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Abstract: [Rh(H)(L)(“b”S,”)] complexes 

bis[ (2-mercapto-3,5-di-tert-butylphenyl- 
thio)ethane2 -1) catalyze the D,/H+ ex- 
change between D, and EtOH protons in 
the presence of catalytic amounts of 
Br~nsted acids. A mechanism and com- 
plete cycle for the heterolytic D, cleavage 
are proposed that are based on character- 
ization of key intermediates and monitor- 
ing of key reactions. The key intermedi- 
ates are the thiol hydride complexes 
[Rh(H)(L)(“””S,”-H)]BF,, L = CO ( 3 ) ,  
PCy, (4), the coordinatively unsaturated 
complexes [Rh(L)(“h”S4”)]BF4, L = CO 
(5), PCy, ( 6 ) ,  which are the actual cata- 
lysts, and the deuterium-labeled deriva- 
tives of 1-4. Complexes 3 and 4 form 
from 1 and 2 by protonation with HBF,, 
and they release H to give 5 and 6. Com- 
plex 5 dimerizes in the solid state and was 

(L = co (l), PCy, (2); ‘‘bus,”2- =1,2- 
characterized by X-ray structure dcter- 
mination of 5.8CH,C12 (triclinic space 
group P T ,  a = 1048.2(4) pm, b = 

1430.0(5) pm, c = 1785.7(7) pm, CI = 

100.49(3)”, p = 102.92(3)“; 7 = 103.68(3)”, 
Z = 1). Complex 6 is mononuclear and 
adds H,O or THF reversibly to give the 
highly labile [Rh(L)(PCy3)(“b”S,”)]BF,, 
L = H,O (7), THF (8). CO is irreversibly 
added to give the stable [Rh(CO)- 
(PCy,)(“b”S,”)]BF, (9), whose high-fre- 
quency v(C0) (2081 cm- I )  indicates a rel- 
atively low electron density at the Rh cen- 
ter. Complex 6 also adds to H, to give 4, 
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which can be deprotonated by solid 
Na,CO, or H,O lo yield neutral 2. 
‘H NMR and 2H N M R  spectroscopy re- 
vealed the scrambling of thiol protons and 
hydride ligands in 3 and 4 and its deuteri- 
um-labeled derivatives. This exchangc of 
thiol protons for hydride ligands is ex- 
plained by a transient [Rh(q2-H,)] species. 
Low-temperature ‘H/’H NMR spcc- 
troscopy showed that protonation of 2 
yields four diastereoiners of 4 resulting 
from protonation of the four stereochemi- 
cally nonequivalent lone pairs at the thio- 
late donors of 2. The relevance of these 
findings to H, activation at transition- 
metal sulfur sites in hydrogenases or hy- 
drotreatment catalysts, and differences 
from the H, cleavage achicvcd with other 
complexes not containing “built-in” 
Brmsted-basic centers, are discussed. 

Introduction 

Activation of H, by transition-metal complexes can occur by 
homolytic or heterolytic cleavage of the H-H bond.“’ Homoly- 
sis is usually achieved by low-valent metal complexes whose 
metal centers have an increased oxidation state after homolysis. 
Heterolysis, that is, the splitting of H, into a proton and a 

hydride ion, takes place at metal centers in medium or high 
oxidation states and requires the assistance of Br~nsted bases. 
Catalytic H, heterolysis is a reactivity feature of hydrogenases, 
which catalyze the redox equilibrium [Eq. ( 1  a)] and the DJH’ 
exchange reaction [Eq. (1 b)].[*. 31 These reactions are assumed 
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to take placc at the metal sulfur sites of hydr~genases.‘~’ Equa- 
tion ( 2 )  suggests a mechanism for the heterolytic cleavage. This 

+H2 H -H+ 1- 

I H  1 1  I I 
M a M I = M H M-H =M-H (2) 

SI  S I  S I  S H S - H  
I 
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comprises the binding of H, to a vacant coordination site on the 
active center, and the subsequent heterolysis of H, by the con- 
certed attack of thc Lewis-acidic metal and the Brsnsted-basic 
sulfur site. Coordinatively unsaturated complexes, q2-H,, thiol 
hydride, and hydride complexes have bccn proposed as key 
intermediates.". 51 The mechanism according to Equation (2) is 
plausible, but has never been provcd in detail. 

Dihydrogen activation by transition-metal sulfur sites is also 
a key feature of hydrotreatment catalysts based on transition- 
inctal sulfides. Hydrotreatment of petroleum is a high-tempera- 
ture and high-pressure process.['] The detection of SH groups 
on the surface of the heterogeneous catalysts[71 possibly indi- 
cates mechanistic relations between the high-temperature hy- 
drotreatment and the low-temperature hydrogenase reactions. 

Detailed insights into the mechanisms of hydrogenase and/or 
hydrotreatment reactions can be expected from transition-metal 

complexes that exhibit sulfur-rich coor- 
dination spheres and make it possible to 
trap key intermediates. Such complexes 
are extremely rare;t81 one example is thc 
rhodium complex [Rh(H)(CO)("buS,")] 
(1).r91 In the presence of catalytic 22'" 
amounts of Brunsted acids such as hy- 

[Rh(H)(CO)('h"S.+')l (1) drochloric acid, 1 catalyzes the D,/H+ 
exchange according to Equation (1 b), 

and it yields the deuterium derivative [Rh(D)(CO)(""'S,")] (1 a) 
from 1 and D,. These observations led to the suggestion of the 
reaction cycle for the D,/H+ exchange shown in Scheme 

cs.Rh/co VT 

1 

Scheme 1. D, 'H+ exchange catalyzcd by [Rh(H)(CO)("b"S,")] (1) in thc presence 
of catalytic amount? of hydrochloric acid 

With respect to the transition-metal sulfur site and DJH' 
exchange catalysis, 1 combines structural and functional fea- 
turcs of hydrogenase centers. Important key intermediates of 
the catalytic cycle, however, have not yet been identified. These 
are. in particular, thc thiol hydride species [Rh(H)(CO)('sb"S4''- 
H)] ' and thc coordinatively unsaturated [Rh(CO)("b"S,")J+, 
which is the actual catalyst for the heterolytic cleavage of the D, 

molecule. The investigations described here were aimed at the 
unambiguous proof of the existence of these species. The recent 
isolation of the PCy, derivative [Rh(H)(PCy,)("b"S,")J >['01 

which is less labiic than 1 and accessible from 1 and PCy, , made 
it possible substantially to corroborate the mechanism of 
Scheme 1. 

Results 

Protonation of [Rh(H)(L)(''b"S,")] and characterization of the 
resultant hydrido thiol complexes: Treatment of the hydrido 
complex [Rh(H)(CO)("buS,")J (1) and its PCy, derivative 
[Rh(H)(PCy,)("buS,")J (2) dissolved in CH,CI, with 1 equiv of 
HBF, in Et,O resulted in protonation of the thiolate donors. 
The resultant hydrido thiol complexes [Rh(H)(CO)(''buS,"- 
H)JBF, (3) and [Rh(H)(PCy,)("b"S4"-H)]BF, (4) both proved 
highly labile and will be described separately. 

Protonation of 1 by HBF, : The formation of the very tempera- 
ture-labile yellow [Rh(H)(CO)('Lb"S,''-H)]BF, (3) according to 
Equation (3) could be monitored only at temperatures below 

-40 'C. Above this temperature, 3 rapidly decomposed. 1R 
monitoring showed that the v ( C 0 )  band of 1 (2079 cm-') was 
replaced by the v(C0) band of 3 (2110 cm-') (Figure 1). The 
frequency shift of 31 cm-' corresponds with the v ( C 0 )  shifts 

0 i  11 
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Figure 1. IR spectra of CH,CI, solutions (at -70'C) of a) [Rh(Hj(CO)("b"S,"j] 
(I) .  b) I after addition of 0.5 equiv of HBF,, and c) I after addition of 1 equiv of 
HBF, in CH,CI,. 

observed for [Fe(CO),(**S,")J or [Fe(CO)("Ni,S,")] ("S,"2 = 

1,2-bis(2-mercaptoph~nylthioethane~ ,"N,S,"Z = 2,2'-bis(2- 
mercaptophenylthio)diethylaminez-) upon protonation or 
alkylation of their thiolate donors.'"] The relatively weak and 
broad v(RhH) of 1 at 2003 cm-' was replaced by the v(RhH) of 
the resultant 3 at 1992 cm- I .  The v(SH) bond of 3 was detected 
at 2482 cm- I .  Evaporating the reaction solution to dryness led 
to partial decomposition of 3 even at - 50 "C. 

