
i - -  

E L S E V I E R  Inorganica Chimica Acta 240 (1995) 631-639 

Rhodium(I) complexes of the type [Tp3R'SRRh(LL) ] (LL= 2 CO, NBD, 
COD) with trifluoromethyl substituted tris(pyrazolyl) borate ligands and 

their dynamic behaviour in solution. The X-ray crystal structure 
of TpCF3'MeRh (CO) 2 ~ 

Elena Del Ministro a, Oliver Renn a, Heinz Rtiegger a, Luigi M. Venanzi a. . ,  UFS Burckhardt b, 
Volker Gramlich b 

a Laboratoriumfiir Anorganische Chemie der Eidgen~ssischen Technischen Hochschule, ETH-Zentrum, Universiti~tstrasse 6, CH-8092 Zurich. Switzerland 
b Institutfu'r Kristallographie und Petrographie der EidgenOssischen Technischen Hochschule, ETH-Zentrum, Sonneggstrasse 5, 

CH-8092 Zurich, Switzerland 

Received 27 June 1995; revised 26 July 1995 

Abstract 

Three series of Rh(I) complexes of the type Tp3R'SRRh(LL), with LL=2 CO (1), norbomadiene (NBD) (2) and 1,5-cyclooctadiene 
(COD) (3) and the tris(pyrazolyl) borate (Tp) ligands 3R = 5R = Me (a), 3R = CF3, 5R = Me (b); and 3R = 5R = CF3 (c) were synthesized 
and fully characterized by IR and multinuclear NMR spectroscopy. Three isomeric forms were identified in solutions of these complexes: two 
square-planar isomers with a K2-Tp 3R'SR ligand, the uncoordinated pyrazolyl ring occupying either an equatorial position (type A), or an axial 
position (type B), and a five-coordinate species with a K3-Tp 3R'SR ligand (type C). In the carbonyl complexes 1 the dynamic equilibria 
between these isomers are solvent dependent. Interestingly, solutions of complex lc contained all three isomers simultaneously, l°3Rh 
and ~3C NMR spectral studies indicate that the NBD compounds, 2, preferentially form square-planar complexes when Tp cF3'M~ and 
Tp cF3'cF3 are present, while for the COD complexes, 3, square-planar complexes are preferred for all three Tp-type ligands. The X-ray structure 
ofTpCF3'MeRh(CO) 2 ( lb)  was determined (space group C2/c, a=21 .271(9) ,b= 11.004(3),c= 21.563(9) A, f l= 114.93(3) °, V---4577(3) 
A 3, Z=  8, R = 3.41, Rw = 4.70). Its structure is of type B, with the third pyrazolyl ring axially placed, the N(4) being almost directly above 
the Rh atom but exerting only a weak Rh-N interaction. 

Keywords: Rhodium complexes; Crystal structures; Tfis(pyrazolyl)borate complexes; Carbonyl complexes; Norbomadiene complexes; Cyclooctadiene 
complexes 

1. Introduction 

Poly(pyrazolyl)borates of  the type [ H 4 - n B ( p z ) n ] -  
(pz = pyrazole, n = 2--4) have been widely used for the syn- 
thesis of  transition-metal complexes [ 1,2] i The 
tris(pyrazolyl)borates, the class most often employed, are 
potentially tridentate ligands and, normally, coordinate 
facially in a tripodal fashion, although complexes with d 8- 
metal centres often contain an -02-bonded Tp-type ligand and 

* This paper is dedicated to Professor F. Basolo. 
* Corresponding author. 
1 The nomenclature for tris( pyrazolyl ) borate ligands and their complexes, 

as proposed by Trofimenko in Ref. [ 1 ], is used throughout this publication. 

0020-1693/95/$09.50 © 1995 Elsevier Science S.A. All fights reserved 
SSD10020-1693(95)04592-W 

display fluxional behaviour which can vary depending on the 
nature of  the Tp and the co-ligands [ 3 ]. 

Some Rh(I)  and Ir( I )  complexes with substituted 
tris(pyrazolyl)borates, Tp 3R'aR'5R, have received considera- 
ble attention because of  their ability to activate C - H  bonds 
[4,5]. 

Variation of poly(pyrazolyl)borate denticity can easily 
occur in Rh(I)  and Ir(I)  complexes which may exist either 
as 16e- or 18e- species. Thus, the compounds pzTpRh(LL)  
(pzTp=(tetrakis(pyrazolyl)borate)  were shown [6] to 
exist in the solid state as 16e- complexes with K2-pzTp when 
LL was norbornadiene (NBD) and 1,5-cyclooctadiene 
(COD),  and as an 18e- species with t<3-pzTp when LL was 
duroquinone. However, all these complexes were assigned 
five-coordination in solution [ 7 ]. Furthermore, recent studies 
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Fig. 1. Proposed structures for isomer forms A, B and C of complexes of 
the type TpRh(LL). 

showed that complexes of the type Tp3R'4R'SRRh(LL) 
(LL=2CO,  NBD, COD) [8,9] and Tp3R'4R'SRIr(COD) 
[10,11], in solution, give rise to the equilibria shown in 
Fig. 1. 

The 16e- square-planar /(2-Tp3R'4R'5R complexes, which 
can be of type A or B, appear to be favoured (i) when large 
substituents are present in the 3-positions of the pyrazolyl 
rings and (ii) in complexes with sterically demanding LL co- 
ligands. The 18e- -/(3-Tp3R'4R'5R forms (type C) are favoured 
by small substituents on the pyrazolyl rings, and less bulky 
co-ligands, e.g. NBD as opposed to COD [9]. 

It has also been established that, in the square-planar com- 
plexes, unless very bulky substituents in the 3-positions are 
present: (i) the uncoordinated ligands appear to prefer the 
pseudoaxial, as in form B, to pseudo-equatorial positions, as 
in form A; (ii) substituents in the 5-positions of the pyrazolyl 
rings enhance this preference [ 9 ]. 

