  5 . 2 ( 2 )  

' Numbers in parentheses are errors in the last significant digit(s). 
See Figure 4 for atom-labeling scheme. 

and two terminally bound molecules of CO comprising the co- 
ordination spheres. The metal-metal separation in the anti 
compound is 5.892 (1) A while, in the syn isomer, it is 4.392 (4) 
A. The average Rh-C, Rh-N, and (2-0 bond lengths are identical 
for the two isomers (Tables IV and VI). The largest structural 
difference occurs in the imino (C=N) bond lengths, 1.368 (10) 
A for anti-1 and 1.341 (7) A for syn-I, and is statistically in- 
significant. The average N-Rh-N bite angles are small and nearly 
identical (anti = 77.8 (3)O and syn = 78.0 (3)O). The Rh-C-0 
bond angles are nearly linear. The two rhodium atoms and the 
aminotroponeiminate ring carbon atoms, labeled C14 and C24 
in the syn-1 structure, lie in a crystallographically imposed mirror 

c1 - 01 c11 - C11' c11 - c12  
C12 - C13 1.372 C22 - C23 
C13 - C14 C23 - C24 
C31 - C32 
c 3 3  - c34  
01 - C1 - Rhl 179.7 5 0 2  - C2 - Rh2 179.2 5 
C1 - Rhl - N 1  97.7 2 C2 - Rh2 - N2 
N 1  C11 I Rhl N 1  - - N1' C31 1l8:$13i N2 C21 - - Rh2 N2 I !:5 1!!!!1!1 
C11 - N 1  - Rhl 116.8 3 C21 - N2 - Rh2 117.5 2 
C31 - N 1  - Fhl 122.9 2 C35 - N2 - Rh2 122.9 2 

N 1  - C11 - C12 121.2 4 N2 - C21 - C22 122.413i 
N 1  - C11 - C11' 114.0 2 N2 - C21 - C21: 113.6 2 
C12 - C11 - C11' 124.8 3 C22 - C21 - C21 124 .1  2 
C12 - C13 - C14 131.6 9 C24 - C23 - C22 130.7 5 
C13 - C14 - C13' 123.0 1 ) C23 - C24 - C23' 124.9 6 
c13 - c 1 2  - CII 131.9171 c 2 3  - c22  - c 2 1  132.8 4 

Nl - C31 - C32 C35 - C34 - C33 113.6 3 

C32 - C33 - C34 114.6 4 
C31 - C32 - C33 !!i:![i/ N2 - C35 - C34 113.5131 

'Numbers in parentheses are errors in the last significant digit@). 
See Figure 4 for atom-labeling scheme. 

Figure 5. Stereoview of the structure of syn-1. 

plane that relates the halves of the molecule (Figure 4). 
Temperature-Dependent Nuclear Magnetic Resonance Studies. 

In order to determine whether the syn and anti isomers of 1 could 
be thermally interconverted, pure samples were sealed under 
vacuum in chloroform-dl/be.nzene-d6 solvent mixtures and heated 
above room temperature (SO-SO "C). Mixtures of the two ste- 
reoisomers were obtained along with some dark precipitate, 
possibly a decomposition product. The relative amounts of the 
two compounds depend on temperature, with syn:anti ratios of 
1.92 and 1.43 occurring after the pure syn isomer was heated at  
47 "C for 1 week or a t  80 OC for 3 h, respectively. At 130 O C  

(0-xylene-dlo), the ratio was 1.07. The frequency difference (Av) 
between resonances labeled A (unique to syn-1) and B (unique 
to anti-I) decreases from 81.0 Hz at  19 OC to 55.6 Hz at  130 
OC, reflecting a temperature dependence of their chemical shifts 
(Figure 6). Also apparent from Figure 6 is the disappearance 
at 130 OC of the multiplet at 6 2.44, unique to syn-I. This feature, 
which is still present a t  80 "C, reappears upon cooling. 

