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Abstract 

The molecular structure of complexes [{Rh(/z-pz * )(NBD)}2] (la-7a) and [{Rh(/z-pz * )(CO)2} 2 ] (lb-7b) (pz * = pyrazolate, 3,5-di- 
methylpyrazolate, 3(5)tert-butylpyrazolate, 3-methyl-5-tert-butylpyrazolate, 3(5)-phenyipyrazolate, 3-methyl-5-phenylpyrazolate and 
3(5)-p-methoxyphenylpyrazolate) has been studied by IR and 1H and 13C NMR spectroscopies. ~H NMR variable temperature 
experiments were also carried out. We also report the crystalline structure of two complexes isolated as unique configurational isomers, 
[{Rh(/z-bupz)(NBD)}2] • CH2CI 2 • H20 (3a), and [{Rh( p.-mbupz)(NBD)}2] • CH2CI 2 (4a). 
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1. Introduction 

The pyrazolate groups as bridging ligands have been 
extensively used in dimetallic homo- and hetero-nuclear 
complexes involving Rh and Ir. One of the main rea- 
sons is interest in the cooperative influence of neigh- 
bouring metal centres on catalytical reactions [1]. 

Most of the work described deals with iridium dimers 
[{Ir(pz*)(COD)} 2] [2-4] and the aim of this work was 
to prepare new rhodium complexes [{Rh(/z-pz*)- 
(NBD)} 2 ], ( la -Ta) ,  (/z-pz* = pyrazolate, 3,5-dimethyl- 
pyrazolate, 3(5) ter t -buty lpyrazolate ,  3 -methy l -5- ter t -  
butylpyrazolate, 3(5)-phenylpyrazolate, 3-methyl-5- 
phenylpyrazolate and 3(5)-p-methoxyphenylpyrazolate 
and NBD = (2.3.5.6-r/)-bicyclo[2.2.1]hepta-2,5-diene), 
and to explore the effect that changes in the pyrazole 
substituents, in the metal and in the ancillary ligand 
would have on skeletal and metal-metal interactions. 
Finally, their behaviour towards CO was also studied. 

NMR studies at different temperatures to establish 

* Corresponding authors. 

0022-328X/96/$15.00 © 1996 Elsevier Science S.A. All rights reserved 
SSDI 0022-328X(95)05942-3 

the solution structures and the crystalline structure of 
two complexes, [{Rh(/z-bupz)(NBD)}2] (3a) and 
[{Rh(/x-mbupz)(NBD)}2] (4a) isolated as unique config- 
urational isomers are reported. 

2. Experimental section 

In spite of the use of the Schlenk techniques in 
previous work, we have found that it was not necessary 
to carry out the reactions in an inert atmosphere. The 
reactions were performed at room temperature. Com- 
mercial solvents were dried prior to use. Syntheses of 
the starting Rh-complex and the ligands have been 
described previously: [{Rh(/x-C1)(NBD)}2] [5], 3(5)- 
ter t -buty lpyrazole  (Hbupz) [6], 3(5)-phenylpyrazole 
(Hphpz) [6], 3(5)-p-methoxyphenylpyrazole (Hph* pz) 
[7] and 3-methyl-5-phenylpyrazole (Hmphpz) [8]. Pyra- 
zole (Hpz) and 3,5-dimethylpyrazole (Hdmpz) were 
commercial and used without further purification. 

Elemental analyses for carbon, hydrogen and nitro- 
gen were carried out by the Microanalytical Service of 
the Complutense University. IR spectra were recorded 
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on a Perkin-Elmer 1300 spectrometer in KBr discs. 
~H-NMR spectra were performed on a Varian XL-300 
(299.95 MHz) and on a Bruker AC-200 (200.13 MHz) 
spectrometer. The ]3C-NMR spectra were recorded on 
the latter spectrometer working at 50.33 MHz. Chemical 
shifts 6 are listed in parts per million relative to tetram- 
ethylsilane; coupling constants J are in hertz. The I H 
and ]3C chemical shifts are accurate to 0.01 and 0.1 

ppm respectively. Coupling constants are accurate to 
+0.2 Hz for 'H NMR spectra and +0.6 Hz for '3C 
NMR spectra. 

The NMR spectra at various temperatures were taken 
with the Bruker spectrometer in a 5 mm dual probe with 
CDC13 and (CD3)2CO as solvents. The temperature of 
the probe was calibrated by the methanol standard 
method, and a delay of 600 s was used before register- 

Table 1 
IR data, colour, isolated yield and elemental analyses of complexes l a - 7 a  

Complex IR (cm- i) a Colour Yield (%) Molecular formula Calc. 

C H 

Found 

N C H N 

[{Rh(/z-pzXNBD)}2 ] (la) 1300 
[{Rh( tt-dmpz)(NBD)} 2 ] (2a) 1300 
[{Rh(/J,-bIIpzXNBD)}2 ] (3a) 1300 

[(Rh(/z-mbupzXNBD)} 2 ] (4a) 1300 
[{Rh(/z-phpz)(NBD)} 2 ] (Sa) 1300 
[{Rh(/z-mphpzXNBD)} 2 ] (6a) 1300 

[{Rh(/~-ph" pzXNBD)} 2 ] (7a) 1305 

yellow 83 C20H22N4Rh 2 45.81 4.24 10.69 45.39 4 . 1 2  10.19 
orange 95 C24H30N4Rh2 49.66 
orange- 96 C28H3sN4Rh2 52.83 
red 
orange 76 C3oH42N4Rh2 54.21 6.38 8.43 53.91 6.00 8.03 
red 89 C32H30N4Rh2 56.81 4.48 8.28 56.63 4.34 7.80 
orange- 81 C34H34N4Rh 2 57.96 4.87 7.95 57.74 5.18 7.44 
red 
orange- 92 C34H3402N4Rh 2 55.44 4.66 7.61 55 .25  4.53 7.37 
red 

5.22 
6.03 

9.65 48.78 5.06 
8.80 52.68 5.66 

8.94 
8.40 

a ~(CH) 
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Table 2 
IR data, colour, isolated yield and elemental analyses of complexes 3b-7b  

117 

Complex IR (cm- l ) a Colour Yield (%) Molecular formula Caic. 