A recent study evidenced/(2_/(3 isomerism in Rh(I) com- 
plexes with analogous tris(pyrazolyl)borate ligands having 
(i) a B-CH 3 instead of the normal B-H moiety and (ii) a 
non-coordinating substituent with comparable steric requi- 
rements instead of the potentially free, third pyrazolyl ring, 
i.e. [MePhB(3-Me-pz)2] - [ 12]. However, the influence of 
electronic effects of the co-ligand and of the substituents of 
the pyrazolyl rings on the equilibrium shown in Fig. 1 was 
not investigated. Thus, it seemed of interest to study the 
influence of electron-withdrawing substituents such as tri- 
fluoromethyl groups on the coordination chemistry of Tp- 
type ligands. 

It has recently been proposed [9] that l°3Rh, ~SN and ~3C 
NMR chemical shift data can be employed to obtain estimates 
of the position of the equilibria between the fast exchanging 
isomers of types B and C. 

1°3Rh NMR spectroscopy was used to assign the denticity 
of the Tp 3R'4a'SR ligands [9] : it was shown that while sym- 
metry considerations in the ~H and ~3C spectra allowed the 
identification of complexes of type A, when the intermole- 
cular rearrangement between isomers A and B was suffi- 
ciently slow, the l°3Rh NMR parameters allowed the 
differentiation between forms B and C. As shown by the data 
for the bis(pyrazolyl)borate complexes [ 12], the tS(l°aRh) 
values of four-coordinate NBD complexes are around 1360 
ppm, while those of the four-coordinate COD complexes are 
near 1130 ppm. Furthermore, one of the isomers of compound 
TpM~Rh(COD) which, on the basis of 1H and 13C NMR 

spectroscopy, was unambiguously assigned a square-planar 
structure of type A, gave a 8(1°3Rh) of 1107 ppm, while the 
corresponding species of type B absorbed at 1106 ppm. 

15N NMR spectroscopy proved to be useful for isomer 
identification. Thus, in free pyrazolylborates, the 8(~SN) 
shifts of the N 2 donor have values which are ~ 50-70 ppm 
higher than those of N x [9]. Furthermore, large changes in 
the ~SN chemical shifts of N(2),  from - 7 5  to ~ - 138 ppm, 
occur upon coordination of a pyrazolyl ring of a pyrazolyl- 
borate to rhodium. Therefore, in the K2-bonded form of the 
complex the value for this parameter, in the case of fast 
exchange between two coordinated and one free ligand arm, 
should be close to - 117 ppm [ 12]. Thus, more negative 
values of the observed chemical shifts can be taken to indicate 
increasing proportions of the /(3_ relative to the /(2-bonded 
form of the complex. 

13C NMR spectroscopy has also been used for structural 
assignments in complexes of this type with the olefinic co- 
ligands NBD and COD. It has been shown that the 13C chem- 
ical shift of the olefinic carbons is sensitive to the coordination 
number of the metal, the lower values being indicative of 
five-coordination [9]. While the averaged solid-state t5 value 
of TpMeRh(NBD), whose X-ray structure shows it to be 
distorted trigonal-bipyramidal, is 32 ppm [9], the typical 
values for four-coordinate forms, in CDC13 solution, range 
from 51 to 57 ppm. 

This paper describes the preparation of three series of com- 
plexes of the type TpaR'5RRh(LL), with LL = 2CO (1), NBD 
(2) and COD (3) and Tp ligands where 3R, 5R=Me,  Me 
(a),  3R, 5R = CF3, Me (b) and 3R, 5R = CF3, CF3 (e). Their 
characterization by IR and multinuclear NMR spectroscopy 
and, for TpCF3'M~Rh(CO)2, by X-ray diffraction are also 
reported. Finally, aspects related to /(2_/(3 isomerisms, their 
solvent dependence, and the dynamic processes occurring in 
solution, as evidenced by IR and one- and two-dimensional 
NMR spectroscopy, are described. 

2. Experimental 

2.1. Materials  

Commercial solvents, of 'puriss. p.a. absolute' grade, were 
used as purchased. The organometallic starting materials 
Rh2C12(CO)4 [ 13], Rh2CI2(NBD)2 [ 14], Rh2CI2(COD)2 
[15] and Rh2C12(COE)4 [ 16] were prepared as described 
in the appropriate references; the former two were also pur- 
chased from Aldrich. The ligands Na[Tp M~2] [9], 
Na[Tp CFa'Me] [9] and M[Tp CF3'CF3] (M=Na,  TI) [17] 

were available from other studies. T1C13, K[BH4] and 
[ PPh4 ] C1 were obtained from Aldrich, while 
NaE[PtClr] "6H20 was kindly provided by B. Lippert. 
[PPh4]E[PtC16] was precipitated from an aqueous solution 
of Na 2 [ PtCl6] • 6H20 (0.1 M) by addition of a stoichiometric 
amount of a [PPh4]CI (0.35 M) solution. 
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2.2. NMR spectroscopy 

The one-dimensional ~H, I~B, 13C and 19F and two-dimen- 
sional HMQC ( 13C-IH, XSN-1H and l°3Rh-lH) NMR spectra 
were recorded on Bruker AMX 500, AC 250 and AC 200 
spectrometers. The chemical shift scales are relative to inter- 
nal TMS ( IH and 13C) and external BF3. Et20 (l~B), CFCI3 
(19F), CH3HO2 (15N) and ~=3 .16  MHz (t°3Rh). 15N-1H 
and l°3RhJH HMQC experiments were optimized for long- 
range couplings. All experiments were recorded in phase- 
sensitive mode using TPPI, processed with cosine-square 
windows in both dimensions, zero-filling, double Fourier- 
transformation and phase-correction. Processing of the long- 
range correlation experiments involved final magnitude 
calculation in the to 2 dimension [ 18]. 

2.3. Analytical and other physical measurements 

C, H, N and F microanalyses were performed by the Micro- 
analytical Laboratory of the ETH Ziirich. IR spectra were 
recorded as KBr pellets, or as CHC13 and CH3CN solutions 
in NaCI cells, on Perkin-Elmer model 883 and Perkin-Elmer 
FI'-IR Paragon 1000 spectrometers. 

