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A Density Functional Study of [Fe(PR,),H, J + Isomers: 
Comparing Model Compounds (R = H) with Real Molecules (R = CH,) 

Heiko Jacobsen and Heinz Berke* 

Abstract: The structures, energetics, and 
dynamics of various isomers of [Fe- 
(PR,),H,]' (R = H, Me) were studied by 
density functional theory. The conforma- 
tions considered were derived from a 
square planar (P), tetrahedral (T) and 
C,,-butterfly (C) arrangement of the 
phosphine ligands. For PH,, the stability 
ranking P z C > T  was obtained, whereas 

in the PMe, case the P isomer was 
least stable, T> C > P. Mechanisms for 
the hydrogen exchange in the C and T 
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Introduction 

One of thc important aspects of modern coordination chemistry 
is that of stereochemically nonrigid structures.['] Research in 
this area has developed rapidly since the early sixties, and as far 
back as 30 years ago Muetterties pointed out that "the neglect 
of the effect of dynamics on stereochemistry can lead to serious 
misconceptions and, at the very least, is a step removed from 
reaIity".['] 

The field of fluxional behavior of transition-metal hydrides 
was pioneered by Meakin, Muetterties, and co-workers, who 
studied the dynamics of the hydrogen exchange in a series of 
MH,L, In connection with a mechanism for the 
process investigated, the term "tetrahedral jump" was coined, 
which-and it is very important to note this-was intended only 
to describe the shift of one H nucleus from an occupied to a 
vacant coordination site,[3d1 and which should not be associated 
with any actual physical path.13'] 

Since then, a great deal of interest has been generated in the 
structure and dynamics of transition-metal hydride complex- 
es,I4] including in the field of cationic complexes of the type 
[MH,L4]+. Depending on the nature of the Iigand and the re- 
spective transition metal, these compounds exhibit different co- 
ordination geometries.[51 Three prominent examples are the so- 
called p-, C-, and T-type structures (vide infra). Here, the P, C, 
and T nomenclature is derived from the coordination sphere of 
the ligands L, which are based on a square planar, C,,-butterfly, 
or tetrahedral arrangement, respectively.['] 
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isomers are discussed. For the latter, 
this process might be described as a tetra- 
hedral jump, but could also be viewed 
as a dodecahedra1 distortion of a cubic 
arrangement. The theoretical findings are 
compared with the results of experi- 
mental studies of [Fe(PR,),H,]+ (R = 

Me, Et). 

In our laboratories, we recently characterized the structures 
and the dynamics of cationic Group VIII complexes of the type 
[MH3L4]+ (M = Fe, Ru, 0 s ;  L = PMe,, PEt,).[71 We now 
present the first results of a companion theoretical study, which 
was based on approximate density functional theory (DFT) .I*] 

In the present paper, we report calculations on the isomers of 
[FeH,(PR,),]+ (R = H, Me). Three problems constitute the 
main focus of this work. Firstly, we wanted to investigate the 
structures and relative energies of several isomers. While the 
results of this investigation support our interpretation of exper- 
imental findings for [FeH,(PRJ)4]+, a broader concern (and the 
second aspect of our work) is the validity of the theoretical 
approach. A wide variety of calculations on transition-metal 
hydride complexes exists in the l i t e ra t~re ,~ '~  in which very often 
the PR, ligands are modelled by PH, . The validity of the model 
was first analyzed by Lin and Hall["l in connection with the 
problem of classical and nonclassical isomers of [IrH5L2]. The 
authors concluded that the replacement is a reasonable choice 
for this particular field of calculations. Our results, however, 
indicate that this approximation has to be abandoned when the 
electronic structure of the metal complex is mainly determined 
by phosphorus donor ligands. Lastly, we try to establish pos- 
sible descriptions for the hydrogen exchange in the C-type and 
T-type structures. We will present a concise description of our 
computational approach before discussing our results in more 
detail. 