An estimate for the lower limit on the rate of syn/anti inter- 
conversion can be obtained from coalescence eq 1, where Av = 

(vA - vB), the difference in frequency (Hz) of resonances A and 
B, is 55.6 Hz, and k is the rate constant. With a value for T of 
403 K (130 "C) in the Eyring equation16 (eq 2), the lower limit 

AG* = -RT[ln ( k / T )  + In ( I t / @ ]  (2) 

for the free energy of activation, AG*, can be estimated to be 20 

(16) Kegley, S. E.; Pinhas, A. R. Problems and Solutions in Organometallic 
Chemisrry; University Science Books: Mill Valley, CA, 1986; p 25. 
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characterized structurally, namely [Rh,(CO),(TMTAA)] (2 ) ,  
where (TMTAA)H2 = 5,7,12,14-tetramethyldibenzo[ b,i] - 

.vY 

1moc 

Figure 6. Portion of the 300-MHz proton NMR spectrum of a mixture 
of syn-1 and anti-1 recorded at 19 (top) and 130 OC (bottom). The large 
resonance at -6 2.0 in both spectra is due to residual protons in the 
o-xylene-d,o solvent. 

kcal/mol. Since it is clear from Figure 6 that 130 “C is well below 
the coalescence temperature, the actual value for AG* is probably 
much higher. 
Discussion 

Previous studies had shown that tropocoronands, H2(TC-n,n’), 
can adopt various conformations as a function of n,n’ for both 
mononuclear and binuclear transition-metal complexes. In the 
case of bimetallic compounds, an S-shaped or “staircase” geometry 
was found for [ C U ~ ( C O ) , ( T C - ~ , ~ ) ] , ~  while a “saddle-shaped” 
arrangement of the ligand was observed in compounds where an 
exogenous bridging ligand connects the metal The 
polymethylene linker chains and the two metal-binding poles of 
the tropocoronands comprise the macrocyclic ring, the confor- 
mational preferences of which determine whether the metal atoms 
of a dinuclear complex will lie on opposite sides of the ligand mean 
plane or on a common face. The latter conformation is of greater 
interest with respect to bimetallic activation of substrate molecules. 
The synthesis and purification of the two stereoisomers of 
[Rh2(CO),(TC-5,5)], anti-1 and syn-1, allow investigation of the 
isomerization process and measurement of the physical and 
spectroscopic properties unique to each isomer. 

The molecular structures of the anti and syn isomers of 1 are 
shown in Figures 2-5. Stereoisomerism results from the mac- 
rocyclic ring conformation which in the anti form (Figure 3) 
resembles a staircase, with the aminotroponeiminate rings being 
the steps and the linker chains the risers, but is saddle-shaped in 
syn-1 (Figure 5). Of the few known dirhodium(1) tetracarbonyl 
compounds with N-donor  ligand^,^^^'^ only two others have been 

I II 

(TMTAA)Hz 

1,4,8,1l-tetraaza[ 14]ann~lene,’~ and [Rh,(CO),(OEP)] (3), where 
OEP = ~tae thylporphyr in .~~ In these molecules, the (Rh(CO),) 
moieties are held exclusively in either syn (2, Rh-Rh = 3.086 
A) or anti (3, Rh-Rh = 3.094 A) positions. The Rh-CO bond 
lengths are comparable in the four compounds (-1.85 A), al- 
though the Rh-N distances are longer in 2 (2.071 (4) A) and 3 
(2.082 (1 1) A) than in syn-1 and anti-1 (2.025 (5) A). In the 
case of 3, the rigid porphyrin ring is unable to accommodate the 
saddle-shaped geometry required to place both rhodium atoms 
on the same ligand face, as occurs in 2 and syn-1. The reason 
why the anti form of 2 does not exist is less obvious, since there 
is no apparent restriction on which direction the annulene portions 
of the ligand can twist away from the plane of the aromatic rings. 
The fact that both isomers are obtained with the tropocoronands 
is consistent with the greater flexibility of the saturated poly- 
methylene linker chains. Two tricarbonyl-bridged dirhodium(1) 
complexes of binucleating macrocycles have been described,20 but 
these differ significantly from the (Rh,(CO)&containing class. 