2.4. Syntheses of Tp3R'SR Rh( LL ) complexes 

2.4.1. General procedure 
As the preparation of la  as described by Bucher et al. [9] 

was unsuccessful, this and the other complexes described here 
were prepared by the following modified procedure. To a 
solution of the appropriate Rh2C12(LL)2 (LL = 2CO, NBD, 
COD) compound (0.2 mmol in 5 ml ofMeCN), at - 30 °C, 
two equivalents of the solid tris (pyrazolyl) borate were added 
at once. The mixture was stirred for ~ 3 h while the temper- 
ature was allowed to rise to 25 °C (compounds with Tp Me2 
must be stirred for less than 1 h and the temperature kept 
below 0 °C to avoid decomposition and the formation of 
byproducts). The solvent was then removed using a rotary 
evaporator, the residue extracted with 5 ml CH2CI 2 and the 
solution filtered through Celite to remove MCI (M = Na, TI). 
The solvent was removed on a rotary evaporator and the 
residual product, after drying in vacuo for 3 h, proved to be 
analytically pure. Yields, analytical, IR spectroscopic (KBr 
pellets) and NMR spectroscopic data (CDCl3) are as fol- 
lows. 

2.4.2. TpMe2Rh(CO)2 (la) 
Yield 173 mg, 94%. IR (cm-~): 2509 s (B-H str). ~H 

NMR: 5.79 (s, 3H, H(4)) ,  4.58 (br, BH), 2.39 (s, 9H, 
Me(3)), 2.33 (s, 9H, Me(5)).  13C NMR: 189.9 (d, 1J(Rh, 
C) =69 Hz, CO), 149.7 (s, C(3)),  144.5 (s, C(5)),  105.9 
(s, C(4)),  15.3 (s, Me(3)),  12.8 (s, Me(5)). 15N NMR: 
- 157.3 (N(1)),  - 134.3 (N(2)).  

2.4.3. TpCFj'MeRh(CO)2 (lb) 
Yield 207 mg, 84%. Anal. Found: C, 33.05; H, 2.19; N, 

13.60; F, 27.37. Calc. for CITHI3N6BO2F9Rh: C, 33.04; H, 
2.12; N, 13.60; F, 27.66%. IR (cm-l) :  2571 s (B-H str). 
~H NMR: 6.41 (s, 3H, H(4)),  4.80 (br, BH), 2.41 (s, 9H, 
Me(5)). 19F NMR: -60.19 (CF3). 13C NMR: 182.9 (d, 
~J(Rh, C)=72  Hz, CO), 146.6 (C(5)),  144.0 (q, 2j(F, 
C) =38 Hz, C(3)),  120.8 (q, ~J(F, C)=269 Hz, CF3), 
106.3 (q, 3J(C, F) = 2 Hz, C(4) ), 13.0 (Me(5)).  15N NMR: 
-150.6 (N(1)),  -128.3 (N(2)).  ~IB NMR: -8.99 (d, 
1J(B, H) = 101 Hz, BH). 

2.4.4. TpCF3"CF3Rh(CO)2 (lc) 
Yield 259 mg, 81%. Anal. Found: C, 26.61; H, 0.48; N, 

11.62; F, 42.87. Calc. for C17H4N6BO2FIsRh: C, 26.18; H, 
0.52; N, 10.78; F, 43.84%. IR (cm-l) :  2645 w (B-H str). 
IH NMR: 7.06 (s, 3H, H(4)),  5.07 (br, BH). 19F NMR: 
-60.35, -59.58 (CF3). 13C NMR: 181.2 (d, 1J(Rh, 
C) =73 Hz), 145.4 (q, 2j(F, C) =39 Hz, C(3)) ,  141.1 (q, 
2j(F, C) =44 Hz, C(5)),  119.6 (q, 1J(F,C) = 270Hz, CF3), 
118.7 (q, lJ(F, C) =271 Hz, CF3), 108.5 (br, C(4)).  15N 
NMR: -156.1 (N(1)),  -118.1 (N(2)).  

2.4.5. TpMe2Rh(NBD) (2a) 
Yield 167 mg, 85%. IR (cm-l) :  2509 (B-H str). IH 

NMR: 5.69 (s, 3H, H(4)),  2.49 (s, 9H, Me), 2.24 (s, 9H, 
Me), see Ref. [9]. 

2.4.6. TpCF~'MeRh(NBD) (2b) 
Yield 227 mg, 87%. Anal. Found: C, 40.51; H, 3.15; N, 

12.75; F, 26.32. Calc. for C22H21N6BF9Rh: C, 40.40; H, 3.24; 
N, 12.85; F, 26.14%. IR (cm- ~) : 2489 s (B-H str). IH NMR: 
6.40 (s, 3H, H(4) ), 4.72 (br, BH), 3.90 (4H, H°l), 3.47 (s, 
2H, Hbrh), 2.20 (s, 9H, Me(5)), 1.08 (2H, Hbr). 19F NMR: 
-59.98 (CF3). 13C NMR: 146.2 (C(5)),  143.2 (q, 2j(F, 
C) = 38 Hz, (C(3)), 121.2 (q, lJ(19F, ISC) = 269 Hz, CF3), 
106.3 (q, 3j(F, C) =2 Hz, C(4)),  62.4 (d, 3J(Rh, C) =7 
Hz, cbr), 57.5 (d, lJ(Rh, C) = 10 Hz, C°l), 50.1 (d, 2j(Rh, 
C ) = 3  Hz, cbrh), 12.9 (Me(5)). 15N NMR: -148.9 
(N( 1 ) ). l°3Rh NMR: 1261. 