Monitoring of the reaction according to Equation (3) by low- 
temperature ( -  50 "C) 'H NMR spectroscopy showed that all 
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Figure 2. Hydride resonances in the 
'HNMR spectra of a) [Rh(H)- 
(CO)("b"S:')] (1) and b) [Rh(H)- 
(CO)("b"S;-H)]BF. (3) in CD,Cl, 
at - 50 '"2. 

CH signals of 1 were replaced 
by new signals indicating the 
quantitative formation of 3. 
(The tert-butyl groups and the 
four aromatic protons of the 
''buS4"2- ligand in [M(L,)- 
(L2)("h"S,")] complexes are 
particularly sensitive probes 
for monitoring reactions by 
' H  NMR spectros~opy.[~~ lo]) 

The characteristic hydride 
doublet of 1 at 6 = - 9.44 
('J(RhH) = 12.8 Hz) changed 
to a broad unresolved signal 
at 6 = - 9.38 (Figure 2). 

Signals arising from SH 
groups were not detected at 
- 50 "C. The reason is certain- 
ly the broadness of the SH sig- 

nal due to exchange processes which arc described below for the 
variable-temperature experiments with the [Rh(H)(PCy,)- 
("""S,")] derivative 2. It proved impossible to investigate these 
assumed exchange processes with 3 by temperature-dependent 
'H NMR spectra, because decreasing the temperature below 
- 50 "C resulted in precipitation of 3, whereas raising the tem- 
perature above -40 "C led to decomposition of 3. However, the 
possibility that the signal at 6 = - 9.38 resulted from formation 
of a q2-H, complex was excluded. The signal intensity corre- 
sponded to one proton only. In addition, Tl time measurements 
at - 50 "C resulted in Tl = 2300 ms, which is typical of ql-hy- 
dride ligands and usually much too large for q2-H2 complex- 
eS,[ld. 12-14] 

Protonation of [Rh(H)(PCy3)("buS4")] (2): The hydride complex 
2 is significantly less labile than 1. The same holds for its proto- 
nated product 4, which could be obtained in solution at room 
temperature [Eq. (4)]. 

Addition of HBF, (in Et,O) to CH,CI, solutions of 2 at room 
temperature resulted in a color change from yellow to dark red. 
The IR spectra of these solutions exhibited a medium intensity 
band at 2459 cm-', assigned to v(SH). The v(RhH) band was 
observed at 2032 cm-' and is slightly shifted compared with 
that of 2 in KBr (2040 cm-I). Although it was less labile than 
3, 4 also decomposed slowly in solution, as indicated by the 
diminution of the IR bands over a period of 1-2 h. Removal of 
the CH,Cl2 solvent by evaporation resulted in a color change 
from red to deep violet. The remaining residue was character- 
ized as [Rh(PCy,)("h"S,")]BF4 (6) (see below). 

The 'H NMR spectrum of 4 recorded at + 30 "C in CD,CI, 
resembles that of 3 in CD,CI, at -50°C. In addition to the 

characteristic [Rh(PCy,)("h"S4")] signals indicating C, symme- 
try, the 'HNMR spectrum of 4 exhibits a broad signal at 
6 = -10.40 and an extremely broad signal at 6 ~ 5 . 5 .  The 
6 = -10.40 signal is slightly shifted when compared with the 
pseudo-triplet hydride signal of 2 at 6 = - 11.02 (Figures 3a  
and 3 b). 
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Figure 3. Details of the 'H NMR spectra of a) [Rh(H)(PCy,)("b"S,")] ( 2 )  (in 
CD,Ci,at + 30"C)and[Rh(H)(PCy,)("b"S,"-H)]BF,(4)at b) + 30'C,c) - 20'C. 
d) - 9 0 T  (in CD,CI,) (* = SH resonances; " = RhH resonances). 

The good solubility of 4 made it possible to record tempera- 
ture-dependent 'HNMR spectra down to -90°C. These re- 
vealed that the two broad signals at S = -10.40 and ~ 5 . 5  split 
into four signals each. (Likewise, the signals of the aromatic 
protons and the tert-butyl groups split into complex multiplets 
upon cooling.) At - 90 "C, the spectrum depicted in Figure 3 d 
results. The temperature dependence of the 'H  NMR spectra 
and the number, splitting, and intensity of the signals in Fig- 
ure 3 d suggest the following interpretation. The signals in the 
high-field region are assigned to RhH resonances. The splitting 
of these signals, which can be particularly well observed for the 
signal at 6 = - 10.87, is due to 'J(RhH) and 'J(PH) couplings 
that lead to pseudo-triplets. Four of these pseudo-triplets can be 
detected. They have unequal intensities, and they indicate the 
presence of four diastereomeric hydride complexes in different 
amounts. 

This interpretation is corroborated by the temperature depen- 
dence of the broad singlet at 6 ~ 5 . 5  (at + 30°C). This signal 
splits into four low-field signals in the range 6 = 5-12, which 
are assigned to SH resonances. The signal at 6 = 5.35 is 
isochronous with the solvent signal, but can be unequivocally 
recognized from the increase in intensity of this signal between 
the - 20 "C and - 90 "C spectra. The intensities of the four SH 
and four RhH resonances correlate and make it possible to 
conclude that four diastereomeric rhodium hydride thiol com- 
plexes are present. Integration of the respective signals (not 

~ 
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shown) gives a ratio of approximately 7:7:1:5 for these 
diastereomers. 

The formation of four diastereomeric rhodium hydride thiol 
complexes is explained by the C ,  symmetry of [Rh(H)(PCy,)- 
(L'b""S,'')] (2) and the stereochemically inequivalent four lone 
pairs at the two thiolate donors (see structure A). It has been 
shown previously that these lone pairs can be distinguished by 
their endo or exo orientation towards the [M(L,)(L2)("h"S,")] 
core.[15] Protonation of these four lone pairs results in four 
diastereomeric hydride thiol complexes, for example, structures 
B and C. Being diastereomeric, the hydride thiol complexes 
differ energetically, so they form in different yields. The 
'H NMR spectra reveal that the four diastereomers are inter- 
converted, to an extent that depends on temperature. 

The reaction sequence according to Equation (5) was corrob- 
orated by X-ray structure analysis of the binuclear [{Rh(CO)- 
("h"S,")}2](BF,), (5 ) .  Complex 5 was obtained in small 
amounts in the form of dark red single crystals from reaction 
solutions that had been stored at -30°C for one year. Com- 
plex 5 exhibits a core structure in which the dotted Rh-S dis- 
tances are significantly longer than the Rh-S distances with- 
in the [Rh(CO)("buS,")]+ 
fragments indicated in 

CH,Cl, solutions of 4, 

Equation (4), proved sig- 
nificantly more stable than those of 3. However, attempts to 
isolate 4 from these solutions by evaporating the CH,CI, led to 

7"' cs112+ 
structure D. (+ p.s"-- < -  

I 
obtained according to C s d  co D 

- -  
a rapid color change from red to deep violet and resulted in a 
deep violet residue that was identified as [Rh(PCy,)("""S,")]BF4 
(6). Its formation can be explained by a reaction between the 

according to Equation (6). 

,HH exo 

i+ SI l+ 
hydride and thiol protons of 4 and subsequent release of H, 

2 0  C / p <  1 har / -H1  - [Rh(PCy,)("h"S,")]BF4 (6) 4 
A B C CH2C12 6 

endo 

Characterization of the products resulting from decomposition of 
the hydride thiol complexes 3 and 4: Although to a dil'ferent 
degree, the CH,Cl, solutions of both 3 and 4 provcd tempera- 
ture-labile and released gas. The resultant products remaining in 
solution could be isolated and characterized. 