C H 

Found 

N C H N 

[(Rh( p,-bupz)(CO 2)}2 ] (3b) 

[{Rh(/z-mbupzXCO 2)}2 ] (4b) 

[{Rh( p,-phpz)(CO2)}2 ] (5b) 

[{Rh(/x-mphpz)(CO 2)}2] (6b) 

[{Rh( p,-ph* pz)(CO)2}2] (7b) 

2080 yellow 78 
2060 
2010 
2000sh 
2080 yellow 84 
2060 
2000 
1975sh 
2080 yellow 82 
2065 
2010 
2000sh 
2090 yellow 75 
2060 
2000 
1995sh 
2090 yellow 77 
2070 
2020 
2005sh 

ClsH22OnN4Rh2 38.31 3.94 9.93 38.03 3.75 9.62 

C2oH2604N4Rh 2 40.55 4.43 9.46 39.98 4.22 9.09 

C22 HI404N4Rh2 43.73 2.34 9,27 43.26 2.43 8.86 

C24HtsO4N4Rh 2 45.59 2.88 8.86 45.30 2.66 8.45 

C24H lsO6N4Rh 2 43.39 2.74 8.44 42.77 2.56 7.81 

a v(CO); sh = shoulder. 

Table 3 
Crystal and refinement data for [{Rh(/~-bupzXNBD)}2] • CH2CI 2 • H20 (3a) [{Rh(/z-mbupzXNBD)}2] - CH2CI 2 (4a) 

(3a) (4a) 

Formula N4C29H 42CI 2 Rh 20 N4C 31H 44C12 Rh 2 
Mr 739.39 749.44 
Crystal system monoclinic tetragonal 
Space group P 21/c  142 d 

a (,~) 11.737(2) 25.581(3) 

b (/~) 12.18(1) - 

c (,~) 22.238(3) 9.897(3) 
/3 (deg) 98.63(1) - 

V (,~3) 3143(3) 6478(2) 
Z 4 8 
F(000) 1504 3056 
p (talc.) (g era-3 ) 1.56 1.54 
Temp. (K) 295 295 
p, (cm - t  ) 12.3 11.9 
Crystal dimensions (mm) 0.2 × 0.4 X 0.2 0.3 X 0.3 X 0.4 
Diffractometer Enraf-Nonius CAD4 Enraf-Nonius CAD4 
Radiation graphite-monochromated graphite-monochromated 

Mo K a ( A = 0.71069/~) Mo K a ( A = 0.71069 ,~) 
Scan technique w-2 0 to-2 0 
Data collected ( -  13, 0, 0) to (13, 14, 26) (0, 0, 0) to (30, 30, 11) 
0 1 < 0 < 2 5  1 < 0 < 2 5  
Unique data 5515 1615 
Unique data (1) > 2o-(1) 3542 1251 
R(int) (%) 0.8 1.7 
Std. rflns. 3/228 3/273 
R F (%) 5.8 3.1 
Rw v (%) 6.9 3.3 
Average shift/error 0.41 0.80 
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ing the NMR spectra at each temperature. INEPT se- 
quences and the 2D experiments were carried out in the 
usual manner [9]. 

2.1, Preparation of  [{Rh( l~-pz * )(NBD)} 2 ] 

To a suspension of [{Rh(/x-C1)(NBD)} 2 ] (0.2 mmol) 
in methanol (15 ml) was added the corresponding pyra- 
zole (0.4 mmol). To the clear orange-yellow solution 
immediately formed was added a solution of KOH in 
methanol (5 ml) in aliquots of 1 ml during a period of 
30 s, and an orange-red solid precipitated. The mixture 
was stirred for 15 min and then the solid was filtered 
off, washed with cold methanol and dried in vacuo. 
Yields are given in Table 1. 

2.2. Preparation of  [{Rh( tz-pz* )(C0)2} 2 ] 

Carbon monoxide was bubbled for 10-30 min 
through a solution of [{Rh(/x-pz')(NBD)} 2] in 

dichloromethane (15 ml) at room temperature and atmo- 
spheric pressure. The initial orange-red of the solution 
changed to yellow. The yellow residue obtained by 
evaporation was treated with diethyl ether and evapo- 
rated again to dryness. The yellow solid was washed 
with cold hexane and dried in vacuo. Yields are given 
in Table 2. 

2.3. X-ray structure determination 

Single red octahedral crystals of [{Rh(/~-bupz)- 
(NBD)}2] .CHzC12-H20,  3a and [{Rh(/x-mbupz)- 
(NBD)}2].CH2C12, 4a were obtained from dichloro- 
methane-hexane. 

The data were collected on an Enraf-Nonius CAD4 
diffractometer for both compounds, and unit cell con- 
stants were refined from least squares fitting of the 0 
values of 25 reflections. A summary of the fundamental 
crystal data for both crystals are given in Table 3, and 

Table 4 
Atomic coordinates and thermal parameters as Ueq = 1/3EiF.jU/ja, a] a i .a j  × 104 for non-hydrogen atoms of (3a) 