2.4. 7. TpCF3'CFJRh(NBD) (2c) 
Yield 287 mg, 88%. Anal. Found: C, 32.06; H, 1.87; N, 

10.14; F, 41.23. Calc. for C22Hl2N6BF18Rh: C, 32.38; H, 
1.48; N, 10.30; F, 41.90%. IR (cm-~): 2576 (B-H six). ~H 
NMR: 7.05 (s, 3H, H(4)),  4.92 (br, BH), 4.06 (4H, H°I), 
3.52 (2H, Hbrh), 1.16 (2H, Hbr). 19F NMR: - 59.80, - 60.35 
(CF3). 13C NMR: 144.2 (q, 2j(F, C) = 39 Hz, C(3)) ,  140.2 
(q, 2j(F, C) =45 Hz, C(5)),  120.1 (q, ~J(F, C) =270 Hz, 
CF3), 118.9 (q, 1J(F, C) = 271 Hz, CF3), 108.5 (br, C(4) ), 
63.1 (d, 3j(Rh, C) =7 Hz, Cbr), 58.9 (d, 1J(Rh, C) = 10 Hz, 
C°l), 50.1 (d, 2J(Rh, C) =2  Hz, cbrh). 15N NMR: - 154.1 
(N(1)). l°3Rh NMR: 1244. 
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2.4.8. TpCr~'Cr~Rh(COD) (3c) 
Yield 59 mg, 71%. IR (cm- i): 2586 (B-H str). 1H NMR: 

7.05 (s, 3H, H(4)) ,  4.85 (br, BH), 4.29 (4H, H°~), 2.03 
(4H, HCX°), 1.67 (4H, H~na°). 19F NMR: -59.5 (2 CF3). 

13C NMR: 144.6 (q, 2J(F, C) =39 Hz, C(3)),  140.9 (br, 
C(5)),  120.1 (q, Ij(F, C) =270 Hz, CF3), 119.0 (q, ~J(F, 
C) =270 Hz, CF3), 109.0 (br, C(4)),  83.3 (d, ~J(Rh, 
C) = 13 Hz, C°l), 29.1 (s, CH2). 15 N NMR: -154.3 
(N(1) ). l°3Rh NMR: 1129. 

2.5. X-ray crystallography 

A yellow plate of TpCF3'MeRh(CO)2 (lb) ,-of  size 0.4 × 
0.3 × 0.3 mm, was used for the structure determination. Crys- 
tals suitable for X-ray analysis were obtained from a CH2CI 2 
solution upon addition of CH3CN. Details of the 
X-ray data collection are as follows: C17H13BF9N602Rh, 
M--618.1, monoclinic, space group C2/c, a=21.271(9), 
b=11.004(3), c=21.563(9) ,~,, fl=114.93(3) °, V= 
4577(3) A s, Z=8, /x  = 0.847 mm -~, T=293 K, F(000)= 
2432, D¢ --- 1.794 M gm- 3; Syntex P21 diffractometer, graph- 
ite crystal monochromated Mo Ka radiation (0.71073 A) 
and to-scan mode. Accurate unit-cell parameters were 
obtained by least-squares fits of the 20 values of the high 
order reflections. A total of 2380 reflections (3.0°< 
20< 40.0 ° ) was collected, of which 2153 were independent, 
with index ranges -20~h~< 18, 0~<k< 10 and 0~</~20. 
These gave 1807 observed (F>4.0~r(F))  reflections. No 
absorption correction was applied. 

The structure was solved by direct methods [19] and 
refined by full-matrix least-squares methods (328 param- 
eters, the function minimized was [ Ew (Fo - F~) 2 ] ), with 
anisotropic thermal ellipsoids for all non-hydrogen atoms. 
Extinction corrections were deemed to be unnecessary. The 
hydrogen atoms were introduced into the calculated positions 
with a riding model with fixed isotropic U. The final values 
R (observed data)=3.41, Rw=4.70, GOF=l.26, with 
weighting scheme w-~ = tr2(F) + 0.0010(F) 2 were 
obtained. Maximum and minimum peaks were 0.45 (located 
on Rh) and -0 .26  e/~-3;  largest and mean A/o'=0.343 
and 0.013. The final coordinates and U m values are listed in 
Table 1. See also Section 5. 

3. Results and discussion 

3.1. Syntheses 

As a continuation of an earlier study [9] of complexes of 
the types TpMe2Rh(CO)2 ( l a ) ,  TpMe2Rh(NBD) (2a) and 
TpMe2Rh(COD) (3a) ,  in order to investigate the influence 
of electron-withdrawing substituents on the pyrazolyl rings 
on the properties of their complexes, the Rh(I) compounds 
with the recently described anionic ligands Tp cF~'M~ [ 9] and 
Tp cFs'cFs [ 17] were prepared. The sodium or thallium salts 
of the tris(pyrazolyl)borates Tp 3R'sR (a-c)  reacted in dry 
acetonitrile with the rhodium complexes Rh2CI2(LL)2 
(LL = 2CO, NBD, COD) according to Eq. (1): 

Rh2CI 2 (LL) 2 + MTp 3R'SR ) 

2Tp3R'SRRh(LL) + 2MCI (1) 

LL 3R 5R 

la 2CO CH3 CH3 
lb 2CO CF3 CHs 
lc 2CO CF3 CF3 

2a NBD CH s CH 3 
2b NBD CF3 CH3 
2e NBD CF 3 CF 3 

3a COD CH3 CHs 
3b COD CF3 CHs 
3e COD CF3 CF3 

a -- Tp ~2 , b -- Tp cF3'M~, c -- Tp cF3'cF3 , M -- Na , TI. 