Whcn 1 equiv of HBF, was added to I in CH,CI, solution at 
room temperature, the solution immediately changed color 
from yellow to red and evolved ca. 1.8 cquiv of gas. The gas was 
identified as a mixture of H, and CO by gas chromatography. 
The samc reaction was observed when 1 in CH,CI, solution was 
treated with HBF, at -50°C and subsequently warmed to 
20°C. Evaporation of the solution to dryness yielded a very 
dark red residue that exhibited low-intensity v(C0) IR bands of 
residual CO groups, but had no rhodium hydride signal in the 
'H N M R  spectrum. These observations are compatible with re- 
action according to Equation (5). Complcx 3, resulting from 

Q S l+ 

Qs 1+ 

protonation of I ,  is unstable and releases H,. The resultant 
coordinatively unsaturated [Rh(CO)("hL1S4")]BF, is also un- 
stable, and releases CO, presumably to yield [Rh("h"S,")]BF,, 
which has not been characterized in detail. 

Complex 6 is readily soluble in common solvents except n- 
hexane, CCI,, and H 2 0 .  It could be characterized by IR, 'H, 
31P NMR, and mass spectroscopy, and by chemical reactions. 
The spectroscopic properties and chemi- 
cal reactivity indicate that 6 contains the 
C ,  symmetrical mononuclear and coor- 

dinatively ("buS,")]' cation unsaturated (E). For example, [Rh(PCy,)- the l'":.J Z' '... 

mass spectrum of 6 exhibited the [Rh- 
(PCy,)('Lh"S,")]i cation at  mjz = 915 
but no signals resulting from di- or 
polynuclear species. In the ' H N M R  
spectrum of 6, the four tert-butyl groups 
prove magnetically inequivalent and give rise to three signals in 
the ratio 2: 1 : 1 ; the four aromatic protons appear as four sin- 
glets. Thc 31P NMR spectrum shows one signal. Attempts to 
grow single crystals for an X-ray structural determination of 6 
were unsuccessful, so solid-state dimerization of 6 cannot be 
ruled out completely. However, molecular modcls show that the 
steric demands of the and PCy, ligands would strong- 
ly disfavor such a dimerization. 

The stabilization of the vacant site in coordinatively unsatu- 
rated 6 can be traced back to steric shielding by the PCy, and 
"huS,"2- ligands and, in addition, to S(thio1ate) + Rh x dona- 
tion. Stabilization of vacant sites by S'M x donation is docu- 
mented for numerous coordinativcly unsaturated 16-valence- 
electron complexes, for example [Cr(CO)3(S,C,H,)]2- or 
[Fe("N,S,")].[171 In 6, the vacant site is possibly further stabi- 
lized by agostic Rh . . HC(cyclohexy1) interactions. In fact, the 
'H NMR multiplet of PCy, appears at room temperature in the 
rcgion of 6 = 2.60-0.70, but splits when the temperature is de- 
creased to - 40 "C to give rise to a new signal at - 0.42 whose 
intensity corrcsponds to one proton. Stabilization of the vacant 
site by coordination of the BF, counterion could be ruled out 
by the IR spectrum of 6. It shows only one intense v(BF) band 
at 1060 c n -  typical of noncoordinated BF, .[ '*I 

[Rh(PCY,)('huS,' )I+ 
E 
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X-ray structure analysis of [{Rh(CO)("huS,")}2](BF4)2~ 
8CH2Cl, (5.8CHZCl,): The molecular structure of the 
[{Rh(CO)("bUS4")},]2+ cation ofS.8 CH,CI, is depicted in Fig- 
ure 4. Table 1 lists selected distances and angles. 

K 

e - z  

Figure 4. Structure of the [Rh(CO)("h"S,")]:i calion of S.XCH,CI, 

Tablc 1. Selected distances and angles in [{Rh(CO)("h"S")l JBF,),. XCH,Cl, 
(5.8 CH,CI,). 

Distances [pin] Angles ['I 

Rh(1) -S(1) 
Rh(1 )-S(2) 
Rh(l)-S(3) 
Kh( 1 ) -S(4) 
Rh(1) S(4a) 
Rh(l)-C(l) 
Rh(1)-Rh(1a) 
C(1) O(1) 

233.7(2) 
233 2 ( 2 )  
231.0(2) 
237.0(2) 
242.0(2) 
1Y 5.3 (6) 
349.0 (2) 
1 1 1 .0 (8) 

S(l)-Rh(l)-S(2) 
S( 1)-Rh( 1)-S( 7) 
S( l)-Rh(l)-S(4) 
S(2)-Rh(l)-S(3) 
S(2)-Rh( 1)-S(4) 
S(l)-Rh( 1)-S(4a) 
Rh(I)-S(4)-Rh( la) 
S(1)-Rh(1)-C(1) 

x7.05 (6) 
9 1 3 6  (6) 

178.?7(6) 
89.36(7) 
93.71 (6) 
92.66 (6) 
93.56(6) 
84.6(2) 

The complex 5 is the first [{M(L)("b"S4")},] complex whosc 
molecular structure could be determined by X-ray crystallogra- 
phy. The [{Rh(CO)("h"S4")}2]2t cation of 5 consists of two 
enantiomeric [Rh(CO)("b"S4")]f fragments and posscsses 
crystallographically required inversion symmetry. (According 
to the previously published stereochemical analysis of 
diastereomers that result from dimerization of chiral 
[M(L)("S,")] fragments, the dication of S represents the u,u- 
E( R S )  diastereomer.[ ')I) 

Within each [Rh(CO)("huS4")]' fragment, the distances be- 
lween rhodium and nonbridging S donors, for example Rh(1)- 
S(l), Rh(1)-S(2), and Rh(l)-S(3), are nearly identical ((Rh- 
S)av = 232.6(2) pm) and are typical of Rh-S (thioether or 
thiolate) distances.[*". '01 The distances from rhodium to the 
bridging thiolate donors S(4) and S(4a) are significantly elongat- 
ed (237.0(2) and 242.0(2) pm). The magnitude of these elonga- 
tions contrasts with those found in most [(M(L)("S,")),] com- 
plexes of the parent ligand "S4"z -, which usually exhibit only 
slightly elongated M-S(thio1ate)-M bridges.[")] While the 
shorter Rh- S(bridge) distance (237.0 (2) pm) can be traced back 
to the bridging function of the respective thiolate donor, the 
longer Rh-S (bridge) distance of 242.0(2) pm certainly indi- 
cates steric repulsion between the two [Rh(CO)("h"S,")]+ frag- 
ments and a tendency of the dication of 5 to dissociate into 
monomers. 

These results also support the assumption that the 
[Rh(PCy,)("b"S,")]+ cation in 6 is mononuclear. When coni- 
pared with the structure of 5, the PCy, ligands of6 recognizably 
increase the steric repulsion disfavoring dimerization. The long 
Rh(1)-C(l) (195.3(6) pm) and short C(1)-0(1) (1 11.0(8) pm) 
distances o f 5  are also noteworthy. They indicate little Rh -+ CO 
n: backbonding, and explain the ready dissociation of CO from 
5 [cf. Eq. (5)]. 

Coordination of H 2 0 ,  THF, and CO to (Rh(PCy,)("h"S,")IBF, 
(6): Complex 6 readily adds a sixth ligand such iis L = H 2 0 ,  
THF, or CO. The reactions are made visiblc by the color change 
of CH,CI, solutions of 6, which turn from deep violet to red 
when L is added. The addition of H,O or THF is reversible and 
yields the labile complexes [Rh( L)(PCy,)("""S,")]R1;;, L = 

H,O (7) or THF (8), as set out in Equation (7). Evaporation of 

the resultant solutions regenerated deep violet 6 .  In contrast, 
CO adds irreversibly to form the stable CO complcx 
[Rh(CO)(PCy3)("b"S4")]BF4 (9). 

