
symmetry). The separation of the cobalt atoms in the dinu- 
clear complex is remarkably short (2.491(1) A) and results 
from the unusual arrangement of the five thiolate S atoms 
which occupy the vertices of a trigonal bipyramid and simul- 
taneously also surround the two metal atoms in a tetrahedral 
fashion (Fig. 1 right). The cobalt atoms thus occupy the 
centers of two sulfur tetrahedra, which have a common face 
(S3-S4-S5). The three bridging ligands are positioned so that 
the isopropyl groups have a paddlewheel-like arrangement, 
that is, they are symmetric with respect to a local threefold 
axis. Two different orientations of the complex anion are 
found in the crystal which are superimposable by a simple 
rotation. One of the orientations appears to be energetically 
favored with an occupancy of approximately 64%. 

The two CoS, tetrahedra are distorted in a very character- 
istic manner. The ideal geometry would not only lead to very 
small bond angles of about 39" at the bridging sulfur atoms, 
but also to an unrealistically short metal-metal distance of 
about 1.52 A. The observed structure results from an ideal 
tetrahedral arrangement when the bipyramid is stretched 
along the apices until the bonding angles at the bridging 
atoms approach the mean value of 65.4". At the same time 
the Co-Co distance increases to 2.491 8, while the mean 
distance between the three sulfur atoms of the bridging lig- 
ands decreases to 3.362 A. Consequently, the mean (p-S)-  
Co-(p-S) angle is also quite small (93.58"). 

The Co-S bonds of the terminal thiolato ligands are not 
completely parallel to the Co-Co axis. The slight tilt (8.1 ") 
gives rise to three different S-Co-(p-S) angles (mean values 
11 5.3, 123.2, and 129.1 "). The mean lengths of the Co-(p-S) 
and Co-S bonds, 2.307 and 2.210 A, respectively (average 
2.283 A), are somewhat shorter than those in other thiolato- 
cobalt(I1) complexes; this is especially evident in the com- 
parison with the dinuclear complex anion [Co,(SC,H,),IZ-, 
in which each Co atom is bound to two terminal and two 
bridging thiolato ligands. The corresponding values here are 
2.355 and 2.270 8, for the syn, and 2.363 and 2.213 8, for the 
anti 

The example of syn- and ~ ~ ~ ~ - [ C O , ( S C , H , ) , ] ~ -  ['I clearly 
illustrates that in complexes with tetrahedral CoS, units and 
monofunctional ligands, the change from edge- to face- 
sharing has a drastic influence on the Co-Co distance. For 
the anti isomer, this change results in an increase of 0.554 to 
3.045(2) A (+ 22.2%) relative to 1, and for the syn isomer of 
0.529 to 3.020(3) 8, (+ 21.2 %). 

The situation is somewhat different for complexes that are 
strained as a result of specific ligand influences, for example 
[CO,(SCH,C,H,CH,S),]~ with edge-sharing CoS, tetra- 
hedra.lgl Here the bifunctional ligands are bound so that the 
central Co,(p-S), four-membered ring is significantly folded. 
Although the Co-Co distance is thereby reduced to 
2.786(1) 8,, this value is still 0.3 8, longer than in the title 
compound 1. 

These results show that the chemistry of complexes with 
thiolato ligands is much more diverse than originally as- 
sumed. We suggest that the surprising formation of units 
with tetrahedral coordination which have common faces is 
controlled by specific electronic properties of the ligands. We 
already have the first experimental evidence of the existence 
of novel iron thiolates with bitetrahedral Fe,S, centers. 

Experimental Procedure 
All reactions were conducted in a glovebox under nitrogen. 
A solution of Co(N0,),.6H20 (1.46 g, 5 mmol) in methanol (20 mL) was 
added dropwise to a stirred solution of sodium isopropanethiolate (1.23 g, 
12.5 mmol) in merhanoljDMF (20 mL, 1 : 1) whereby the reaction mixture 

turned black. After the addition of the cobalt solution was complete, the reac- 
tion mixture was treated with Me,NCI (0.55 g, 5 mmol) and filtered. Diethyl 
ether (25 mL) was added to the filtrate, and the mixture was stored at -26 "C. 
In the course of a few days black rectangular prisms formed. Yield: 1.51 g 
(2.66 mmol, 53.2%). Correct C,H,N analysis. UVjVIS (MeCN): I.,,, [nm] 
( E )  = 294 (4500), 332 (4900), 351 (5300), 388 (5600), 538 (500), 598 (500), 778 
(300). 
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On the Mechanism of Coherent Dihydrogen 
Tunneling in Transition Metal Trihydrides"" 
By Hans-Heinrich Limbach,* Gerd Scherer, Marcus Maurer, 
and Bruno Chaudret 