Atom x y z Ueq 

Rh 1 0.17584(8) 0.37116(8) 0.66716(4) 39 !(3) 
Rh2 0.35074(8) 0.18375(8) 0.70413(4) 369(3) 
N I 1 0.1253(8) 0.2169(8) 0.6349(5) 425(33) 
NI2 0.2020(7) 0.1320(8) 0.6439(4) 390(31) 
CI 3 0.1489(9) 0.0413(9) 0.6188(5) 386(38) 
C 14 0.037(1) 0.068(1) 0.5929(6) 548(47) 
C15 0.026(1) 0.178(1) 0.6038(6) 501(43) 
C 16 0.203(1) - 0.072(1) 0.6211 (6) 480(43) 
C 17 0.164( 1 ) - 0.137(1 ) 0.6726(7) 713(57) 
C 18 0.160(1) - 0.130(1) 0.5604(7) 702(59) 
C19 0.334(1) - 0.066(1) 0.6292(7) 620(53) 
N21 0.3179(8) 0.3640(8) 0.6216(4) 420(32) 
N22 0.3980(8) 0.2828(8) 0.6339(4) 391(32) 
C23 0.482(1) 0.302(1) 0.5997(5) 485(44) 
C24 0.454(1) 0.395(1) 0.5648(6) 595(53) 
C25 0.352(1) 0.432(1) 0.5796(6) 522(46) 
C26 0.593(1) 0.234(1) 0.6041(7) 611(54) 
C27 0.574(1) 0.115(1) 0.6191(7) 630(55) 
C28 0.635(2) 0.239( 1 ) 0.5413(7) 938(78) 
C29 0.683(1) 0.285(2) 0.6527(8) 822(68) 
C31 0.228(1) 0.498(1) 0.7298(6) 542(48) 
C32 0.174(1) 0.543( 1 ) 0. 6769(7) 611 (52) 
C33 0.047(1) 0.552(1) 0.6845(7) 648(55) 
C34 0.014(1) 0.430(1) 0.6820(7) 629(53) 
C35 0.070(1) 0.384(1) 0.7355(6) 529(47) 
C36 0.136(1) 0.477(1) 0.7709(6) 535(46) 
C37 0.055(1) 0.575(1) 0.7525(7) 648(56) 
C41 0.441(1) 0.275(1) 0.7756(6) 539(47) 
C42 0.502(1) 0.181(1) 0.7680(6) 557(47) 
C43 0. 463( l ) 0.096( 1 ) 0. 8106(6) 638(54) 
C44 0.341(1) 0.075(1) 0.7770(6) 595(53) 
C45 0.280(1) 0.168(1) 0.7845(5) 530(47) 
C46 0.361(1) 0.248(1) 0.8227(6) 557(48) 
C47 0.438(1) 0.166(1) 0.8639(6) 659(56) 
C1 0.766(2) - 0.196(2) 0.5083(7) 913(74) 
CL 1 0.6818(5) - 0.0932(5) 0.5304(3) 1251(22) 
CL2 0.8481 (6) - 0.2544(6) 0.5683(2) 1407(25) 
O1 0.9099(9) 0.0734(8) 0.0074(5) 1053(49) 
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Table 5 
Atomic coordinates and thermal parameters as Ueq = 1/3EiE:Ui)a , a] a i - a: × 103 for non-hydrogen atoms of (4a) 

Atom x y z Ueq 

Rhl 0.77566(3) 0.06030(3) 0.73474(8) 44(1) 
N 1 0.7108(3) 0.0116(3) 0.751 6(10) 50(3) 
N2 0.6872(3) 0.0095(3) 0.8759(10) 49(3) 
C3 0.6462(4) - 0.0239(4) 0.8670(13) 55(4) 
C4 0.6443(4) - 0.0432(5) 0.7390(14) 68(4) 
C5 0.6858(5) - 0.0204(4) 0.6687(11) 59(4) 
C6 0.6098(4) - 0.0357(5) 0.9840(17) 78(5) 
C7 0.5680(4) 0.0080(6) 0.9872(19) 111(6) 
C8 0.6392(5) - 0.0386(6) 1.1173(14) 75(5) 
C9 0.5824(6) - 0.0883(6) 0.9615(18) 126(7) 
C I 0 0.7034(5) - 0.0299(5) 0.5273(12) 77(5) 
C51 0.7371 (5) 0.1281 (5) 0.6747(14) 73(5) 
C52 0.7527(6) 0.1008(5) 0.5608(12) 81(5) 
C53 0.8052(5) 0.1237(5) 0.5224(13) 78(5) 
C54 0.8373(4) 0.1021(5) 0.6408(15) 71 (5) 
C55 0.8212(4) 0.1285(4) 0.7520(14) 63(4) 
C56 0.7792(6) 0.1666(5) 0.7065(12) 76(5) 
C57 0.7988(7) 0.1811(6) 0.5636(13) 93(6) 
CL 0.7574(2) -0.1537(1) 0.7307(5) 116(2) 
C 1 0.7500(0) - 0.1156(7) 0.8750(0) 80(7) 

Table 6 
i H NMR data of complexes l a - 7 a  (200 MHz) at 298 K 

Compound Pyrazole protons NBD protons Solvent 

R 3 H 4 R 5 CH-2',3',5',6' CH-I',4' CH2-7' 

[{Rh(/x-pz)(NBD)) 2 ] ( la)  

[{Rh(/x-dmpz)(NBD)}2 ] (2a) 

[{Rh( p,-bupz)(NBD)} 2 ] (3a) 

[{Rb(/z-mbupz)(NBD)}2 ] (4a) 

6.86(d) 6.03(0 6.86(d) *-- 3.87-3.92 (m, 12H) ~ 1.55 (br s, 4H) CDCI 3 
J34 = J45 = 2.0 
2.27(S) 5.44(S) 2.27(S) 4.34 (br s, 8H) 4.02 (br s, 2H) 1.56 (br s, 4H) CDC13 

4.34 (br s, 2H) 
7.14(d) 5.83(d) 1.43(s) ~ 3.8-4.5 (br m, 12H) ~ 1.43 (s, 4H) CDCI 3 
J34 = 1.9 
7.14(d) 5.77(d) 1.40(s) 4.15 (br s, 8H) 3.96 (br s, 2H) 1.40 (s, 4H) (CD3)2CO 
J34 = 2.0 4.44 (br s, 2H) 
2.47(s) 5.47(s) 1.39(s) 4.18 (2H, H2,) 3.98 (2H, HI,) 1.44 (br s, 4H) CDCI 3 

4.75 (2H, H3,) 4.45 (2H, H4,) 
4.24 (2H, Hs,) 
4.53 (2H, H6,) 