Computational Methods 

General procedure: All calculations were based on the local dcnsity approxi- 
mation (LDA) in the parametrization of Vosko. Wilk, and Nussair."" with 
the addition of the gradient corrections of BeckerLZ1 and P ~ r d e w " ~ '  (GGA). 
The GGA was included self-consistently (NL-SCF). The calculations utilized 
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the Ainsterdam Density Functional package (ADF)  release 2.0.1 . ' I 4 '  Use was 
mnde ofthe frozen core approximation. For C and P, the valence shells were 
described by a double C-STO basis. augmentcd by one &STO polarization 
function ( A D F  databJse 111). For the ns, np, nd,  (n + l ) s ,  and (n + 1 ) p  shells 
011 Fe. a triple &STO basis was employed (ADF database IV, augmented by 
I+ = 0.90. 1.40, and 2.30). H was treated with a double S-s'r'O bask and one 
xiditional p-STO polarization function (ADF database 111). The nurnerical 
integration grid wiis chosen such that significant test integrals are evaluated 
with an accuracy of a t  least four significant digits. No symmetry constraints 
were applicd in the calculations. All molecules were fully optimized at the 
quantum mechanical Icvel. 

Energy analysis: The total bonding energy (TBE), which is associated with 
the formation of a molecule from its atomic fragments, can be expressed a s  
in tquatioii (I),"" wherc AE" is steric repulsion and Afi;,",,, is orbiral intcr- 
action The term AE' consists of two components [Eq. (2)l. Here, 

TBE = BE" + A E , , ,  (1)  

BE" = AEc15,L, t BEp,,,,, ( 2 )  

AE,,,,,, dcscribes thc pure Coulomb interaction between the atomic frag- 
ments. and it is usually attractive. The term AEpaull. which is called cxchange 
repulsion or Pauli repulsion, takes into account the destabilizing two-orbital 
three- or four-electron interactions between occupied orbitals. The second 
term on the right-hand side of Equation (1). AE,,, ,  includes the attractive 
orbital intcractions. 

Charge analysis- Atomic chargcs are evaluated by a Hirshfeld charge: analy- 
sis.''61 In this approach, the total electronic charge in a bonded atom i is given 
a?, cxprewd in Elquation (3). Here p:' describes an initial atomic density, 

density, whereas pm'" I S  the molecular density, obtained as the result of the 
self-consistent calculation. Adding the nuclear charge Zi gives the nel atomic 
charge q, [Eq. (4:i]. Hirshfeld net atomic charges define the reorganization 

q, = Q, +zi (4) 

of charge taking placc when the atomic fragments, placed on thcir appropri- 
ate positions. interact to form the actual molecule. 

Results and Discussion 

We begin our discussion with calculations on the T, C, and P 
isomers of [Fe(PH,),H,]+ ( l a ,  2a, 3a) as well as on [Fe- 
(PMe3),H3] ' ( I  b, 2 b, 3 b). Before we analyze energetic differ- 
ences between the isomers as well as possible mechanisms for the 
H-exchange process in 1 b and 2 b, we will briefly comment on 
the optimized geometries in comparison with results obtained 
from single-crystal studies. 

H1 

(a) L=PH3 
(b) L=PMe3 

H2 

(a) L=PH, 
(b) L=PMe3 

1 2 

L LIFeL2= 176.1" L LIFeLZ = 165.4" 
L L3FeL4 = 157.6' L=PH, L L3FeL4 = 144.9' L=PMe, 

3a 3b 

Structures of T, C, and P isomers of [Fe(PR,),H,I+ systems: The 
structure of the T-type isomers is shown in 1. Selected optimized 
bond lengths and bond angles, together with the corresponding 
data from an X-ray analysis of [Fe(PEt,),H,]+, are collected in 
Table 1. The T-type isomers possess a pseudo-C, symmetry axis, 

Table 1. Comparison of selected geoinetrical parameters (distances in pm. angles in 
) for the X-ray atructure [a] ofT-[Fe(PEt,)H,l+ and the calculated [b] structtires of 

T-[Fe(PR,),II,]' (K = H ( l a ) ,  Me (1 b)). 

l a .  DFT T-[Fe(PEt,)HJ. X-ray lb .  DFT 

d(Pe-H) [c] 
d( Fe- P 1) 
rl(Fe-P2.3,4) [c] 
9: (P I-Fe-P2) 

4: (P I -Fe-P 4) 
qr (P2-Fe-P 3) 

Q (P4-Fe-P 2) 

4: (P  1-Fc-P?) 