CD,CI, solutions of 7 exhibit a characteristic \*(OH) IR band 
at 3502 cm-'. The 'H NMR spectrum of7 in CD,C12 shows the 
typical pattern of the C, symmetrical [Rh(PCy,)("h"S,")]' frag- 
ment and, in addition, a broad singlet at S = 3.95 for the two 
H,O protons. The [Rh(H,O)(PCy,)(*'""s,")l' and [Rh(PCy,)- 
("""S,")]' ions could be detected in the mass spectra o f  the 
CD,Cl2 solutions. The ready coordination of H 2 0  by 6 was first 
noticed when elemental analyses of 6 were carried out. Correct 
elemental analyses could only be obtained for the adduct 
6,H,O. The ' H N M R  spectrum of thc analogous THF complex 
8 (in CD,CI,) revealed the typical two multiplets of THF at 
6 = 3.74 and 1.83 which are shifted slightly downfield in com- 
parison to uncoordinated THF (6 = 3.58 and 1.73). The CO 
complcx 9 was isolated in the solid state and charactcrized by 
elemental analyses and spectroscopic methods. Characteristic 
for 9 is its high-frequency v(C0) IR band at 2081 c n - '  ( i n  
KBr). 

Uptake and heterolysis of H, by 6 yielding [Rh(H)(PCy3)("""S,"- 
H)]BF, (4): Compound [Rli(PCy,)("""S,")]BF, (6) also adds 
H, , In this reaction the H, inolccule is heterolytically cleaved, 
and the hydride thiol complex 4 forms according to Equa- 
tion (8). Thc expcriment was monitored by 'H  N M R  spec- 
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troscopy. In a microautoclave, a CD,CI, solution of deep violet 
6 was treated with 100 bar of H, for 5h ;  a red solution resulted. 
The spectrum of this solution recorded at standard pressure 
proved the formation of 4 and minor amounts of by-products. 
When the reaction was carried out in the presence of solid 
Na,CO,, a yellow solution was formed that contained the neu- 
tral hydride complex 2. The formation of 2 is readily explained 
by deprotonation of the 4 that initially results [Eq. (S)]. 

Equation (8) suggests that the protonation of 2 by HBF, is 
reversible. This was examined and confirmed by an additional 
experiment showing that the red CH,CI, solution of 4 resulting 
from protonation of 2 by HBF, indeed yielded yellow 2 upon 
addition of solid Na,CO,. The protonation of 2 by HBF, could 
also be reversed by addition of H,O [acting as a Brernsted base; 
Eq. ( 9 ~ .  

(9) 

Scrambling of thiol and hydride hydrogen atoms in 
[Rh(H)(PCy,)("b"S,"-H))BF, (4) and [Rh(H)(CO)("buS,"-H)]- 
BF, (3): Intramolecular protonation of hydride ligands by thiol 
ligand protons is a reaction with very few precedents.['a. 8p,q1 

When this reaction is reversible, scrambling of thiol protons and 
hydride ligands can be expected. Such a scrambling was ob- 
served when the deuterium-labeled derivatives [Rh(D)(CO)- 

(1 a) and [Rh(D)(PCy,)("buS,")] (2a) of 1 and 2 were 
protonated with HBF,. Complex 2 a was obtained from I a and 
PCy, by a synthesis analogous to that of 2.['01 

The protonation experiments were monitored by 'H and 
'H NMR spectroscopy. CH,CI,, to which CD,Cl, had been 
added as internal integration standard for the 'H NMR mea- 
surements, served as solvent. For example, protonation of 2a by 
HBF, led to a shift of the 'HNMR deuteride signal to 
6 zz - 10.40 and a decrease in its intensity of approximately 
50%. Simultaneously, an SD signal of similar intensity ap- 
peared at 6 = 5.80 (Figure 5 ) .  The 'HNMR spectrum of the 
same sample after protonation revealed a broad RhH signal at 
6 = -10.40, which was identical to that observed for 
[Rh(H)(PCy,)("h"S,"-H)]BF, (4). The intensity ratio of this sig- 
nal to that of the aromatic protons was approximately 1 : 8 in- 
stead of 1 :4 as in 4. 

I I I I I I  
9 5 0 -5 -10 -13 ppm 

Figure 5 .  'H NMR spectra of a) [Rh(D)(PCy,)("""S")] (2 )  and b) 2 after addition 
of HBF, (in methylene chloride, + 20°C). 

These results unambiguously demonstrate that protonation 
of the deuteride [Rh(D)(PCy,)("b"S,")] (2 a) by HBF, results 
not only in formation of the expected [Rh(D)(PCy,)("bUS,"- 
H)]BF, but also in formation of deuterated thiol derivatives 
such as [Rh(D)(PCyJ)("b"S"-D)]BF, as well as hydrides such as 
[Rh(H)(PCy3)("b"S4"-D)]BF,. The formation of these species 
requires an exchange (scrambling) between deuteride (hydride) 
ligands and thiol protons (deuterons). 

DJH' exchange catalyzed by [Rh(PCy,)("b"S,")]BF, : [Rh- 
(PCy3)("b"S4")]BF4 (6) also catalyzes the D,/H+ exchange of 
Equation (10). In contrast to the D,/H+ exchange catalyzed by 1, 
which requires the addition of catalytic amounts of HBF,, the 
catalysis in Equation (10) did not require the presence of Brsnsted 
acids. This may be explained by the fact that 6 already possesses 
a vacant Rh site where D, may be added, whereas such a vacant 
site in 1 has first to be generated by attack of protons. 

6/THF 

CbDh 
EtOH + D, EtOD + HD 

The catalysis described by Equation (10) was monitored by 
'HNMR and 'HNMR spectroscopy and proved to exhibit a 
turnover number (TON) of only 7. This can be traced back to the 
relatively high stability of the hydride complexes 2 and 2a. In fact, 
although it remained low, the TON could be doubled by addition 
of less than 1 equiv of HBF,, which partially converts 2, via 
protonated 4 and release of H,, back into the catalytically active 
coordinatively unsaturated 6. 'H/'H NMR spectroscopy further 
revealed that the reaction solution to which no HBF, had been 
added contained a 3: 1 mixture of 2 and 2 a, but no 6. This demon- 
strates that both species 2 and 2a occur in the catalytic cycle and 
are more stable than coordinatively unsaturated 6. In contrast, 
the catalysis reaction solution to which HBF, had been added 
contained a mixture of 2, 2a, and the protonated or deuterated 
derivatives, that is, 4 and its deuterated analogues resulting from 
protonation of 2 and 2a. 

Summarizing discussion of the mechanism of the DJH' exchange 
catalyzed by [Rh(L)("b"S,")] ' complexes: The rhodium complex- 
es 1 and 2 have rendered possible the investigation of elementary 
reactions and the interception, isolation, and characterization 
of key intermediates of the D,/H+ exchange catalysis achieved 
with 1 and 2. [Rh(H)(PCy,)("b"S,")] (2), which is less labile 
than 1, in some cases allowed observations that were not pos- 
sible with 1. The results obtained for 1 and 2 supplemented each 
other, yielded insight into the molecular mechanism of dihydro- 
gen heterolysis at transition-metal sulfur sites, and allowed the 
D,/H+ exchange mechanism proposed for 1 to be described sub- 
stantially in detail.['] The detailed mechanism is shown in 
Scheme 2.  