3.27-4.30 (m, 24H) ~ 1.16-1.42 (m, 8H) CDCI3 [{Rh(/x-phpz)(NBD)}2] (Sa) a 7.26(br s) 6.28(br s) 8.37(br s)H o 
7.56(m)H m 
7.42(m)H p 

7.30(d) 6.27(d) 8.44(m)H o 
J34 = 1.9 7.57(m)H m 

7.41(m)Hp 
[{Rh(/z-mphpz)(NBD)} 2 ] (6a) b 2.48(s) 5.96(s) 

3.0-4.5 (m, 24H) 

[{Rh(/x-ph" pz)(NBD)) 2 ] (7a) ¢ 7.21(br s) 6.18(s) 

1.15-1.45 (m, 8H) (CD3)2CO 

8.38(d, 7.8)H o 4.51 (2H, H2,) 3.77 (2H, Ht,) 
7.52(t)H m 4.25 (2H, H3,) 4.27 (2H, H4,) 
7.38(d,7.5)Hp 4.16(2H, Hs,) 

3.37(2H, H6,) 
2.43(s) 5.94(s) 8.48(m)H o 4.61(2H); 4.39(2H); 4.31(2H) 1.5-1.4 (br m, 4H) (CD3)2CO 

7.54(m)H m 4.23(2H); 3.79(2H); 3.35(2H) 
7.36(m)Hp 
8.26(br s)H o ~ 3.2-4.4 (br m, 24H) 
7.08(d, 8.3)H m 
3.93(s)-OMe 

1.13-1.45 (br m, 4H)CDCI 3 

1.0-1.5(br m, 8H) CDCI3 

br s = broad signal; br m = broad multiplet; s = singlet; d = doublet; t = triplet; m = multiplet. 
a Compound 5a is a mixture of 60%/40% isomers (ratio determined at 253 K in (CD3)2CO and at 223 K in CDC13). 
b Compound 6a is a mixture of 20% H-H/80% H-T isomers (ratio determined at 298 K) and only the data for the major isomer are reported. The 
assignment of the signals was made on the basis of homonuclear ( tH- IH)  COSY and NOESY experiments and heteronuclear (IH-t3C) 
correlation. 
c Compound 7a is a mixture of 60%/40% isomers (ratio determined at 253 K). 
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Table 7 
t H NMR data at variable temperature for [{Rh(/z-bupzXNBD)} 2 ] (3a) in (CD3)2CO 

Temperature (K) CH- 1' CH-2',6' CH-3' ,5' CH- 1" CH-2" ,6" CH-3" ,5" 
CH-4' CH-4" 

328 3.97 (2H) 4.16 (2H) 4.16 (2H) 4.45 (2H) 4.16 (2H) 4.16 (2H) 
203 4.02 (IH) 4.02 (2H) 4.38 (2H) 4.59 (1H) 4.21 (2H) 3.91 (2H) 

3.85 (1H) 4.28 (1H) 

the final values of all refined atomic coordinates in 
Tables 4 and 5. 

The intensities were corrected for Lorentz and polar- 
ization effects. Scattering factors for neutral atoms and 
anomalous dispersion corrections for Rh and CI were 
taken from the International Tables for X-ray Crystal- 
lography [ 10]. 

Both structures were solved by Patterson and Fourier 
methods. Empirical absorption corrections [11] were 
applied at the end of the isotropic refinements. The 
maximum and minimum absorption correction factors 
were 1.065 and 0.880 for 3a and 1.170 and 0.808 for 
4a.  

F o r  [ { R h ( / z - b u p z ) ( N B D ) } 2 ] .  C H 2 C I  2 . H 2 0  3 a  s o m e  
n o n - r e s o l v a b l e  d i so rde r  f rom the rmal  m o t i o n  has  b e e n  

f o u n d  for  the CI a toms  o f  the d i c h l o r o m e t h a n e  mo lecu l e ,  
and  because  o f  this, these  a toms  have  b e e n  re f ined  o n l y  
i so t ropica l ly .  F ina l  m i x e d  r e f i n e m e n t  wi th  u n i t  we igh t s  

and fixed coordinates and isotropic thermal factors for 
the hydrogen atoms lead to R = 5.8%. 

For [{Rh(/~-mbupz)(NBD)}2]. CH2C12, 4a, final 
mixed refinement with unit weights employed fixed 
coordinates and the isotropic thermal factors for the 
hydrogen atoms, lead to R = 3.1%. No trend in AF vs 
F 0 or (sin 0 ) / h  were observed. 

Most of the calculations were carried out with the 
X-ray 80 program [ 12]. Full lists of atomic coordinates, 
thermal parameters and bond lengths and angles have 
been deposited at the Cambridge Crystallographic Data 
Centre. 

3. Results and discussion 

Reaction of the chloro-bridged dimer [{Rh(/~- 
C1)(NBD)}2] with a stoichiometric amount of Hpz* 