The solution 'H NMR spectra of transition metal trihy- 
drides (T) exhibit very large temperature-dependent scalar 
coupling constants J between the metal-bonded hydrogen 
atoms Ha and H, (Fig. l).[' -'I Zilm et aLL51 and Weitekamp 
et a1.I6I have clearly identified this phenomenon as a mutual 
quantum exchange process between the two identical forms 
T and T*, characterized by a coherent hydrogen tunneling 
frequency that is directly related to the observed exchange 
coupling J .  At high temperatures the hydrogen atoms are 
subject to a classical, that is, stochastic exchange process 
which can be characterized by a rate constant k.13] The quan- 
tum process was treated in terms of a one-dimensional tun- 
neling model. Since the reaction coordinate had not yet been 
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discussed in detail,[6. 'I we explored different possible reac- 
tion pathways for the hydrogen motion and checked their 
compatibility with the experimental results. 

In the one-dimensional approximation one can imagine 
two different reaction pathways (Fig. 1). In I the reaction 

T D D* T* 

Fig. 1. Mutual hydrogen exchange in a metal trihydride complex (M = Ru. Ir, 
Nb; L = ligand) between the degenerate forms T and T*. J is the coherent 
tunnel frequency, k the classical exchange rate constant. H, and H, are also 
subject to a similar exchange process. I :  The reaction coordinate corresponds 
to the motion of the two hydrogen atoms along their internuclear distance 
vector q. 11: The reaction coordinate corresponds to a rotation of angle 0 of the 
internuclear distance vector around an axis in the MH,H, plane. 111: The 
reaction takes place in two steps: firstly, a metastable dihydrogen complex D is 
formed by an activated rate process; subsequently, rotational tunneling takes 
place in D. 

coordinate corresponds to the internuclear Ha-H, distance 
vector q, and in I1 to the angle B of a rotation around an axis 
located in the MH,H, plane perpendicular to q.  In pathway 
I11 first an intermediate dihydrogen complex D is formed by 
an activated rate process in which the rotation to D* takes 
place. The formation of D can be characterized by an equi- 
librium constant K = exp (- AS/R)  exp (- AH/RT) ,  where 
AH is the reaction energy and AS the reaction entropy. The- 
oretical evidence for a metastable D state has been obtained 
recently by ab initio calculations.[81 

The eigenvalues and eigenfunctions for the double mini- 
mum potential V(q) of pathway I[91 and for the periodic 
potential V(Q) of pathway II[''] can be calculated and are 
shown schematically in Figure2. The wave functions are 
given in good approximation as the sum or the difference of 
the isoenergetic harmonic oscillator functions of the left and 
the right potential well. In pathway I the states are either 
symmetric (8) or antisymmetric (u) with respect to inversion 
at the center of the Ha-H, distance vector, while in pathway 
I1 they are symmetric (A) or antisymmetric (B) with respect 
to the C, symmetry operation. It follows from Figure 2 that 
the energy splittings J ,  = E,, - Eg, are always positive but 
that the sign of Jn = EB, - EA, alternates. According to the 
Pauli exclusion principle the total wave function must be 
antisymmetric for a pair of protons. Therefore, it is neces- 
sary to combine the spatial antisymmetric with the symmet- 
ric nuclear spin states and vice versa as shown in Fig- 
ure 2cL5, ']. The diagram of Figure 2c cannot be distinguished 
from the energy level diagram of an ordinary scalar, coupled 
two-spin system in the absence of an external magnetic 
field,[5. 6l  where the energy splitting corresponds to the mag- 
netic scalar coupling constant Fag. Therefore, the energy 
splitting J ,  has been called exchange coupling constant.[5s 

J2>0 

Jl <O 

J,>O 

Fig. 2. a) One-dimensional potential curves V(q) and V(0) and corresponding 
energy eigenvalues (schematically) for the coherent hydrogen exchange accord- 
ing to pathways I and 11. J. is the splitting of the nth pair of states, also called 
exchange coupling constant. b) Eigenfunctions (schematically) of the states in 
Figure 2a.  c) Energy level diagram and combined antisymmetric spatial and 
nuclear spin functions for the nth pair of states (schematically); a and fl are the 
usual single nuclear spin functions. d) One-dimensional potential curves for 
pathway 111. 