The cycle starts clockwise with the coordinatively unsaturated 
species I. Species I could be characterized as [Rh(PCy,)- 
("b"S,")]BF, (6) and probably occurs also as [Rh(CO)("h"S,")]t, 
as indicated by the molecular structure of [ { Rh(C0)- 
("buS,")}2](BF4)2 (5) .  The next step is D, addition to I to give 11, 
which corresponds to M and X. These species are the only ones 
that could not be characterized, so it remains open whether 11, 
and VI and X, are actual intermediates or represent only transi- 
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VII 

Scheme 2 D,/Ht exchange cdtdly7ed by [Rh(H)(L)("b"S,")] (L = CO (1). 
PCY 3 ( 2 ) )  

tion states. However, the next species, 111, which corresponds to 
IX, V, and VII, could be proved to exist by the reaction of 6 with 
H, according to Equation (8). Species 111 releases its thiol 
deuteron, which exchanges with protons from EtOH. The ex- 
changeability of the thiol deuterons and the formation of neu- 
tral IV follow from Equation (8) (deprotonation of 4 by 
Na,CO,) and from Equation (9) (reversibility of protonation of 
2). Neutral IV has been isolated as [Rh(D)(L)("h"S,")] (L = CO 
(2a), PCy, (4a)). The protons from EtOH protonate neutral IV 
to give the thiol deuteride V. Species V, which corresponds to 
VII, 111, and IX, follows from the protonation experiments of 
[Rh(D)(L)("b"S,")] (L = CO ( l a ) ,  PCy, (2a)) with HBF,. The 
NMR results prove that thiol protons and hydride ligands are 
scrambled i n  [Rh(H)(L)("b"S,"-H)]BF, complexes. Proton/deu- 
teride scrambling leads from V to VII via VI. Species V1 corre- 
sponds to I1 and cannot be described in detail. The consccutive 
steps VII + VIII + IX -+ X --f I correspond to the steps 
111 + IV + V --f VI + I. Release of HD from V1 completes the 
cycle to reform I.  

The essential features of the catalysts and catalytic cycle are 
the Lewis-acidic vacant site at the rhodium center, the Brernsted- 
basic thiolate donors, and the reversibility of the individual 
reaction steps. Detection of the thiol hydride species 111, V, VII, 
and IX and the scrambling of protons and hydride ligands fur- 
ther strongly indicate that the heterolytic cleavage of H, at the 
rhodium thiolate sites proceeds by an intramolecular mecha- 
nism. Thus, all observations are compatible with the four-center 
heterolysis mechanism indicated by species H in Equation (1 1 ) .  

F G H 1 

Intcrmediate or transient formation of the q2-H, species G ini- 
tiates the interaction between the Rh- S site and the H, mole- 
cule and allows the scrambling of thiol protons and hydride 
ligands via rotation of the H, molecule. 

Alternative mechanisms that can be discussed for the scram- 
bling of thiol protons and hydride ligands all require additional 

assumptions and/or conflict with 
chemical experience. For example, 
the alternative of Equation (12) re- 

111 H 111 
Rh I = == Rh-H (12) 
I H  I I 
SI  SI ' S-H 

quires the extra assumption of an ox- 
idative addition of H, that, further- 
more, is less likely when the metal 

center is in medium or higher oxidation states. Another alterna- 
tive mechanism for the scrambling of thiol protons and hydride 
ligands by conversion of the hydride ligand into a (second) thiol 
proton [Eq. (13)] requires 
the formation of a Rh' 

[RhH(PCy,)("h"S,"-H')]+, y- Rh (13) 

("h"S,"-H,)]+ with a 
five coordinate Rh' center and an 18-valence-electron configu- 
ration would result. For Rh', however, square-planar four-coor- 
dinate complexes with 16-valence-electron configurations are 
favored. 

SI l+ s-2 + 

center. In the case of I In I 1  

I 
the complex [Rh(PCy,)- S--H S- H 

Relationships to other systems effecting heterolytic H, cleavage: 
Heterolytic activation of H, by transition-metal complexes is 
well documented."'] In many q2-H, complexes,[', 5c1 the q2-H, 
ligand is rather acidic and forms classical hydrides by proton 
abstraction through intermolecular attack of bases.['", I d ,  

When these reactions are reversible, D,/H+ exchange catalysis 
has been proved to occur too, for example, with Ru and 
0 s  porphyrinato complexes,[221 [Ir(bq)(PPh3)2(H)(q2-H,)1- 
SbF,,[''"] and [Ru(dppe)2(H)(q2-H2)]BF,.[2'a1 Assistance by 
bases has also been observed in hydrogenation reactions cata- 
lyzed by [Pd(salen)] .r231 The requirement for acids to achieve a 
D,/H+ exchange catalysis with the [Rh(H)(L)('cb"S,'')] com- 
plexes 1 and 2 is in merely superficial contrast to these findings. 
The acid is necessary only to generate vacant coordination sites 
at the Rh centers of 1 and 2, and heterolytic H, cleavage leading 
to subsequent DJHf exchange can occur because 1 and 2 have 
thiolate donors as "built-in" bases. 

Precedents for heterolytic H, cleavage by transition-metal 
centers carrying Brmsted-basic donors have been found in com- 
plexes such as [Ir(CH,)(I)(N(SiMe,CH2PPh,),)1[241 and 
[Ir(CH,)(PPh2){N(SiMe2C2PPh2),}],[251 which contain amide 
and phosphide donors. These complexes, however, have not 
been reported to catalyze the D,/H+ exchange, which could be 
attributable to the fact that the amide and phosphide donors are 
stable only under aprotic conditions and not in H,O or EtOH. 

With regard to their transition-metal sulfur sites, the CpMo 
sulfide complexes reported by Rakowski Dubois et al. are more 
closely related to 1 and 2. Complexes such as [ (p-S2)(p-  
S),(MeCpMo),] add H, to give [(p-sH),(p-s),(MeCpM~)~]. 
This reaction involves the cleavage of an S - S bond and does not 
appear to be reversible.[261 It possibly comprises a reduction of 
the [Mo,(p-S,)] entity accompanied by protonation of the re- 
sulting p - S 2 -  ligands so that the reaction can be viewed as a 
coupled proton-electron transfer of the type proposed for Mo 
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enzymes.[271 This would also explain why no formation of M-H 
groups could bc found. 

Reversible H, uptake with formation of S-H and M - H  
groups has been observcd by Bianchini et al. with [ ( p -  
S), (Rh(triphos)),]2+.r2R1 This complex is also dinuclear and re- 
acts with H, to give [(p-SH),{Rh(H)(triph~s)]~]*+ (triphos = 

tris(methylenedipheny1phosphine)methane) , but the catalysis of 
D,.'H+ exchange has not been described. 

D 2 / H +  -exchange catalysis and hydride-thiol proton 
scrambling have been described by Morris et al. for 
[lr(H),(HS(CH,)3SH)(PCy3)2]BF,.[2y1 The mechanism pro- 
posed for the exchange processes compares with the one we have 
prcviously suggested for 1I9] and corroborated in this paper for 
1 and  2. The mechanism includes the intramolecular protona- 
tion of a hydride ligand by thiol protons and intermediate for- 
mation of an unobserved q2-H, complex. Disregarding the dif- 
ferent metals and ligands and stressing the transition-metal 
sulfur sitc, 3. 4, and [Ir(H),(HS(CH,),SH)(PCy,),lBF, exhibit 
thc same reactivity. The complexes differ in that 3 and 4 made 
possible the isolation of the neutral hydrides 1 and 2, and also 
of the coordinatively unsaturated key intermediate [Rh(P- 
Cy3)("h"S,")]BF, (6) as thc actual catalyst for the D,/H+-ex- 
change catalysis. In this context, reference should be made to thc 
pyridine-2-thiolate and quinoline-8-thiolate (quS) ruthenium 
and osmium complexes reported by Morris and co-work- 
crs.''P.ql For example, [Os(H)(CO)(quS)(PPh,),] results in 
[0s(g2-H,)(CO)(quS)(PPh3),] ' and the tautomeric hyride thiol 
complex [Os(H)(CO)(quS-H)(PPh,),lf, which are in tempera- 
ture-dependent equilibrium. This equilibrium is explained most 
plausibly by hydridc-thiol proton scrambling. Release of H, 
from these complexes leads to complete decomposition of the 
samples. 