Table 8 
13c{Ia} NMR data of complexes 3a-7a a in CDC! 3 (50 MHz) at 298 K 

Compound C 3 C 4 C 5 R NBD carbons 

[{Rh(/z-bupzXNBD)) 2 ] b (3a) 136.8 101.2 161.0 tBu: 31.7; 31.5 

[{Rh(/x-mbupz)(NBD)} 2 ] (4a) 145.2 100.1 161.6 

[{Rh(/a.-phpz)(NBD)}2 ] (5a) 138.1 103.7 151.2 

[{Rh(/z_mphpz)(NBD)}2 ] c (6a) 147.7 103.2 151.2 

[{Rh( br-ph * pz)(NBD)} 2 ] (Ta) 137.9 103.1 150.9 

Me: 14.5 
~Bu: 31.7; 31.6 

Ph: 134.5; 128.1 
127.1; 127.0 

Me: 14.0 
Ph: 135.0; 127.9 

127.1; 126.9 

Ph*: 158.0; 128.1 
127.5; 113.5 

-OMe: 55.4 

C7,: 62.0; Jrh = 5.8 
C2, 3,5,,6," 56.0-59.5 (v br s) 
Cr.4,: 51.2; Jra = 2.8 
C7,: 62.6; JRh = 5.8 
C2,: 52.9; Jrh = 10.2 
Cy: 57.5; Jab = 10.4 
C5,: 58.1; Jrh = 9.2 
C6,: 60.8; Jr~ -- 9.8 
Cl,: 50.9; Jab = 2.6 
C4,: 51.3; Jrh = 2.5 
C7,: 61.9; Jnh -- 5.7 
C2,.3, 5,.6,: 57.0-59.2 (br m) 
Ct,.4,: 50.5-51.5 (br m) 
C7,: 62.3; JR, = 6.0 
C2,: 57.5; Jrh =" 9.8 
Cy: 57.3; Jrh = 9.3 
C5,: 59.5; Jrh = 9.4 
C6,: 59.1; Jrh = 9.8 
Cr: 51.4; JRh = 2.7 
C4': 50.9; Jab = 2.5 
C7,: 61.9; JRh = 5.3 
C2, y,5,,6,: 57.0-59.3 (br m) 
Ct,.e: 50.5-51.5 (br m) 

v br s ffi very broad signal; br m == broad multiplet, a Complexes la  and 2a were too insoluble to record the ~3C NMR spectra, b At 323 K. 
c Typical coupling constant values (J  in Hz) are: Me, I j  ~ 126.5; C4-pz, t j  = 172.5; Ph carbons, NBD carbons: I j  = 158.4; C r 4'; JJ = 155.8; 

i l C2, y.v.6,, J = 183.8; C7,, J = 132.5. 
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(Hpz* = pyrazole, 3,5-dimethylpyrazole, 3(5)-tert- 
butylpyrazole, 3-methyl-5-tert-butylpyrazole, 3(5)-phen- 
ylpyrazole, 3-methyl-5-phenylpyrazole and 3(5)-p- 
methoxyphenylpyrazole) in methanol solution and with 
the addition of potassium hydroxide leads to the dinu- 
clear complexes [{Rh(/x-pz*)(NBD)}2], ( la-7a) ,  as 
air-stable yellow or orange-red solids in nearly quantita- 
tive yield (Eq. (1)). The compounds were characterized 
b Ycelemental analyses, IR spectra (Table 1) and IH and 

NMR data (Tables 6, 7 and 8) and they behave as 
neutral species in solution. 

[{Rh(/z-C1)(NBD)}2] + 2Hpz* 

2~:oH [{Rh( ~-pz" )(NBD)}2] + 2KCl + 2H20 
(1) 

Owing to the unsymmetrical substitution of the 
bridging ligands, other than pyrazole and 3,5-dimethyl- 
pyrazole, the dinuclear complexes [{Rh(/z-pz*)- 
(NBD)} 2 ] can exist as two geometrical isomers: the two 
bridges can be oriented head-to-head (H-H) with a C s 
symmetry or head-to-tail (H-T) having a C 2 symmetry 
axis (Scheme 1). 

Surprisingly, in the case of 3-tert-butylpyrazole only 
the H-H configuration was obtained, whereas for 3- 
methyl-5-tert-butylpyrazole the H-T isomer was the 
unique compound isolated. The remaining pyrazoles 
afforded mixtures of both configurations, H-H and H-T, 
in different proportions, corresponding to the degree of 
steric hindrance (see Table 6). Similar results have been 
reported by Elguero et al. [13a] for [{Rh(/z-3(5)-meth- 
ylpz)(COD)} 2] and by Bushnell et al. [4] for [{Ir(/z- 
pz*)(COD)}2]. The ratio of H-H/H-T isomers was 
determined by I H NMR spectroscopically at low tem- 
perature by integration of the resonances of the ortho- 
protons of the aryl groups which were clearly resolved 
into two doublets; at 298 K only a broad signal was 
observed for these protons. 

The I H and I3C spectra of derivative 4a are compati- 
ble with the H-T isomer in which the central six-mem- 
bered ring Rh2N 4 exists in a boat conformation. The 
diolefin moiety gives rise to seven NBD signals at room 
temperature. The assignment was performed using 
homonuclear (l H_I H) COSY and NOESY experiments 
(Fig. 1). The 7'-methylene protons appeared at 6 1.44 
and were coupled with two tertiary protons of 6 3.98 
(HI,) and 4.45 (H4,). The olefinic 2'-CH at (~ 4.18 and 
the olefinic 6'-CH at 8 4.53 showed a NOE effect with 
the methyl group at 6 2.47 and with the tert-butyl 
group at 6 1.39 respectively. Signals at 6 4.75 and 4.24 
were then straightforwardly attributed to the olefinic 
protons 3'-CH and 5'-CH. A heteronuclear (IH-~3C) 
correlation (Fig. 2) then permitted the assignment of the 
I3C chemical shifts (Table 8), the most important fea- 
ture being the upfield signal of C 2, at 6 52.9 as a result 
of the steric crowding of the tert-butyl substituent. 
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Fig. i .  (a) ( I H - I H )  COSY and (b) ( IH -nH)  NOESY experiments for 
[{Rh(/x-mbupz)(NBD)}2 ] (4a). 

In complex 3a there are two different norbornadienes 
and from the coordination mode shown by the X-ray 
analysis; five IH and 13C resonances for each NBD 
would be expected in the slow-exchange limit. 

At room temperature (298 K) the I H NMR spectrum 
of 3a shows a broad complex multiplet in CDC13 for 
the olefinic and aliphatic CH which converts into three 
sets of signals at 6 3.96 (2H, HI, and Ha,), 4.15 (8H) 
and 4.44 (2H, H r and H4,) in (CD3)2CO. The spectrum 
in CDC13 changes when the temperature is raised from 
298 to 328 K, whereas the spectrum obtained in 
(CD3)2CO remains unaltered on heating. The pattern of 
the spectra in CDCI 3 at 328 K was similar to the one 
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observed in (CD3)2CO at 298 K with only slight differ- 
ences in the chemical shifts: 8 3.95 (2H), 4.12 (8H), 
4.35 (2H). 