Thus, the MH,H, group in the vibrational state n will con- 
tribute the spectral features of an ordinary AX, AB, or A, 
spin system to the 'H NMR spectra, characterized by the 
effective scalar coupling constant J, + fmag and the chemical 
shift difference Avn between the exchanging protons. 

In real proton-transfer systems the reaction barriers can 
change when vibrational modes that couple to the reaction 
coordinate are excited," ' 3  ''I or when the reactive system 
interconverts between different molecular conformations or 
environments.[13] In the trihydride exchange problem one 
can expect that the rotational barrier is greatly reduced in the 
dihydrogen state D as indicated schematically for pathway 
I11 in Figure 2c. 

The question now arises as to how the observed exchange 
couplings are related to the individual exchange couplings in 
the different states. Generally, in polyatomic molecules, fast 
stochastic vibrational relaxation takes place within picosec- 
o n d ~ , [ ' ~ ]  which destroys coherent tunneling together with 
solvent relaxation on a timescale typical for NMR spectros- 
copy.["] However, in the case of trihydride complexes, vi- 
brational relaxation takes place only within the manifold of 
states of the same spatial symmetry[61 as indicated in Fig- 
ure 2 by broken lines. Relaxation between states of different 
symmetry would require a conversion of nuclear spins states, 
which is a slow process. In addition, stochastic exchange 
between the trihydride form T and the dihydrogen form D in 
pathway I11 will also be faster than nuclear spin conversion. 
The averaging between vibrational and conformational states 
indicated in Figure 2 b and c can be described in terms of usual 
dynamic NMR theory.[161 If this process is very fast, the usual 
signal pattern of  an averaged AX, AB, or A, spin system will 
be obtained that is characterized by an averaged exchange 
coupling constant J .  Since the different states are populated 
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according to the Boltzmann distribution, the average tunnel 
splitting J becomes a function of temperature T. 

To elucidate the behavior of J(T)  for the different path- 
ways we have performed numerical calculations. Some rep- 
resentative results are shown in Figure 3.1171 A variation of 

t 3' 
lg J 

2 .  

1 .  

a b 

t 
J 

Jo 

0 

I11 

1 / T  - 0 T -  O 

Fig. 3. Average exchange coupling constants J vs. temperature T(Fig. 3 a) and 
lg J vs. 1:T (Fig. 3b) calculated [I71 for pathways I to 111 with particular 
parameter sets. The broken line represents the equilibrium constant of fonna- 
tion of the metastable dihydrogen intermediate D from the trihydride form T. 
Jo for pathways I and 11 were set equal to J,,exp (- A S / R )  of pathway 111. 

the parameters used, namely, energy barriers, hydrogen 
atom distances, AH and AS values, did not seem to change 
the general shapes of the curves significantly. For pathway I 
we observe a behavior described p r e v i o ~ s l y : ~ ~ .  61 J i s  equal to 
J, at low temperatures and increases exponentially when T 
increases. By contrast, for the rotation pathway I1 Jdecreas- 
es as temperature is increased and eventually becomes zero. 
This behavior has not yet been discussed before in the trihy- 
dride case; it is, however, well known in the case of methyl 
group tunneling.["] Finally, for pathway I11 where tunneling 
in the trihydride form has been neglected, first an increase of 
J with T is expected as the lowest lying tunneling states of D 
are populated and then a decrease as the higher tunneling 
states in D are occupied. At low temperature an Arrhenius- 
type equation holds for all pathways [Eq. (I)]. El is the aver- 
age energy of the first excited pair of vibrational states. If the 

IJ-J,I zlIAlexp(- EJRT)  (1) 
1.41 z J, ,  E, % E ,  
1.4 I % J,,exp( - AS/R) ,  E, z AH, J,  = 0 (pathway 111) 