Catalysis of heterolytic H, cleavagc is one of the characteris- 
tic reactivity features of hydrogenases whose active centers con- 
tain nickel-iron sulfur or iron sulfur sites. The physiological 
rolc of hydrogenases is the catalysis of the 2 H +  + 2e-=$H, 
redox equilibrium [Eq. (1 a)], but the D,/H+-exchange catalysis 
is ii suitable test reaction for determining the relevance of tran- 
sition-metal complexes as models for hydrogenases. The 
[Rh(L)("b"S,")]' complexes contain the biologically irrelevant 
rhodium, but they featurc transition-metal sulfur centers that 
exhibit Lewis-acidic metal and Bronsted-basic thiolate sites. 
Thcse two properties have been found to be essential require- 
ments for the catalytic D2/H' exchange, so that the results 
obtained for rhodium sulfur sites may also hold for the nickel-- 
iron sulfur sites of hydrogcnase. 

Conclusion 

[Rh(  L)("b"S,")] + complexes featuring transition-mctal sulfur 
siies with vacant coordination sites a t  the metal and Brernsted- 
basic sitcs at the thiolate donors have been found to catalyze 
hcterolytic cleavage of dihydrogen and D 2 / H +  exchange under 
ambient conditions. Isolation and characterization of key inter- 
nicdiates such as the coordinatively unsaturated [Rh(L)- 
("""S,")] + species, the thiol hydride, and neutral hydride deriva- 
tives, and the observation of thiol proton and hydride scram- 
bling. have yielded a detailed insight into the mechanism of the 

heterolytic cleavage of dihydrogen at  transition-metal sulfur 
sites. The uptake of dihydrogcn by such sites probably proceeds 
via a $-H, complex which is a transient state only and re- 
versibly yields the thiol hydride species 

Experimental Section 

General: Unless noted otherwise, all reactions and spectroscopic measure- 
ments were clirried out at rooin temperature in freshly distilled solvents under 
an Ar atmosphere by standard Schlenk techniques. and the reactions were 
inonitorcd by IR or NMR spectroscopy as far as possible; solvents were 
distilled before use over the appropriate drying agents. IR spectra of solutions 
were recorded iii  CaF, cuvcttcs with compensation of the solvent bands; 
solids were measured as KBr pellets or  Nujol mull. Physical measurements 
were carried out with the following instruments: IR:  Perkin Elmer 983. 
Perkin--Elmer 1600 FTIR, and Perkin-Elmer 16PC FTIR. NMR:  Jeol FT- 
JNM-GX270 and '2x270. Jeol PMX 60SI. MS: Varian MAT 212. 

DCI (38% in D,O) was purchased from Fluka, HBF, (54% in ether) from 
Merck-Schuchardt, PPh, from Aldrich, and D, (99.9%) from Linde. 
RhC1,-3H20 was donated by Degussa. [Rh(H)(CO)(""""S,")] (I).'" 
[Rh(H)(PCy,)("""S~')] (2),""' and PCy,"ol were prepared as described in the 
litertiture. [Rh(D)(CO)(''buS~')].THF (1 b.THF)'"' was dissolved in ti-hexane 
and evaporated to dryness several times to remove residual THF, which is 
liable Lo influcncc protonation reactions with strong acids. "h"S,"-D2 was 
obtained from "h"S4"-H,["1 dissolved in a mixture of a tenfold molar excess 
of two deuterated hydrochloric acid ( 3 8 % )  and T H E  stirred for 2 11. and 
evaporated to dryness; this procedure was repeated three times 

Protonation of [Rh(H)(CO)("""S,")I with HBF, to form [Rh(H)(CO)('"'"S,"- 
H)IBF, ( 3 ) :  
ii) Motii/oring by ' I I N M R  .sp:ic/ro.scopy cit -50;C:  HBF, (3 pL, 
0.023 inniol) was added to a light yellow solution of 1 (15 mg. 0.023 mmol) 
in 0.7 inL of CD,Cl, at - 50 "C. ' H  NMR (269.6 MHz, CD,CI,): 6 =7.57 (s. 
2H.  C&J. 7.46(s, 1H.C6H,),7.37(s, 1 H, C,H2). 3.50(d, 1 H,  C2H,). 3.29 
(d,1H,C,H,) ,2 .70~2.53(m,lH,C,H,) ,2 .14~1.93(m,lH,C,H4),  1.56(s, 
18 H,  C,H,), I .32 (s. 9 H, C,H,), 1.26 (s, 9 H,  C 4 H , ) .  -9.38 (br s, 1 H. RhH) .  

h )  Monitoririg hj, I R  .specrroscopy and i.rolution of product.\ at -50 ' C: HBF, 
(6 gL, 0.05 ininol) wlis added to a light yellow solution of 1 (60 mg, 
0.10 mmol) in 3 mL of CH,CI, at -78 'C. The IR spectrum of the solution 
was recorded at -70°C and showed thi-ee characteristic bands in the v(SI1) 
v(CO)/v(Rhll) region a t  i; = 2482 cm- '  (vw (broad), r(SHj, [Rh(H)(CO)- 
('""'S4"-H)]BF4 (3)).  21 10 (s, l'(CO), 3). 2079 (s, y(CO), 1 j ,  2000 (vw (broad). 
Ls(RhH). 1 and 3). After 1 h at -78 'C, an additional 6 pL of HBF, 

dded, the IR spectrum was recorded (V = 2482 cm- '  (vw 
(broad). v(SH), 3). i = 2110 cm-' (vs, v(CO), 3 ) .  1992 (vw (broad). v(RhH). 
3)). 

c) Prolonulion ai iooni tenipwliturc'- HBF, (20 pL, 0.15 mmol) was added to 
a ycllow solution of 1 (100 ing, 0.15 minol) in 4 niL of CH,CI, at ambient 
Leniperalures. Gas was evolved. and thc coloi- of the solution changed to dark 
red. The gas was determined volumetrically with a gas burecte at 20 -C 
(0.28 mmol after 5 h) and identified as a mixture of H, and CO by gas 
chromatography. 

Protonation of [Rh(H)(PCy,)("b"S,")] (2) with HBF, forming [Rh(H)- 

a )  .Uo/iitorbil: by ' H  N M R  .specctroscopy nr irinperutzire,r he i , iwn + 30 -C m d  
-90-C:  HBF, (3 pL, 0.023 mmol) was added to a yellow solution of 2 
(23 mg, 0.023 mmol) in 0.7 niL of CD,CI, in an N M R  tube I H NMR spectra 
of the resulting dark red soliition were recorded at various temperatures. 
'H NMR (269.6 MHz. CD,CI,): + 3 0 ' C :  6 =7.50 (brs, 3H. C,N,). 7.37 (s, 
1H,C,H,).5.5(verybrs,1H,SH).3.37~3.20(m,2H,C2II,),2.60-0.72(m, 
33H.P~C,~f,,)3;2H,C,fi,:super1mposed), 1.59(s,9H.C4H,). 1.57(s,9H. 

, 9H,  C,H,). 1.28 (s, 9 H ,  C,H,). -10.40 (brs. 1H.  
b=7 .50(b r s ,3H,C ,H, ) ,7 .37 (~ .  1H,C6H, ) ,5 .5 (b r s ,  1H.  