The rhodium dicarbonyl tropocoronand complexes are thermally 
stable. Solid samples heated to 200 OC showed only a small 
decrease in the intensity of the CO absorption band in the infrared 
spectrum. This stability facilitated the high-temperature N M R  
solution study, during which only a small amount of decomposition 
was observed. Resonances A and B, corresponding to the resolved 
cu-CH2 protons in the two isomers, do not coalesce even at  130 
“ C  (Figure 6). Apparently, tropocoronand ring inversion in the 
presence of the coordinated (Rh(CO),] moieties has a high energy 
barrier, in excess of 20 kcal/mol. Examination of a tabulation2’ 
of conformational barriers for inverting organic rings with greater 
than eight members reveals several AG* values in excess of 20 
kcal/mol. The steric bulk of the (Rh(CO),) “substituents” in the 
16-membered ring of 1 would contribute to a high conformational 
barrier to ring inversion. Interconversion of 1 does occur above 
room temperature on the chemical time scale, however, and any 
reaction carried out at elevated temperatures would contain both 
isomers. 

Figure 6 also indicates that the multiplet at 6 2.44 in the 
spectrum of syn-1 disappears at 130 “C. We have assigned this 
resonance to the two protons attached to the middle carbons (C33, 
Figure 4) of the pentamethylene linker chains (one proton for each 
carbon), which are pointed toward the interior of the macrocyclic 
cavity and, hence, are closer to the rhodium atoms (Rh-HA = 
3.184 A) than their geminal partners directed toward the outside 
of the ring (Rh--HB = 3.826 A). Conversely, the latter protons 
are closer to the oxygen atoms (O-HB = 3.178 A) than the former 
ones (O-HA = 3.815 A). The metal-proton interaction is 
probably responsible for the deshielding effect, since the related 
compound [Cu2(~-PhC~CPh)(TC-5,5)]  exhibits a similar 

(17) Kadish, K. M.; Schaeper, D.; Bottomley, L. A.; Tsutsui, M.; Bobsein, 
R. L. J.  Znorg. Nucl. Chem. 1980, 42,  469. 

(18) Gordon, G. C.; DeHaven, P. W.; Weiss, M. C.; Goedken, V. L. J .  Am. 
Chem. SOC. 1978, 100, 1003. 

(19) (a) Takenaka, A.; Sasada, Y.; Omura, T.; Ogoshi, H.; Yoshida, Z.-I. 
J .  Chem. Soc., Chem. Commun. 1973,792. (b) Takenaka, A.; Sasada, 
Y.; Ogoshi, H.; Omura, T.; Yoshida, Z.-I. Acta Crystallogr., Sect. B: 
Struct. Crystallogr. Cryst. Chem. 1975, B31, 1. 

(20) (a) Lecomte, J.-P.; Lehn, J.-M.; Parker, D.; Guilhem, J.; Pascard, C. 
J .  Chem. SOC., Chem. Commun. 1983, 296. (b) Johnson, J. M.; Bul- 
kowski, J. E.; Rheingold, A. L.; Gates, B. C. Znorg. Chem. 1987, 26, 
2644. 