(pathways I and 11) 

low-temperature approximation is not valid E, and J1 will be 
overestimated when experimental data are interpreted in 
terms of Equation (1). By contrast, in the case of pathway 
111, AH and J,,exp( - A S / R )  will be underestimated. It fol- 
lows from Equation (I) that pathways I and I11 can practi- 
cally only be distinguished if either a temperature indepen- 
dent value of J = J, =+ 0 can be observed at low temperature 
or a decrease of J with increasing Ta t  the high temperature. 
In order to illustrate this difficulty we have scaled the two 
functions in the inset of Figure 3 a to each other by multipli- 
cation with an arbitrary factor. 

We have plotted in Figure 4 the experimental values of Ig 
J vs. 1 / T  for the examples that have been reported. We obtain 
fairly straight lines within the error limits. Since all J values 
increase with increasing temperature, pathway I1 can be re- 
jected, but the experiments cannot distinguish unambiguous- 
ly between pathway I and 111, since no evidence is found 
either for the temperature-independent low-temperature val- 
ue J =  Jo expected for I, or for the decrease in J at high 
temperature predicted for 111. At high temperature J is ob- 
scured by the onset of classical stochastic exchange. The 

13 
~. 
3 4 5 6 

1 0 0 0 / T  - 
Fig. 4. Plot of the observed exchange couplings J as a function of 1/T. The lines 
were calculated from the low-temperature approximation [Eq. (I)]. 1 : 
[CpIrH,(mtpb)]+ [ 5c ] ,  2: [CpIrH,AsPh,]+ [5c], 3: [CpIrH,P(OPh),]' [Sc], 4: 
[CpIrH,PPh,]+ [5c]. 5 :  [CpIrH,PMe,Ph]+ [5c], 6: [CpIrH,SbPh,]+ [5c]. 7: 
[CpIrH,PMe,]+ [ 5c ] ,  8: [CpIrH,PiPr,]+ [Sc], 9: [CpIrH,PCy,]+ [5c], 10: 
[Cp*RuH,(PiPr,)] [2], 11 : [{Cp*RuHPCy& - H2)J2Cu]PF6 [2] and this work; 
preliminary values obtained by lineshape analysis, 12: [CpiNbH,] [2]. 13: 
[CpkNbH,] [2], Cp' = C,H,SiMe,, Cp" = C,H,(SiMe,),, Cp* = C,Me,, 
mtpb = 1 -methyl-4-phospha-3,5.8-trioxabicyclo[2.2.2]octane, Cy = r y c h  
C,H,,. Parameters of the calculations for compounds 1 to 13 assuming B 

magnetic scalar coupling constant of Jma8 = -lO/O/lO Hz: E,/kJmol-': 6.8/ 
6.9/6.9, 5.8/5.9/6.1, 5.2/5.4/5.5, 5.8/6.0/6.3, 5.2/5.5/5.8. 3.8/4.0/4.3. 4.3/4.7/5.2, 
2.0/2.3/2.7,3.0/3.4/4.0.6.1/6.8/7.7,6.3/6.9/22.1, 1 1  ,811 5.1/22,9.4/12.9!22 ; I A I / 
Hz: 104000/107 000/110000, 20 100/21 300/22 800, 13 200/13900/14 800, 
14300/15 500/17 100, 5900/6630/7650, 2100/2330/2600. 2050/2410/3000. 3001 
310/340, 540/630/780, 5050/7220/11600,4500/5860/8400, 8800/28 900!180000, 
2060/6560/400 000. 

values of IAl and E, depend somewhat on the estimated 
values of the magnetic scalar coupling constant Jmag. We 
note in Figure 4 a large variation of the slopes of the curves, 
that is, of the E, values, a circumstance which can easily be 
explained in terms of pathway I11 with a structural depen- 
dence of reaction enthalpies AH between the trihydride and 
the dihydrogen form. It is a little bit more difficult to explain 
this variation in terms of the model of pathway I, although 
not impossible.[5d1 The latter will involve a very high barrier 
since the nuclei occupy the same position at q = 0. There- 
fore, in fact a combined one-dimensional inversion/rotation 
pathway was discussed previouslyr5~ 61 in which the two nu- 
clei only approach a certain minimal distance, that is, they 
slide along each other. This pathway would, however, need 
a two-dimensional description from which it could be dis- 
cerned whether the tunnel splittings will alternate in sign or 
not as vibrational excitation occurs, that is, whether Jshould 
really increase or decrease with temperature. 