Table 1 
Atomic coordinates ( X 10 4) and equivalent isotropic displacement coeffi- 
cients (A2X 10 3) 

x y z Ueq a 

Rh(1) 2173(1) 149(1) 1592(1) 55(1) 
B(1) 1312(4) -2095(6) 601(3) 49(3) 
N(1) 1115(2) -841(4) 255(2) 48(2) 
N(2) 1487(3) 191(4) 542(2) 53(2) 
N(3) 1056(2) -2239(4) 1165(2) 48(2) 
N(4) 1273(3) - 1411(5) 1680(3) 61(2) 
N(5) 2111(2) -2264(4) 893(2) 47(2) 
N(6) 2567(3) - 1396(4) 1292(2) 51(2) 
C(1) 1229(3) 1072(6) 69(3) 55(3) 
C(2) 691(3) 619(7) -506(3) 65(4) 
C(3) 626(3) -576(6) -377(3) 53(3) 
C(4) 1517(5) 2326(7) 187(4) 80(4) 
C(5) 113(3) - 1483(7) -819(3) 74(3) 
C(6) 993(3) -1785(6) 2094(3) 57(3) 
C(7) 601(3) -2821(6) 1861(3) 61(3) 
C(8) 651(3) -3093(5) 1262(3) 52(3) 
C(9) 1130(5) -1076(9) 2720(4) 92(5) 
C(10) 333(3) -4130(6) 793(4) 76(3) 
C(l l )  3199(3) -1795(6) 1406(3) 57(3) 
C(12) 3164(4) -2898(6) 1098(3) 63(3) 
C(13) 2470(4) -3188(5) 778(3) 54(3) 
C(14) 3832(4) - 1060(9) 1784(5) 89(5) 
C(15) 2146(4) -4290(6) 376(3) 72(4) 
F(I) 1256(3) 3004(4) 542(3) 107(3) 
F(2) 2191(3) 2369(4) 515(3) 104(3) 
F(3) 1341(3) 2894(4)  -411(3) 113(3) 
F(4) 840(4)  -1534(7) 3084(3) 177(4) 
F(5) 1778(3) --937(7) 3123(3) 158(4) 
F(6) 917(5) 54(6) 2599(3) 178(5) 
F(7) 3998(2) -895(5) 2427(3) 120(3) 
F(8) 4359(3) -1508(7) 1727(3) 177(4) 
F(9) 3771(3) 92(6) 1555(3) 156(4) 
C(16) 2774(4) 143(6) 2495(4) 70(3) 
C(17) 1893(4) 1587(7) 1822(4) 85(4) 
O(1) 3119(3) 150(5) 3071(3) 100(3) 
0(2) 1715(4) 2446(6) 2003(4) 145(5) 

a Equivalent isotropic U defined as one third of the trace of the orthogon- 
alized Uij tensor. 
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The yel low to orange solid products were obtained in high 

yields and proved to be stable under normal laboratory con- 
ditions. Attempts to synthesize TpCF3"CF3Rh(COE)2 
(COE = cyclooctene) ,  using either NaTp cF3'cF~ or 
TITp cF3'cF3, were unsuccessful: the 500 MHz 1H NMR spec- 
tra of  the brownish materials obtained in both cases did not 
show B - H  resonances and, therefore, the t r i s (pyrazoly l ) -  
borate anions had decomposed.  

3.2. Carbonyl complexes Tp3R'SRRh( CO)2 (I) 

3.2.1. Solution studies 
The v ( C O )  stretching frequencies ( sym and asym) of  the 

carbonyl derivatives l a - c  in solution are given in Table 2, 
together with the corresponding values for some related com- 
plexes. Some representative IR spectra are shown in Fig. 2. 

Earlier work from this laboratory showed that CHCI3 solu- 
tions of  TpM¢2Rh (CO)  z ( l a ) ,  at room temperature, contain 
the five-coordinate isomer with a K3-bonded pyrazolylborate 

ligand with characteristic v ( C O )  bands at 2055 and 1980 
cm-1  [9] .  However,  Purwoko and Lees [4a] report that, in 
CH2C12 solution, there is an equilibrium between a x 2- and 
the K3-bonded species, the former showing characteristic 
v ( C O )  vibrations at 2078 and 2009 c m - i .  

The IR spectrum of  TpCF3'MeRh(CO)2 ( l b ) ,  in CHC13, 

showed four carbonyl stretching vibrations of  similar inten- 
sities at v = 2100, 2088, 2037 and 2022 cm-1  (see Table 2 
and Fig. 2 ( a )  ). Their  energies are in the range characteristic 
for four-coordinate rhodium complexes,  as can be seen by 
comparing these values with those of  corresponding 
b i s (pyrazoly l )bora te  complexes [9,12].  Interestingly, while 
for some complexes of  the type Tp3R'4R'5RRh(CO)2, a 

remarkable shift towards the five-coordinate form on replac- 

a) 

b) 

1 ,  L ~ i ~  , ,  , i  , ,  , ,  i 
2200 2000 1950 cm "1 

Fig. 2. IR spectra showing the 

c) 

d) 

I ' ' ' ' 1  ' ' ' l ' l ' ' l  
2200 2000 1950 cm "1 

carbonyl stretching modes of 
TpCp3'MeRh(CO)2 (lb) in CHCI~ (a) and CH3CN (b); TpCr3'CF3Rh(CO)2 
(lc) in CHCI 3 (c) and CH3CN (d). 

ing CHCI 3 with CH3CN occurred [9] ,  the IR spectra of  l b  
in CH3CN (see Table 2 and Fig. 2 ( b ) )  remained almost 
unchanged, apart from the appearance of  a weak shoulder at 
~ 1980 c m -  1, the range characteristic for a five-coordinate 
form. Thus, the two forms present in these solutions were 
assigned the K2-bonded structures A and B. 

The IR spectra of  TpCF3'CF3Rh(CO)2 ( l c ) ,  in CHC13, 

showed five bands in the region 1900-2200 cm-1 ,  those of  
highest intensity being at 2095 and 2028 c m -  i (see Table 2 
and Fig. 2 (c )  ). The IR spectra of  lc ,  in CH3CN, also showed 
five bands ( see Table 2 and Fig. 2 (d)  ). However,  in addition 
to the absorptions at v = 2095 and 2026 cm-1 ,  due to the 
major isomer, here a five-coordinate species responsible for 
the bands at 2068 and 1991 c m -  1 was also present. A c o m -  

Table 2 
Carbonyl stretching bands for complexes of the type Tp3R'SRRh(CO)2 and related compounds 

Compound CHCI3 MeCN KBr (isolated 
from CHC13) c 

KBr (isolated 
from CH3CN) 

/)syrn /)asym l~syrn Vasym Vsym b'asym l~syrn l",sym 

la 

lb  

2055 vs 1980 vs a 2056 vs 1980 vs" 