(21) Anet, F. A. L.; Anet, R. In Dynamic Nuclear Magnetic Resonance 
Spectroscopy; Jackman, L. M., Cotton, F. A,, Eds.; Academic: New 
York, 1975; pp 605-613. 
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downfield resonance at 6 2.42.22 At 130 OC, there is presumably 
considerable conformational motion in the linker chain, such that 
the special metal-proton shielding interaction is averaged out. The 
integrated intensity of the broad upfield resonances (6 1.61-1.32) 
corresponding to the remaining protons of the linker chain in- 
creases by the required amount a t  this higher temperature, in- 
dicating that protons (HA) now resonate a t  a more normal fre- 
quency. The signals due to the geminal partners (HB) are obscured 
in the upfield region of the proton spectrum at  room temperature, 
preventing determination of the free energy of activation for this 

(22) Villacorta, G. M.; Whang, E.; Lippard, S. J., unpublished results. 

linker chain conformational rotation phenomenon. 
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Synthesis, Structure, and Characterization of the Tetranuclear Iron(II1) Oxo Complex 
[Fe402(BICOH)2( BIC0)2(02CPb)4]C12 
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The synthesis and characterization of a novel molecule containing the bis(p3-oxo)tetrairon(III) core, [Fe402(BICOH)2- 
(BIC0)2(02CPh)4]C12, where BICOH is bis(N-methylimidazol-2-yl)carbinol, are reported. Structural, magnetic, and Mossbauer 
studies indicate the presence of antiferromagnetically coupled iron(II1) ions with a diamagnetic ground state. The (Fe402)8+ core 
is formally comprised of two (p-oxo)bis(p-benzoato)diiron(III) centers, of the kind present in the marine invertebrate respiratory 
protein hemerythrin, joined by linkages between oxo ligands and iron atoms of the (Fe20)"+ constituents. Additional bridges between 
the two (Fe,0)4+ components are provided by the BICO- ligands. The resulting tetranuclear complex has a planar Fe202 "kernel" 
with Fe-O bond lengths of 1.94 (1) and 1.98 (1) A, Fe-0-Fe angles of 95.7 (5)O, and 0-Fe-O angles of 84.3 ( 5 ) O .  Within the 
(Fe20(02CPh)2)2+ subfragment the Fe-O bond lengths are 1.884 (9) A and, shared with the kernel, 1.94 (1) A, while the Fe-0-Fe 
angle is 119.0 (6)O. Similar (Fe402) tetranuclear cores occur in the minerals amarantite and leucophosphite, as well as the recently 
reported discrete complex [Fe402(02CCF3)8(H20)6], the geometric properties of which are compared and analyzed. Optical 
spectroscopic features a t  -465-475 and 565-575 nm are suggested to be characteristic of the (Fe402)8+ unit. The coordinating 
properties of the biologically relevant bidentate BICOH ligand and its deprotonated, tridentate bridging BICO- derivative are 
described. X-ray studies were carried out on [Fe402(BICOH)2(BICO)2(02CPh)4]C12~5H20~2CH3CN, which crystallizes in the 
trigonal system, space group R 3 ,  with a = b = 39.128 (8) A, c = 17.833 (7) A, V =  23 644 A3, 2 = 9, and pcalcd = 1.106 g 

Introduction leucophosphite, K2[Fe4(0H)2(P04)4(H20)2]~2H20.6 The Fe06 
Polynuclear oxo- or hydroxo-bridged iron(II1) centers Occur octahedra in these minerals are arranged at  the corners of a 

in a variety of proteins. Hemerythrin (Hr),l ribonucleotide re- rhombus 
ductase (RR)2 and, probably, purple acid phosphatases (PAP)3 
contain binuclear units, while ferritins (Ft) and hemosiderins (Hs) 
have polynuclear units of uncertain size.4 Planar tetranuclear 
oxo- and hydroxo-bridged iron(II1) clusters also occur in nature 
in a t  least two minerals, amarantite, [Fe402(S04)4]-14H20,5 and 