In conclusion, we have proposed a novel mechanism 
(pathway 111 in Fig. 1) as an alternative origin of exchange 
couplings in transition metal trihydride complexes. This 
pathway represents the simplest model that is in agreement 
with the experimental observations. We hope to obtain more 
information on this problem by measuring the exchange cou- 
plings over a wider temperature range as well as the rate 
constants k of the classical exchange processes including the 
multiple kinetic HH/HD/DD isotope effects.[201 
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Diastereoselective Addition of Allylsilanes 
to Aldehydes : Synthesis of Enantiomerically Pure 
Homoallylic Alcohols** 
By Lutz E Tietze,* Angelika Dolle, and Kai Schiemann 

Dedicated to Professor Theophil Eicher 
on the occasion of his 60th birthday 

Homoallylic alcohols are interesting synthetic building 
blocks which can be prepared quite simply by the Lewis acid 
induced addition of allylsilanes to aldehydes.[’] Numerous 
procedures have been developed to allow access to these 

[*] Prof. L. F. Tietze, Dr. A. Dolle, Dip].-Chem. K. Schiemann 
Institut fur Organische Chemie der Universitat 
Tammannstrasse 2, D-W-3400 Gottingen (FRG) 
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compounds in enantiomerically pure form.[’’ Usually the 
aldehydes are converted with chiral diols into cyclic acetals, 
typically dioxolanes, dioxanes, dioxolanones, or dioxa- 

41 Acyclic acetals have also been employed; how- 
ever, poor selectivity was achieved. One negative aspect of 
these methods is that the acetals are frequently formed as 
mixtures of diastereomers which must then be purified. 
Chiral homoallylic alcohols may also be prepared by the 
reaction of aldehydes with chiral, nonracemic, allyl-metal 
compounds often with very good 

We describe here a method for the direct and simple prepa- 
ration of homoallylic ethers with excellent de values (> 99 %) 
from aliphatic aldehydes and trimethylsilyl ether derivatives 
of chiral 3,2-aminoalcohols. 

The best results were obtained with the trimethylsilyl ether 
of (1 R,2R)-N-trifluoroacetylnorpseudoephedrine (2) (Scheme 
l).”] Two equivalents of the aldehydes la-g were stirred at 
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Scheme 1. Synthesis of the homoallylic alcohols 5 (R groups see Table 1). 
[a] CH,CI,, -78 “C. 0.1 equiv TMS-OTf. After 1 h, addition of allyltrimethyl- 
silane 3 and another 0.1 eqniv TMS-OTf. [b] THF, liquid NH,, -78’C, 
2.5 equiv sodium. After I5min, addition of methanol. 

- 78 “C with one equivalent of 2 in dichloromethane in the 
presence of 0.1 equivalents of the trimethylsilyl trifluoro- 
methanesulfonate (TMS-OTf) for one hour. The reaction 
mixture was then treated with two equivalents of allyltri- 
methylsilane 3 and 0.1 equivalents of TMS-OTf at - 78 “C, 
and allowed to stir for 48 hours at this temperature. After 
aqueous workup and chromatography (silica gel, tert-butyl 
methyl ether/petroleum ether) the homoallylic ethers 4 a-g 
were obtained in total yields of 49-81 YO (Table 1). Side 
products in these reactions are the desilylated 2 (< 5 YO), the 
oxazolidine derivatives 7 (10-25 %), and the acetals 8 
(< 5 YO). If aromatic aldehydes 1 h-k are employed, the 
stereoselectivity is reduced (Table 1). 

Application of other aminoalcohols as chiral inductors 
resulted in considerably lower yields and stereoselectivities. 
Reactions of aliphatic aldehydes with the trimethylsilyl ethers 
of (1 S,2 R)-N-trifluoroacetylnorephedrine and (1 S,2R)-N-tri- 
fluoroacetylephedrine provided products with respective de 
values of 52-78, and 56-62Y0 and respective yields of 25- 
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