2100 s 2037 s 2100 s 2036 s 
2088 s 2022 s 2087 s 2019 s 

lc 2110m 2051m 2049 sh 
2095 vs 2028 vs 2095 vs 2026 vs 
2066w 2068 s 1991 s 

TpMeRh(CO)2 ° 2085 s 2019 s 2087 w 2019 w 
2060s 1988 s 2062 vs 1988 vs 

MeTpMeRh(CO)2 b 2083 s 2017 s 2083 w 2019 w 
2056 s 1980 s 2056 vs 1980 vs 

2108w 2073 sh 
2083 w 2012 s 
2051 vs 1972 vs 

2082 vs 2016 vs 
2001 br 

2096 vs 2038 vs 

2052 vs 1973 vs 

2085 vs 2017 vs 
1988 w 

2095 vs 2035 vs 

"See Ref. [9].  
b See Ref. [12].  
c l a  isolated from CH2CI2. 
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Table 3 
Selected ~°3Rh, ~SN and 13C NMR data for complexes of the type Tp3R'SRRh (LL)2 and related compounds 

Compound 8(1°3Rh) t5 N 

8(N t ) 8(N 2) 

8(~3C(olefinic) ) 

la - 157.3 - 134.3 
lb - 150.6 - 128.3 
1 ¢  - 1 5 6 . 1  - 118.1 

2a 1777 a 35.1 ~.b 
2b 1261 - 148.9 n.d. 57.5 
2e 1244 - 154.1 n.d. 58.9 
{BBN(3_Me.pz)2}Rh(NBD) a 1374 53.5, 51.0 
{PhMeB(3-Me-pz)2IRh(NBD) ¢ 1340 - 140.2 - 137.8 57.1, 51.7 

3a 1107 a 75.2 a 
3b 1129 a 
3e 1129 - 154.3 n.d. 83.3 
{PhMeB(3-Me-pz)2}Rh(COD) c 1136 - 140.4 - 139.8 
{BBN(3-Me-pz)2IRh(COD) a 1205 78.3, 75.1 
{BBN(pz)2}Rh(COD ) a - 131 - 136 81.1, 79.1 

l See Ref. [9]. 
b Solid state: 30-35 ppm. 
¢ See Ref. [12]. 

parison of the spectra in the two solvents allows the assign- 
ment of  the weak absorption at 2066 c m - l  in the CHC13 
solution to the Vsym absorption of  the five-coordinate form C, 
whereas the shoulder at 2049 c m -  1, in the CH3CN solution, 
is assigned to the/'asym vibrations of the four-coordinate spe- 
cies which are found at v = 2110 and 2051 cm-1  in CHCI3. 

It is noteworthy, that the carbonyl compound le  is the only 
complex of  this type, where all three isomeric forms can be 
simultaneously observed in solution. Furthermore, also le  
shows solvent-dependent equilibria between them, one of  the 
four-coordinate forms being the major isomer in CHC13 as 
well as in CH3CN, the equilibria being shifted towards the 
other four-coordinate form in the former and to form C in the 
latter solvent. 

In contrast to the recently studied carbonyl complex 
TpiPr'4B'Rh(CO)2 [9] ,  where one could clearly detect by 
NMR the inequivalent pyrazolyl rings, in a 2:1 ratio, of  iso- 
meric form A, the IH and ~3C spectra of  l a - c  showed the 
equivalence of  the three pyrazolyl rings. Low temperature 
experiments were also performed on TpCF3'MeRh(CO) 2 ( l b )  
but no spectral change was observed even at - 80 °C. Thus, 
in the new carbonyl complexes described here, i.e. l b  and 
le, the exchange between the three forms is fast on the NMR 
time scale. 

Additionally, the 8(15N) chemical shift values of  the car- 
bonyl complexes l a - l e  were measured to obtain another 
estimate of  the position of  the equilibrium between species 
of  types B and C. The relevant data are summarized in Table 
3. The 8(15N2) values of  compounds l a - c  ( - 134.3, - 128.3 
and - 118.1 ppm, respectively) clearly indicate that the ten- 
dency to form five-coordinate species decreases in the order 
l a  to lc. Assuming that the chemical shift of  N 2 in the five- 
coordinate complex is not much different from that of  the 

four-coordinate species [ 12], one estimates that solutions of  
le  contain almost exclusively the K2-bonded form, as the N 2- 
shift observed for lc  ( - 118.1 ppm) is in good agreement 
with the value calculated for a r2-bonded form ( - 117 ppm),  
while solutions of  l a  and l b  may contain both five- and four- 
coordinate species. 

While the relative amounts of  the isomeric forms of  l a  and 
of  le  estimated by this method are in good agreement with 
those obtained from IR spectroscopy, the relative amounts of  
h -2- and x3-bonded species of  l b  in solution obtained by the 
two methods differ significantly. The reason for this discrep- 
ancy is not apparent. 

As an indirect detection [20] of  the ~°3Rh resonances by 
~H observation was employed during this study, ~°3Rh chem- 
ical shift values could only be obtained for olefinic com- 
plexes, where suitable long-range couplings nJ(Rh, H) are 
observable. In principle couplings to pyrazolylborate protons 
could also be used as, for example, in the case of  some 
tungsten complexes [21].  However, in complexes 1-3, 
where there are x2- r  3 equilibria involving cleavage of  Rh -  
N bonds, these couplings and the associated double-quantum 
coherences disappear. 

3.2.2. Solid state 

The solid-state IR spectra of  complex TpMe2Rh(CO)2 

( l a ) ,  reported in the literature [ 9 ], indicated the presence of  
only the five-coordinate species in the solid state. However, 
it was found in this study that for l a - e  the solids obtained by 
evaporating the solvent to dryness contained different iso- 
mers. Thus, while compound la ,  obtained from a CH3CN 
solution, contained, as expected, only the K3-bonded species, 
the material similarly isolated from a CHCI3 solution, also 
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showed the bands due to the two x2-bonded species A and B 
(see Table 2). 