SII), 3 27 (brs, 2H,  C,If,), 2.60-0.70 (m, 33H, P(C,H,,),; 2H,  C,H,: 
superimposed), 1.59 (s, 9 H 3  C,H,), 1.57 (s, 9 H ,  C,H,j, 1.31 (s. 9H,  C411y). 
1.28((.9H,C,Hy), -10 .30 (b r s , lH ,RhH) :  -20 'C:h=11.02(brs .0 .25H, 

(PCy3)("b"S,"-H)lBF4 (4): 
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S H ) ,  8.23 (brs, 0.05H. S H ) ,  5.87 (brs, 0.35H, S H ) ,  5.35 (brs, 0.35H, S H ) ,  
7.90-7.30 (m, 4H, C,H,), 3.35-(- 0.30) (m, 33H, P(C,H,,),; 4H,  C,lI,; 
superimposed), -9.89 (brs, 0.7H, RhH), -10.81 (brs, 0.3H. RhH);  
-90°C: 6 =11.67 (brs, 0.25H, S H ) ,  10.32 (brs, 0.05H, S H ) ,  5.90 (brs, 
0.35H, S H ) ,  5.35 (hrs, 0.35H, S H ) ,  7.90-7.10 (m, 4H. C,H,), 3.60- 
(- 0.80) (m. 33H, P(C,IIll),; 4H,  C,H,; superimposed), -9.75 (pseudo-t, 
0.35 H, RhH, 'J(RhH) = 'J(PH) = 12 Hz), -9.85 (pseudo-t, 0.35H, RhH. 
'J(RhH) = 'J(PH) =32 Hz), -10.34 (pseudo-t, 0.05H, RhH, 'J(RhH) = 

2J(PH) = 12 Hz), - 10.87 (pseudo-t, 0.25H. RhH, 'J(RhH) = 'J(PH) = 

12 Hz). 

h )  Monitoring I?? IR specirosrop)' and isolation q"[Rh( PCy, j ( "b"S,")jBF4 
( 6 ) :  HBF, (0.072 mL, 0.53 mmol) was added dropwise to a yellow solution 
of 2 (485 mg, 0.53 nimol) in 5 mL of CH,CI,. The resulting dark red solution 
revealed two characteristic IR bands at V = 2459 (w, v(SH)) and 2032 cm- '  
(w, v(RhH)) that slowly decreased in intensity in thc course of 1 h. After 1 h 
the solution was evaporated to dryness, and the resultant deep violet residue 
w d S  dried in vacuo. Yield: 520 mg 6 (98 YO). 'HNMR (269.6 MHz, CD,Cl,): 
6 =7.52 (s, 1 H, C,H,), 7.49 (s, 1 H, C,H,), 7.45 (s, 1 H. C,H,), 7.10 (s, 1 H, 
C,H,), 3.10 (d, 1 H, C,H,), 2.98 (d, 1 H,  C,H,). 2.95-2.82 (m, I H, C,H,), 
2.60-0.70 (m, 33H, P(C,H,,),; l H ,  C,H,; superlmposed), 1.66 (s, 18H, 
C,H,), 1.33 (s, 9H, C,H,), 1.28 (s. 9H. C,H,): "P[ 'H) NMR 
(109.38 MHz): 6 = 40.5 (d, '.I(RhP) =113.0 Hz); TR (CH2C1,): i = 
1060cm-' (vs (broad), v(BF)); MS (FD, CH,CI,): mlz:  915 ([Rh- 
(PCY,)("~"S,")]+), 887 ([Rh(PCy,)(+"'"S,''),]+). In the solid state (at stan- 
dard pressure), complex 6 was extremely hygroscopic and correct elemental 
analyses could only be obtained for the H,O adduct [Rh(H,O)(PCy,)- 
("b"S,")]BF, (7) (see text and below). C48H,,BF,PRhS,.H20 (1021.09): 
calcd C 56.50, H 8.04, S 12.50; found C 56.46, H 7.80, S 12.56. 

IRh(H20)(PCy,)("b"S,'')~BF, (7): H,O (0.93 pL, 0.05 mmol) was added to a 
violet solutioii of 6 (52 mg, 0.05 mmol) in 0.7 mL of CD,CI,. Spectra of the 
resulting dark red solution were recorded after 10 min. 'H NMR (269.6 MHr, 
CD,CI,): 6 =7.47 (s, 1 H, C,H,). 7.43 (s, 2H,  C,H,). 7.07 (s, 1 H, C,H,), 
3.95 (hrs, 2H,  H,O), 3.05 (d, I H ,  C,H,), 2.92 2.65 (in, 2H,  C,H,), 2.55-- 
0.70 (m, 33H, P(C,H,,),; 1 H, C,H,; superimposed), 1.65 (s, 18H, C,H,), 
1.30 (s, 9H, C,II,), 1.25 (s, 9H, C,H,); 3'P(1H} NMR (109.38MHz, 
CD,CI,): 6 = 31.6 (d, 'J(RhP) = 105 Hz); IR (CD,Cl,): 3 = 3502 cm- ' (m 
(broad), v(OH)), i =1620cm-' (m (broad), &OH,)), 1061 (sst (broad), 
r'(BF)); MS (FD, CD,CI,): mjz: 933 ([Rh(H,0)(PCy,)("b"S4")]+), 915 
([R~(PCY,)("""~")I+). 

[Rh(THF)(PCy,)("b"S,")IBF, (8): THF (3.0 pL, 0.038 mmol) was added to a 
violet solution of 6 (38 mg, 0.038 mmol) in 0.7 mL of CD,Cl,. A ' H N M R  
spectrum of the resulting dark red solution was recorded after 10rnin. 
'HNMR (269.6 MHz, CD,CI,): (5 =7.53 (s, 1 H, C,H,), 7.49 (s, 1 H,  C,H,). 
7.44 (s, 1 H, C,H,), 7.10 (s. 1 H, C,H,), 3.74 (brs, 4H,  C,H,C,H,O), 3.20- 
2.85 (m, 3 H ,  C,H,), 2.55-0.70 (m, 33H, P(C,H,,),; 1 H, C,H,; superim- 
posed), 1.83 (brs, 4H,  C,H,C,H,O), 1.64 (s, 18H. C,H,), 1.32 (s, 9H. 
C,H,), 1.18 (s, 9H,  C4H,). 

IRh(CO)(PCy,)("b"S,")IBF, (9): CO was bubbled through a violet solution 
of 6 (100 mg, 0.10 mmol) in 10 mL of CH,C1, for 3 min. The resulting orange 
solution was evaporated to dryness, and the orange residue was dried in 
vacuo. Yield: 105 mg [Rh(CO)(PCy,)("h"S,")]BF,~0.5CH,C12 (98 %). 
'H NMR (269.6 MHz, CD,Cl,): 6 =7.48 (s. 2H,  C,H,), 7.41 (s, 1 H,  C J f , ) ,  
7.30 (d, 1 H, C,H,), 3.62 (d. 1 H, C,H,), 3.36 (d, 1 H,  C,H,), 3.07-2.93 (m. 
1 H. C,H4),2.63-2.48 (m, 1 H, C,H,), 2.47-0.85 (m. 33H, P(C6HI1),), 1.61 
(s, 9H,  C,H,), 1.59 (s, 9H, C,H,), 1.30 (s, 9H,  C,H,), 1.28 (s, 9 H ,  C,H,); 
''P('H] NMR (109.38 MHz, CD,Cl,): 6 = 46.3 (d, 'J(RhP) = 91.0 HL); 1R 
(KBr): i = 2081 cm-' (vs, v(CO)), 1059 (vs (broad), v(BF)); MS (FD, 
CH,CI,): n7/i: 943 ([Rh(CO)(PCy,)('"'"S,")]+), 915 ([Rh(PCy,)("h"S4")]+); 
C4,H,,BF,OPRhS,,0.5CH,C1, (1073.54): calcd C 55.98, H 7.81, S 11.48; 
found C 55.38, H 7.32, S 11.95. 

[Rh(H)(PCy,)('"'"S,")] (2) and [Rh(H)(PCy,)("""S,"-H)JBF, (4) from 6 and 
H,: Two samples of 6 (42 mg, 0.042 mmol) were dissolved in 0.7 mL of 
CD,Cl,; Na,CO, (3.60 mg. 0.042 mmol) was added to one of the resultant 
violet solutions (sample b), before both samples were placed in a microauto- 
clave at 100 bar H, pressure for 5 days. NMR spectra of the resulting red (a) 
and yellow (b) solutions were recorded, proving the formation of 4 together 
with small amounts of byproducts (a) and the quantitative formation of 2 (b). 

' H N M R  (269.6 MHz, CD,CI,): (a): 4. see above. (b): 0 =7.41 (d. I l l .  
C,H,), 7.33 (d, I H .  C,H,). 7.29-7.25 (m, 2H. C,H,). 3.17V7.00 (in. 2H. 
C2H4).  2.50-0.80 (m, 33 H, P(C,H, 2H. C,H,; superimp.). 1.63 ( c ~  9H. 
C,H,>), 1.61 (s, 9H,  C,H,), 1.30 (s. 9H.  C,H,). 1.29 (s. 9H. C,H,). ~ 11.02 
(pseudo-t, IH, RhH, 'J(RhH) = 'J(PH) = 13.1 HI). 