This suggests structural fluxionality in these 
molecules, the recorded spectra in CDC13 at 298 K 
being close to the coalescence point. Variable-tempera- 
ture experiments in this solvent were not conclusive, 
giving the following resonances at the lowest experi- 
mental temperature attained (213 K) 8 4.51 (1H), 4.19 
(6H, br m), 3.97 (4H) and 3.82 (1H). 

However, when the dynamic NMR experiments were 
carded out in (CD3)2CO (Fig. 3) at 203 K we observed 
the eight expected resonances for the olefinic and 
aliphatic CH protons: I',4'-CH at 8 3.85 and 4.02, 
2'-CH/6'-CH at 8 4.02, 3'-CH/5'-CH at 8 4.38; I"-CH 
at 8 4.59 and 4"-CH at 8 4.28, 2"-CH/6"-CH at 8 4.21 
and 3"-CH/5"-CH at 8 3.91 ppm, the asignment being 
made on the basis of a homonuclear (IH-~H) COSY 
experiment at that temperature. The methylene protons 
were hidden by the tert-butyl signal. The barrier to the 
dynamic process at 275 K was estimated by using the 

Eyring equation [14] AG~ = 4.57 T~[9.97 + log 10(TJ  
Av)] to be 13.4 kcal tool -I ,  where T c is the coalescence 
temperature and Av the difference in chemical shifts of 
the two sites; two sharp signals at low temperature 
(4.59-4.28 and 4.02-3.85) merge into one broad signal 
at higher temperature (4.45 and 3.97). 

In principle, two processes could account for the 
NMR behaviour of 3a, the fluxionality of the norboma- 
diene ligands and the boat-boat flip of the Rh(NN)2Rh 
central ring. Preliminary extended Hi~ckel molecular 
orbital (EHMO) calculations [15] on the energy barrier 
for the boat-boat inversion through a planar transition 
state in the case of similar complexes, [Rh(/~-pz * )(LL)] 
( p z * =  3-methylpyrazole and 3,5-dimethylpyrazole) 
(LL --- 2C2H 4, COD, 2CO, 2CNtBu),indicate that the 
boat-boat flip is hindered by the methyl substituents. 
Consequently, the measured AGe # probably corre- 
sponds to rotational motions of the diolefin ligands. 
Cocivera et al. pointed out that this exchange phe- 
nomenon appears to be enhanced by donor ligands [16]. 

Related fluxional processes have been proposed for 

c4. 
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Fig. 2. The 13 C - I H  hetcronuclear correlation experiment for [{Rh(/z-mbupz)(NBD)} 2 ] (4a). 
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328K 

K 

AXA" 

L ko. 
. 

.I &.& 4~2 g.O 3.8 PPH 
Fig. 3. IH NMR variable-temperature spectra in (CD3)2CO for (3a). 

poly(pyrazolyl)borate complexes of tin(H) and lead(H) 
[17] and in rhodium complexes of types [{Rh(/x-pz)C1- 
(CN' Bu)2}2(/~-CHR)] [ 18] and [Rh{Ph 2BPz 2}(LL)] (LL 
= 2CO, NBD, COD) [191. 

The syntheses of the tetracarbonyl derivatives 
[{R.h( ],J,-pz * ) ( C O ) 2 } 2 ]  ( lb -7b)  involved the reaction be- 
tween [{Rh( #-pz" )(NBD)}2] and carbon monoxide in 
dichloromethane. The complexes were isolated as yel- 
low crystals and their purity was ascertained by elemen- 

~ N ~  h, ~ ": f": "'" ........ Bu ~ 
• R ~ Bu~ 

bosl.boat inversion 
Scheme 2. 

tal analyses (3b-7b in Table 2). Complexes lb  and 2b 
had already been reported [13]. 

In the case of [{Rh(/l-bupz)(CO)E}Z] (3b) our at- 
tempts to isolate this species from the solution contain- 
ing the displaced norbornadiene yielded a mixture of 3b 
together with the mixed-complex [(NBD)Rh(p,- 
bupz)zRh(CO) z ] due to the equilibria in Eq. (2) [20]: 

[ {Rh(/~-bupz) (NBD) }2] 

2 c o  [(NBD)Rh(/x-bupz)2Rh (CO)2] 
"NBD 

. 2 c o  [Rh( p,-bupz)(CO)z ] (2) 
NBD 

[{Rh( p,-mbupz)(CO)2}2] (4b) is a single compound 
and 5b-7b  were mixtures of H-H and H-T isomers with 
ratios determined for the starting materials [{Rh(/x- 
pz*)(NBD)} 2] (5a-7a), as shown in the ]H NMR spec- 
tra (Table 9). 

The X-ray crystal structure of [{Rh(p,-bupz)- 
(NBD)}2]. CH2CI 2 • H20 (3a) confirmed the existence 
of a dimeric neutral species formed by two rhodium 
atoms, two pyrazolate rings and two norbornadiene 
groups. 

The two rhodium atoms and the two nitrogens of the 
pyrazolyl rings give a metallocycle Rh(NN)ERh in a 
boat conformation (Fig. 4). The compound crystallized 

Table 9 
IH NMR data of complexes 3b-7b (300 MHz) at 298 K 
Compound R 3 H ,, R 5 
[{Rh( p,-bupz)(CO 2)}2] (3b) 
[{Rh( p,-mbupz)(CO 2)}2 ] (4b) 
[{Rh(/.t-phpzXCO 2)}2 ] (Sb) 

[{Rh( p.-mphpzXCO2 )}2 ] (6b) 

[{Rh(/z-ph* pz)(CO2)}2] (Tb) 

7.26(d, 1.8) 5.95(d) 1.42(s) 
2.26(s) 5.77(s) 1.38(s) 
7.69(br s) (60%) 6.51(br s)(60%) 7.90(d, 7.8)Ho(60%) 

7.45(m)H"`,H p(6o%) 
7.62(br s)(40%) 6.51(br s)(40%) 7.99(d, 6.9)Ho(40%o) 