Although the compositions of solutions of 
TpCF3'MeRh(CO)2 ( l b )  andTpCF3'CV3Rh(CO)2 ( lc )  showed 
no solvent dependence (see Table 2), complex lb  always 
gave a solid which contained one of the K2-bonded forms as 
the major isomer and some five-coordinate form as deduced 
from the presence of a weak absorption at 1988 cm- 1. How- 
ever, exclusively one of the four-coordinate forms was 
observed in the case of lc. 

Thus, the structural information obtained from single crys- 
tal X-ray crystal structure analyses for complexes of this type 
may not be generally usable as, depending on the solvent 
employed, and the isolation procedure, different or additional 
species might be present in the solid state. Thus, not only 
subtle electronic and steric effects, but also solubility factors 
and the crystal packing, may determine whether these com- 
plexes form four- or five-coordinate species even in the solid 
state. 

3.2.3. X-ray crystal structure of TpCFj'MeRh( CO)2 (lb) 
The structure of lb  was determined by X-ray diffraction 

and an ORTEP view of the molecule is shown in Fig. 3. The 
crystal contains discrete molecules separated by normal van 
der Waals distances. A selection of bond lengths and angles 
is given in Table 4. The Rh atom is four-coordinate and 
bonded to the two carbonyl co-ligands and to nitrogen atoms 
of two of the pyrazole rings of the tris(pyrazolyl)borate 
anion. The coordination geometry at rhodium is approxi- 
mately square-planar. There do not appear to be structures of 
closely related complexes in the literature except [Rh{ K 2- 
HB(pzM~2)2(pzM~H) }(CO)2] [BF4] ( l d ) ,  obtained by 
protonating la  [22]. The Rh coordination sphere, i.e. the 
square-planar coordination, of lb  and ld  are quite similar; 
e.g. the Rh-N distances are 2.070(4), 2.093(4) .~ in ld  and 
2.116(4), 2.114(5) ,~ in lb,  while the Rh-C distances are 
1.848(5), 1.867(6) ,~ in ld  and 1.824(7), 1.832(9) ,~ in 
lb. These Rh-C, as well as the C-O distances, are also in 

F4) 

F{7/ ~' ( ~ 0 / 2 )  
F(5~ 

Fig. 3. ORTEP plot of TpCF"MeRh ( CO ) 2 ( l b  ). 

Table 4 
Selected distances (A) and angles (°) for lb 

Rh(1)-N(2) 2.116(4) Rh(1)-N(6) 2.114(5) 
Rh(1)-N(4) 2.636(5) Rh(1)-C(16) 1.824(7) 
B(1)-N(1) 1.540(8) Rh(1)-C(17) 1.832(9) 
B(1)-N(5) 1.555(9) B(1)-N(3) 1.534(il) 
C(17)--O(2) 1.145(12) C(16)-O(1) 1,146(9) 

N(2)-Rh(1)-N(6) 82.7(2)  N(2)-Rh(I)-C(16) 178.7(3) 
N(6)-Rh(1)--C(16) 97.7(3) N(2)-Rh(1)-C(17) 96.6(3) 
N(6)-Rh(I )-C(17) 173.8(3) C(16)-Rh(1)-C(17) 82.8(3) 
N(I)-B(1)-N(3) 111.2(6) N(I)-B(1)-N(5) 109.4(5) 
N(3)-B(1)-N(5) 111.0(4) B(I)-N(1)-N(2) 122.3(4) 
Rh(1)-C(16)-O(1) 176.1(9) Rh(1)-C(17)-O(2) 175.4(8) 
N(4)-Rh(1)-N(2) 84.1(3)  N(4)-Rh(I)-N(6) 83.8(3) 
N(4)-Rh(I)-C(16) 97.1(3) N(4)-Rh(1)-C(17) 102.4(3) 

good agreement with those reported in the square-planar com- 
plex [NMe4] [Rh(ox) (CO)2] (ox = oxalato) [23]. 

However, there are significant differences in the overall 
structures of lb  and of the above protonated derivative ld. 
While the latter is a typical example of a four-coordinate 
species of type B, lb  represents an intermediate between the 
four-coordinate form B and a five-coordinate square-pyram- 
idal form. As can be seen from Fig. 3, the uncoordinated 
pyrazolyi ring occupies an axial position and is placed 
approximately above the coordination plane, as expected for 
a r3-Tp coordination. The N(4) atom is not placed exactly 
above the rhodium atom but slightly displaced towards the 
two coordinated nitrogen atoms, as can be seen from the 
N (4 ) -Rh (1 ) -N (2 )  and N ( 4 ) - R h ( 1 ) - N ( 6 )  angles which 
are ,-, 84 ° and the N(4)-Rh(  1 ) -C(16)  and N(4) -Rh(  1 ) -  
C(17) angles which are ~ 97 ° and 102 °, respectively. Pre- 
sumably, given the square-planar coordination at rhodium, 
this is as close as N(4) can approach the metal centre given 
the bonding constraints of the Tp cF3'Me ligand. 

However, there does not appear any significant bonding 
between the N(4) atom of this ring and the Rh atom, the Rh- 
N(4) distance being 2.636(5) ,~, while an Rh-N distance of 
2.157 .~ had been considered being at the long end of the 
normal Rh-N range [24]. Interestingly, all the five-coordi- 
nate Tp3R'4R'SRM(LL) (M = Rh and Ir) complexes, at least 
with LL = diene, which have been structurally characterized 
to date, show geometries which are intermediates between 
trigonal-bipyramidal and square-pyramidal [ 6,9,10,12 ]. 

3.3. Norbornadiene complexes Tp3R'SRRh( NBD ) (2) 

In view of the interesting properties of the carbonyl com- 
pounds discussed above and the differences between solids 
and solutions, the corresponding series of NBD and COD 
derivatives 2a-e and 3a-c were also examined. 

The 1H and 13C NMR spectra of TpCF3"MeRh(NBD) (2b) 
and TpCF3'CF3Rh(NBD) (2c), recorded in CDCI3 at room 
temperature, indicated in each case the presence of only one 
type of molecule, i.e. that showing a spectrum with dynami- 
cally averaged pyrazole rings, as found in the related com- 
pound TpM~2Rh(NBD) ( l a )  [9]. However, as shown earlier 
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for the carbonyl complexes, the appearance of magnetic 
equivalence in the ~H and ~3C NMR spectra does not neces- 
sarily imply the presence of only x3-bonded tris (pyrazolyl)- 
borate ligands. 