Monitoring the protonation of 2 with HBF, and the subsequent deprotonation 
with water by 'HNMR spectroscopy: HBF, (8.1 pL, 0.059 mniol) was added 
to a yellow solution of 2 (54 mg, 0.059 mmol) in 0.7 niL ofCD,CI, (a) .  The 
'HNMR spectrum ( +  20 C) of the resultant dark red solution provcd the 
formation of 4. Degassed H,O (10.8 pL. 0.60 mmol) was added to the solti- 
tion whose color turned from red to yellow. Altei- stirring for 10 min and 
separation of the CD,CI, and H,O phases. the 'H  NMR spectrum of the 
CD,Cl, phase revealed the presence of 2 and a n  additional signal at A = 5.09 
resulting from excess H,O. 

IRh(D)(PCy,)("b"S,r')J (2a): Solid PCy, (51 mg, 0.18 mmol) wi~s added LO ii 
solution O~[R~(D)(CO)(~ '~"S' ' ) ]  ( l a ,  120 mg. 0.18 mmol) in 15 mL ofri-hex- 
ane. Gas evolved. and the color of the solution changed from yellow to light 
orange. After 40 inin. the solvent was removed in vacuo. and the yellow 
residue was dried in vacuo. Yield: 170 m g  of 2a.0.5ri-hexane (98%)). 
' H N M R  (269.6 MHz, CD,CI,): 6 =7.41 (d. 1 H. C6/12) .  7.33 (d. 1 H. 
C,H,), 7.29- 7.25 (m, 2H,  C,H,), 3.17-3.00 (m, 2H. C,H,). 2.50 -0.80 (m. 
33H,P(C,H,,),;2H,C,H,;superimposed). 1.63(s.9H.C4H,). 1.61 (s ,9H,  
C,H,), 1.30 (s, 9H,  C411q), 1.29 (s, 9H.  C,H,); 'HNMR (41.25 MHr. 
CH,C1,):6 = -10.96(s. l D , R h D ) ; I R ( K B r ) :  5 =1460cm-' (w,l>(RhD)): 
C5,H,,DPRhS, (961.36): calcd C 63.72. H 9.02. S 13.34: found C 63.83. H 
8.95, S 13.39. 

Protonation of [Rh(D)(L)("b"S,")l complexes with HBF, monitored by NMR 
spectroscopy ' 
(1) lRl~(DlIP~.~,)I'""S,"I] 1 2 ~ ) :  HBF, (4 pL, 0.029 mmol) was added to 
a yellow solution of 2 a  (27 mg, 0.029 mmol) in 0.7 mL of CH,CI, and 3.2 ILL 
(0.10 nimol) of CD,Cl,. 'H and 'HNMR spectra of the resulting dark red 
solution were recorded. 'H NMR (269.6 MHz, CH,CI,, + 20 C): b =7.50 
(s, 3H. C,H,), 7.37 (s, I H, C,H,). -10.40 (brs, z0 .5H.  RhH); ,HNMR 
(41.2SMHz,CH,CI,):6=5.80(~, z0.5D.SD).  -10.40(s, -0.SD.RhD). 

h )  [ RhiD)(CO)("h"S,")] ( l a ) :  HBF, (4.7 pL. 0.035 mmol) was added to 
a yellow solution of 1 a (23 mg, 0.035 mmol) in 0.7 mL ofCH,CI, and I .  1 pL 
(0.035 mmol) ofCD,CI, at - 50 'C.  'H and 'H NMR spectra of the resulting 
light yellow solution were recorded. ' H N M R  (269.6 MHr, CH,CI,): 
6 =7.57 (s, 2H,  C,H,), 7.46 (s, 1 H,  C,H,),  7.37 (s, 1 H. C b H 2 ) ,  -9.40 (hrs. 
0.5H. RhH);  'HNMR (41.25 MHr, CH,CI,): 6 = - 9.40 (s, 0.5D, RhD). 

D,/H+ exchange monitored by the formation of EtOD from EtOH and D, in 
the presence of 6:  Two samples of complex 6 (30 mg, 0.030 mmol) were each 
dissolved in THF (0.93 mL) containing EtOH (0.047 mL, 0.79 mmol) and 
C,D, (0.023 mL, 0.24 mmol). HBF, (3.7 pL, 0.028 mmol) was added to one 
sample. The resultant red solutions were stored in a microautoclave under 
60 bar D, pressure for 3 days. After release of the D, pressure, yellow solu- 
tions were obtained. The amount of resultant EtOD in these solutions was 
determined by 'HNMR spectroscopy (6 = 3.58): C,D, (6 =7.15) served as 
an internal reference and as a standard for the calculation of the turnover 
iiumher (TON). The TON was 7 in the absence and 14 in the presence ot 
HBF,. Control experiments in the absence of 6 yielded no EtOD under 
otherwise identical conditions. The resultant reaction mixtures were identified 
by 'Hl'H NMR spectroscopy. The sample to which no HBF, had been added 
revealed the presence of [Rh(H)(PCy,)('h"Si')] (2) and [Rh(D)(PCy,)- 
("b"S,")] (2a).  The sample to which HBF, had been added contained 2. 2a. 
and protonated specics, that is, 4 and its deuterated analogues. 

X-ray structure analysis of ~(Rh(CO)("b"S,")},)(BF,), .8 CH,CI,, 
(5).8CH,CI,: Black single crystals (blocks) of 5.8CH2CI, were obtained 
from a solution of 1 (90mg, 0.135 mmol) in CH,CI, (3  mL) which h:id been 
combined with HBF, (18 pL, 0.135 mmol) at room temperature. and had 
subsequently been kept at - 30 "C for one year. Tdbk 2 contains selected 
crystallographic data for 5 . 8  CH,Cl,. A suitable single crystal of 5 . 8  CH2Clz 
was mounted on a Siemens P 4  diffractometer. Data were collected with Mo,, 
radiation (71.073 pm) in a 20 range of 3.0 to 54.0 with varying scan speed 
(3.00-29.30' inin-') with the w-scan technique. The structure was solved by 
direct methods (SHELXTL-PLUS),[321 non-hydrogen atoms were refined 
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Table 2. Selected crystallographic data for [;Rh(CO)("h"S;')l,I(BF,),.XCH,CI, 
(S-XCH,CI,) 

~~~ - - 

formula 
M, (gmol- ' j 
crystal size (mm'j 
crystal system 
space group 
(1 (pm) 
b (pm) 
c (pm) 
x (  1 
11 ( 1 
? ( )  
z 
V (nm3) 

F( 000) 
p (em-') 
T (10 
measured reflections 
independent reflections 
observed reflections 
refined parameters 
R1; wR2 (Oh) 

P . ~ ~ ~ ~  

C,"H,,,B,CI,,F,O,Rh,S, 
2180.65 
0.7 x 0.7 x 0.6 
triclinic 

1048.2 (4) 
1430.0 ( 5 )  
1785.7(7 j 
100.49 (3) 
102.92(3) 

1 
2.456(2) 
1.475 
1112 
9.95 
tXO(2) 
13564 
10754 
6679 
476 

P i  

103.68 ( 3 )  

0.0694; 0.2134 

with anisotropic thermal parameters, refinement versus FZ (SHELXL-93).[331 
Hydrogen atoms were localized in a difference Fourier synthesis and fixed at 
their positions with common isotropic thermal parameters. The crystal con- 
tained four molecules of CH,CI, per asymmetric unit, one of which was 
disordered. It was refined isotropically with split positions for one chlorine 
atom. The hydrogen atoms of the CH,CI, molecules were no1 found. Further 
details of the crystal structure investigation can be obtained from the Fachin- 
formationszentrum Karlsruhe. D-76344 Eggenstein-Leopoldshafen (Ger- 
many),  on  quoting the depository number CSD-404603. 
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