7.45(m)H m,H p(40%) 
2.56(s)(80%) 6.28(s)(80%) 7.91(d, 7.8)Ho(80%) 

7.45(m)Hm,Hp(80%) 
2.45(s)(20%) 5.95(s)(20%) 7.95(d, 7.8)H o(20%) 

7.45(m)H "̀  ,H p(20%) 
7.66(d, 2.1)(60%) 6.43(d)(6o%) 7.83(d, 8.7)Ho(60%) 

7.00(d)n,,(r0%) 
3.88(s)-OMe(6o%) 

7.59(d, 1.8)(40%) 6.43(d)(40%) 7.90(d, 8.7)Ho(40%) 
7.02(d)H m(40%) 
3.91(s)-OMe(40%) 



124 C. Ldpez et al. / Journal of  Organometallic Chemistry 511 (1996) 115-127 

Table 10 
Selected bond distances (,~) and angles (deg) [{Rh(/x-bupzXNBD)}2]. CH2CI 2 • H20 (3a) with ESDs in parentheses 

Rhl-Rh2 3.098(2) Rh2-C41 2.10(1) 
Rh I -N11 2.067(9) Rh2-C42 2.10(1) 
RhI-N21 2.08(1) Rh2-C44 2.11(1) 
Rhl-C31 2.10(1) Rh2-C45 2.10(1) 
Rhl-C32 2.10(1) Rh2-C4142 1.98(1) 
Rhl-C34 2.11(1) Rh2-C4445 1.99(1) 
RhI-C35 2.11(1) C31-C32 1.37(2) 
Rhl-C3132 1.99(1) C34-C35 i.39(2) 
Rhl-C3435 1.99(1) C41-C42 1.38(2) 
Rh2-N12 2.129(8) C44-C45 1.37(2) 
Rh2-N22 2.112(9) 

N11-Rh l-N21 90.1 (4) C42-Rh2-C45 80.1 (5) 
C34-Rh 1-C35 38.5(5) C42-Rh2-C44 67.1 (5) 
C32-Rh1-C35 80.5(6) C41-Rh2-C45 67.8(5) 
C32-Rhl-C34 67.8(6) C41-Rh2-C44 80.2(5) 
C31 -Rh 1 -C35 67.2(5) C41 -Rh2-C42 38.3(5) 
C31 -Rh I -C34 80.1 (5) N22-Rh2-C45 150.0(5) 
C31 -Rh I -C32 37.9(5) N22-Rh2-C44 167.7(5) 
N21 -Rh 1 -C35 163.1 (4) N22-Rh2-C42 102.5(4) 
N21 -Rh I -C34 154.3(5) N22-Rh2-C41 95.6(5) 
N21-Rh 1- C32 96.5(5) N 12-Rh2-C45 96.7(4) 
N21-RhI-C31 100.3(4) NI2-Rh2-C44 99.5(5) 
N 11 -Rh 1-C35 98.6(5) NI 2-Rh2-C42 162.0(5) 
N11-RhI-C34 98.3(5) NI2-Rh2-C41 155.3(5) 
N 11 -Rh 1 -C32 158.9(5) Rh 1 -N  11 -N 12 I 19.3(7) 
N 11 -Rh 1 -C31 159.3(5) Rh2-N 12-N 11 109.2(7) 
N12-Rh2-N22 89.2(4) Rhl-N21-N22 120.8(7) 
C44-Rh2-C45 38.0(5) Rh2-N22-N21 108.3(7) 

C3132, C3435, C4142 and C4445 are the midpoints of (C31, C32) (C34, C35) (C41, C42) and (C44, C45) respectively. 

with a molecule of dichloromethane and one of water. 
The tert-butyl groups are situated in the H-H position, 
and both are close to Rh2. The bond lengths and angles 

with their standard deviations are given in Table 10. 
The crystal structure of [{Rh(/x-mbupz)(NBD)}2]. 

CH2C12 (4a) also shows a dimeric species (Fig. 5) with 

Table 11 
Selected bond distances (,~) and angles (deg) [{Rh(/x-mbupzXNBD)}2]. CH2CI 2 (4a) with ESDs in parentheses 

Rhl-Rhl '  3.071(1) C4-C5 1.40(2) 
Rh I -N 1 2.083(8) C5-C 10 1.49(2) 
Rhl-N2'  2.12(1) C6-C7 1.55(2) 
Rhl-C51 2.08(I) C6-C8 1.52(2) 
Rh 1 -C52 2.09(1) C6-C9 1.53(2) 
RHI-C54 2.12(1) C51-C52 1.38(2) 
RHI-C55 2.10(1) C51-C56 1.49(2) 
Rhl-C5152 1.97(1) C52-C53 1.51(2) 
Rh1-C5455 1.99(1) C53-C54 1.53(2) 
NI-N2 1.37(1) C53-C57 1.53(2) 
N1-C5 1.32(1) C54-C55 1.36(2) 
N2-C3 1.36(1) C55-C56 1.52(2) 
C3-C4 1.36(2) C56-C57 1.55(2) 
C3-C6 1.52(2) 

N1-Rhl-N2'  86(3) 
N1-RhI-C5455 169(4) 
N1-Rhl-C5152 99(5) 
N2'-Rhl -C5455 104(4) 
C5152-Rhl-N2' 173(4) 
C5455-Rhl -C5152 70(5) 
C51-Rhl-C52 39(5) 
C54-Rh1-C55 37(5) 

C5152 and C5455 are the midpoints of (C51, C52) and (C54, C55) respectively. Symmetry code ('): 1½ - x ,  y, 1¼ - z. 
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C25 - - ' ~ ~  

l jc 8 

Fig. 4. A Pluto plot of 3a. The solvent and the hydrogen atoms have 
been omitted for clarity. 

a boat conformation of the metallocycle Rh(NN)2Rh, 
similar to that found in compound 3a, with the rhodium 
atoms in a square-planar coordination and the methyl 
and the tert-butyl groups in alternate positions. The 
twofold axis passes through the middle of a line be- 
tween the two Rh atoms and through the C atom of the 
dichloromethane molecule. Table l l shows selected 
bond distances and angles for this compound. 