(a) Klotz, I. M.; Kurtz, D. M., Jr. Acc. Chem Res. 1984, 17, 16-22 
and references therein. (b) Hendrickson, W A In Invertebrate Oxy- 
gen-Binding Proteins Structure, Active Site and Function; Lamy, J , 
Lamy, J., Eds.; Marcel Dekker. New York, 1981; pp 503-515 (c) 
Stenkamn R. E.; Sieker, L C.: Jensen. L. H. J Am. Chem. Soc 1984. 
106, 618k22 and references cited therein. 
(a) Reichard, P.; Ehrenberg, A. Science 1983, 221, 514-519 and ref- 
erences therein. (b) Sjaberg, B.-M.; Graslund, A. Adv. Inorg. Biochem. 
1983, 5, 87-1 10 and references therein. 
(a) Davis, J. C.; Averill, B. A. Proc. Natl. Acad. Sei. U.S.A. 1982, 79, 
4623-4627. (b) Sinn, E.; O'Connor, C. J.; de Jersey, J.; Zerner, B. 
Inorg. Chim. Acta. 1983, 78, L13-Ll5. (c) Antanaitis, B. C.; Aisen, 
P.; Lilienthal, H. R. J .  Biol. Chem. 1983, 258, 3166-3172. (d) Averill, 
B. A.; Davis, J. C.; Burman, S.; Zirino, T.; Sanders-Loehr, J.; Loehr, 
T. M.; Sage, J. T.; Debrunner, P. G. J. Am. Chem. SOC. 1987, 109, 
3760-3767. 
(a) Ford, G. C.; Harrison, P. M.; Rice, D. W.; Smith, J. M. A.; Treffry, 
A.; White, J. L.; Yariv, J. Philos. Trans. R .  Soc. London, B 1984, 304, 
551-565. (b) Ford, G. C.; Harrison, P. M.; Rice, D. W.; Smith, J. M. 
A.; Treffry, A.; White, J. L.; Yariv, J. Rev. Port. Quim. 1985, 27, 
119-120. (c) Spiro, T. G.; Saltman, P. Struct. Bonding (Berlin) 1969, 
6, 116-156. (d) Spiro, T. G.; Pope, L.; Saltman, P. J .  Am. Chem. Soc. 
1967, 89, 5555-5559. (e) Spiro, T. G.; Bates, G.; Saltman, P. J.  Am. 
Chem. Soc. 1967,89,5559-5562. (0 Theil, E. C. Adv. Inorg. Biochem. 
1983, 5, 1-38 and references cited therein. (g) Fischbach, F. A,; An- 
deregg, J .  W. J .  Mol. Biol. 1965, 14, 458-473. (h) Smith, J. M. A,; 
Helliwell, J. R. Inorg. Chim. Acta 1985, 106, 193-196. (i) Mann, S.; 
Bannister, J. V.; Williams, R. J. P. J. Mol. Biol. 1986, 188, 225-232. 
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w 
where the sulfate and phosphate anions are represented by tet- 
rahedra. In leucophosphite there are two p3-OH units bridging 
the four iron atoms, while in amarantite their place is taken by 
two p3-0~0 units. Both structures are polymeric. 

Apart from the tetranuclear iron(II1) complex (1) that forms 
the basis for this report, several related compounds have recently 
been synthesized. These include [Fe402(02CCF3)8(H20)6]-2H20 

is the dihydrobis( 1 -pyrazolyl)borate anion, Na6[Fe4L202(C03)2] 
(4),9 where L is the pentaanionic form of [(2-hydroxy-1,3- 

(2117 (Et4N) [Fe4O2(O2CPh),(H2B(Pz)2)21 (3h8 where H2WPZ)Z- 

( 5 )  Susse, P. Z .  Kristollogr. 1968, 127, 261-275. 
(6) Moore, P. B. Am. Mineral. 1972,57, 397-410. 
(7) Ponomarev, V. I.; Atovmyan, L. 0.; Bobkova, S.  A,; TurtC, K. I. Dokl. 

Akad. Nauk. SSSR 1984. 274. 368-372. 
(8) Armstrong, W. H.; Roth,'M. E.; Lippard, S .  J., J.  Am.  Chem. SOC. 

1987, 109, 6318-6326. 
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