The l°3Rh shifts of TpCF3'MeRh(NBD) (2b) and 
TpCF3"CF3Rh(NBD) (2c) (1261 and 1244 ppm, respec- 
tively), indicate that only four-coordinate isomers of these 
complexes exist in solution (see Table 3). However, it is not 
possible to establish whether, in each case, one or both of the 
square-planar forms are present. In contrast, complex 
TpM~Rh(NBD) (2a), with 6(1°3Rh)=1777 ppm, exists 
predominately in form C [9]. 

The observed ~3C NMR chemical shift values of the ole- 
finic C atoms in complexes 2b and 2c, also given in Table 3, 
indicate that both complexes exist in their K2-bonded form in 
CDC13 solution. These data are in good agreement with the 
results from the l°3Rh NMR study, which indicated the 
absence of K3-bonded forms. 

3.4. Cyclooctadiene complexes TpSR'SRRh( COD) (3) 

The l°3Rh shift recorded for TpCF3'CF3Rh(COD) (3c), in 
CDCI3, was 1129 ppm (see Table 3). As the COD complexes 
TpM~2Rh(COD) (3a) and TpCF3'M~Rh(COD) (3b), show- 
ing 8(l°3Rh) values of 1107 and 1129 ppm, respectively, 
were assigned square-planar coordination [9], the value for 
3c was taken to indicate that also this complex exists in its 
four-coordinate form in solution. 

The observed ~3C NMR shift of the olefinic C atoms in 3c, 
83.3 ppm, is in good agreement with the values typical for 
four-coordinate bis (pyrazolyl) complexes and thus this result 
also supports the conclusions based on the ~°3Rh NMR data. 

Regrettably, the ~SN NMR resonances for the N 2 atoms 
could not be detected in the complexes having NBD and COD 
ligands. 

Finally, attempts were made to oxidize complexes 1 and 2 
with T1CI3 or [PPh4] 2 [ PtCI6] in order to obtain, for example, 
the corresponding complexes of the type [Ph4P]- 
[Tp3R'4R'SRRhCI3] [25] as these anionic complexes allowed 
the preparation of the dihydrogen complexes of the type 
Tp3R'4R'SRRhH2(H2) [26]. However, so far, these attempts 
have been unsuccessful: either the organometallic starting 
materials were recovered unchanged or decomposition of the 
Tp 3R'aR'5R ligand occurred. 

4. Conclusions 

The carbonyi, norbornadiene and 1,5-cyclooctadiene 
Rh(I) complexes with two new tris(pyrazolyl)borate 
ligands, having the C-3 or the C-3 and C-5 positions 
substituted with CF 3 groups, i.e. TpCF3'MeRh(LL) and 
TpCF3'CF3Rh(LL), were prepared. The K2-r 3 isomerism in 
these complexes was studied by IR and multinuclear NMR 
spectroscopy. All COD complexes 3 were assigned square- 
planar geometries, while the analogous NBD and CO deriv- 
atives also formed the corresponding five-coordinate isomers, 
depending on the substituents on the pyrazolyl rings. It was 
found that, generally, the presence of C F  3 substituents favou- 
red the formation of the four-coordinate complexes, while in 
the complexes with the corresponding Me2-substituted ligand 
the five-coordinate form was preferred. Although it is still 
arguable whether these differences are caused by steric or 
electronic effects, given that (i) larger substituents in the 3- 
positions disfavour the formation of form C, (ii) substituents 
in the 5-positions on the pyrazole rings destabilize form A 
due to steric repulsions, and (iii) form A is present at least 
in lc, the changes induced by CFa as opposed to CH 3 sub- 
stituents are more likely to be due to electronic rather than 
steric effects. 

3.5. Intramolecular pyrazole rearrangement and other 
reactions 5. Supplementary material 

A previous publication [ 9] described the formation of the 
borotropic migration product [ { HB (3-iPr-4-Br-pz) 2 ( 5-iPr- 
4-Br-pz)}Rh(COD)] when a CDCI3 solution of 
Tpil'r'4BrRh(COD) was heated to 70 °C for 30 min. As the 
complexes lb, 2b and 3b have different C substituents on the 
pyrazolyl rings, it should also be possible to detect borotropic 
migrations by NMR spectroscopy. Therefore, CDCI 3 solu- 
tions of lb  and 2b were similarly studied. However, in both 
cases neither migration nor decomposition products were 
found. 

Related studies showed that the reaction of Tpr~2Ir - 
(COD) with K[BH4] in MeOH gave TpM~2Ir(H) (ltr-,4,5- 
r/2-cyclooctenyl) [ 10 ]. Thus, attempts were made to produce 
the TpCF3"CF3Rh analogue by reacting TpCF3'CF3Rh(COD) 
(3c) with K[BH4] in MeOH. However, upon addition of 
K [ BH4] to 3c there was immediate formation of black metal- 
lic rhodium, as found for TpCF3'M~Ir(COD) [ 10]. 

Tables of structure determination summary, anisotropic 
displacement coefficients, H atom coordinates, and an 
extended list of bond distances and angles may be obtained 
from author V.G. upon request. 

6. Note added in proof 

The authors are indebted to Dr S. Trofimenko and to a 
Referee for the information that the X-ray crystal structure of 
[TpCF3"M*Rh(CO)2] had previously been determined by 
R.G. Ball and M. Cowie and reported by R. Krentz (Ph.D. 
Thesis, University of Alberta, 1989). However, the bonding 
parameters for this complex are not available to them at this 
stage. Dr Trofimenko also kindly sent us the X-ray crystal 
structural data for the related compound [TpCF3'~hRh(CO)2] 
(Th = thienyl), determined by J. Calabrese (E.I. Du Pont, 
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Wilmington, DE). The coordination geometry of this com- 
plex is closely analogous to that reported here. 
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