The packing of the cell is shown in Fig. 6 for both 
compounds 3a and 4a. The NBD is as expected [16,21]. 

In Table 12 are delineated some least squares planes 
passing through the atoms involved in the coordination 
for both 3a and 4a. The dihedral angles between the 
pyrazolato-planes (9 and 10) and the coordination planes 
(2 and 3) reveal that the pyrazolato-ligands lie in a 
position intermediate between normal and parallel to the 
coordination planes. 

The orientation of the norbornadiene in both 3a and 

c57 

c c51 

Fig. 5. A Pluto plot of 4a. The solvent and the hydrogen atoms have 
been omitted for clarity. 

(b) ~~ 

o& 

X ] _ _ _T2" 
~'? 

Fig. 6, Packing arrangements (a) in 3a, (b) in 4a viewed down the a 
axis. 

4a merits further comment. From the values of dihedral 
angles between the planes 2-4  (92.6(5) for 3a and 
88.0(4) for 4a) and 3-5 (82.9(4) for 3a and 88.0(4) for 
4a), the NBD is orthogonal to the square-planar Rh 
coordination. 

Considering the least-square plane formed by the 
four N atoms of the pyrazolyl rings [22], in compound 
3a, the distance from Rh2 to this plane is longer than 
that of Rhl, 1.334(1) and 1.058(1) A respectively. In 
compound 4a the distances are similar, 1.270(1) ~,. 
Also, the angles between the coordination planes are 
69.9(3) in 3a and 63.8(2) in 4a; this corresponds to the 
Rhl-Rh2 distances of 3.098(2) for 3a and 3.071(1) ,~ 
for 4a, both of them significantly shorter that of 3.267(2) 
found in [{Rh(/z-pz)(COD)}2] [3]. 

All these geometrical features are a consequence of 
the different disposition of the substituents of the pyra- 
zolate rings, H-H for 3a and H-T for 4a. 

4. Concluding remarks 

The structures and a reaction of a series of dimetallic 
complexes, the pyrazolyl-bridged rhodium(I) dimers of 
type [{Rh(/x-pz* )(NBD)} 2] ( la -7a)  (pz* = pyrazolate 
(pz), 3,5-dimethylpyrazolate (dmpz), 3(5)-tert-butyl- 
pyrazolate (bupz), 3-methyl-5-tert-butylpyrazolate 
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Table 12 
Selected angles (deg) between the least squares sets defined by the 
specified atoms for the (3a) and (4a) 

(3a) (4a) 

Planes 
1 -N21 ,N22,N 12,N 11 
2-N21 ,N11 ,C3132,C3435 
3-N22,N12,C4142,C4445 
4-C31,C32,C34,C35 
5-C41,C42,C44,C45 
6-Rh 1 ,C36,C37,C33 
7-Rh 1 ,C31 ,C32 
8-Rh 1,C34,C35 
9-N11 ,N12,C 13,C 14,C15 
10-N21 ,N22,C23,C24,C25 
11-Rh2,C43,C47,C46 
12-Rh2,C41,C42 
13-Rh2,C44,C45 

1-NI,N2,NI',N2' 
2-NI,N2',C5152,C5455 
3 -N 1',N2,C5152',C5455' 
4-C51,C52,C54,C55 
5-C51',C52',C54',C55' 
6-Rhl,C53,C57,C56 
7-Rhl,C51,C52 
8-Rh 1,C54,C55 
9-NI,N2,C3,C4,C5 
10-N I',N2',CY,C4',C5' 

1-2 44.8(4) 58.1(4) 
1 - 3  65.3(4) 58.1(4) 
1-9 34.3(4) 41.1(3) 
1 - 10 36.2(4) 41.1 (3) 
2-3 69.9(3) 63.8(2) 
2-4 92.6(5) 88.0(4) 
2-9 52.3(3) 67.0(4) 
2-10 58.0(3) 67.0(4) 
3-5 82.9(4) 88.0(4) 
3-9 72.0(4) 67.0(4) 
3-9 66.7(3) 67.0(4) 
6-7 36.1(6) 35.0(6) 
6-8 35.9(6) 35.7(5) 
9-10 70.4(4) 82.2(4) 
11-12 36.1(4) 
1 1 - 1 3  35.8(4) 

Symmetry code ('): IT _ l  x, y, 1 ~3 - -  Z. 

(mbupz), 3(5)-phenylpyrazolate (phpz), 3-methyl-5- 
phenylpyrazolate (mphpz) and 3(5)-p-methoxyphenyl- 
pyrazolate (ph* pz)) have been investigated. 

The complexes containing bupz and mbupz are sin- 
gle configurational isomers: H-H in [{Rh(/z-bupz)- 
(NBD)} 2 ] (3a) and H-T in [{Rh(/~-mbupz)(NBD)} 2 ] 
(4a). The remaining unsymmetrically substituted pyra- 
zoles are mixtures of H-H and H-T in different propor- 
tions. 

~H and ~3C NMR measurements in solution indicate 
that the 4a is stereochemically rigid in solution, but that 
3a is fluxional. The ~H NMR spectrum obtained at 203 
K in (CD3)2CO for this latter complex reveals that the 
frozen structure is close to the one obtained from the 
X-ray structural analysis. 

The X-ray data show that 3a and 4a are dimeric 
neutral species formed by two rhodium atoms, two 
pyrazolate rings and two norbornadiene groups exhibit- 
ing an Rh(NN)2Rh metallocycle in a boat conformation 
with the rhodium atoms in a square-planar coordination. 

Rather short intramolecular Rh-Rh distances of 3.098(2) 
for 3a and 3.07l(1) /~ for 4a were encountered, at- 
tributable to a metal-metal interaction. 

5. Supplementary material available 

Tables of observed and calculated structure factors 
for these compounds (30 pages) can be obtained from 
the authors. 
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