9: (P  3- Fe-P 4) 

144(7) 
217.0 
228.1 
122.2 
117.4 
113.8 
96.5 

101.5 
102.1 

152.2 
214.6 
225.6 
119.4 
1 17.8 
118.4 
98.7 
99.6 
98.8 

152.7 
214 5 
223.5 
121.7 
117.3 
116.9 
97 5 

101.3 
98.6 

[a] Kef. [7] [b] This work. [c] Averaged value. 

which lies along the Fe-P 1 bond. The calculations are able to 
reproduce the fact that this distinct Fe-P bond is 11 pm shorter 
than the other Fe-P distances. In general, the calculated Fe-P 
lengths are only about 2 pm (1 b) to  4 pni (1 a) shorter than those 
measured for the analogous [Fe(PEt,),H,]+ structure. The 
theoretical Fe-H distances match the crystal structure within 
experimental error. Compared with the excellent agreement in 
the bond lengths, the deviation between calculated and experi- 
mentally observed angles is somewhat larger. However, both 
experiment and theory indicate that P-Fe-P angles that involve 
the P 1 ligand are opened up by about 10" compared to a n  ideal 
tetrahedron, whereas the values for other P-Fe-P angles are 
about 10" smaller than in the ideal case. Overall, the two calcu- 
lated structures 1 a and 1 b are in very good agreement with the 
experimental results. 

We next turn to the C-type isomers, for which the geometric 
arrangement is displayed in structure 2. Values for bond lengths 
and bond angles are presented in Table 2. Also included are 
geometric parameters for [Fe(PMe,),H,]+ in the crystal. Once 
again, we note the excellent agreement between theoretical and 
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Table 2. Comparison of selected geometrical parameters (distances in pm, angles in 
) for thc X-ray [a] and calculated [b] structures of C-[Fe(l'R,),HJ' (R = H (2a). 

M e  (2b)). 

C-[Fe(PMe,)H,]+. X-idy Zb, DFI 2a.  DF7 

r/(Fe-Il l)  
d(Fe H2) 
d(Fe H 3) 
d(H 2-H 3) 
d(ke PI )  
d(Fe P2) 
d(Fc 1'3) 
d( re - P 4) 
;x(H 1-Fc-H 2) 
;x(PI-ke-P2) 
9: (P 1 -Fe-P 3 )  
4 (P2-Fe-P3) 
9: (P 3-Fc-P 4) 

148(3) 
153(4) 
172(4) 
84(4) 

223.0( I )  
223.1 ( I )  
221.2( 1 ) 
226.0(1) 

7 6 ( 2 )  
152 51 (3) 
95.59(3) 
98.05 (3) 
94.0 

151.7 
156.4 
159.8 

224.9 
226.4 
224.6 
227.5 

61.6 
158.2 
92.9 
93.4 

101.6 

~ 0 . 7  

152.9 
151.1 
160.2 
90.4 

223.4 
223.2 
22 I .2 
224.8 

165.2 
91.9 
91.9 
97.8 

68.7 

[a] Rel: 171. [h] This work 

experimental bond lengths. In particular, calculations and ex- 
periment are consistent in that the P ligand in the trans position 
to the H 1 ligand forms the longest Fe-P bond, whereas the P 
ligand tvuns to the H 2 - H 3  dihydrogen ligand shows the short- 
est Fe-P separation. Two of the Fe-H distances are well rcpre- 
sented in the calculations, whereas the experimental and theo- 
retical values for dFfFe-H3 differ by 12 pm. In the crystal structure, 
the H, ligand is asymmetrically coordinated to the metal frag- 
ment, with Fe-H distances differing by 20 pm. In the optimized 
structure, the H, ligand is nearly symmetrically bonded to the 
iron center, the distances Fe-H2 and Fe-H3 differing only by 
3 pm. These differences in the H, coordination are also reflected 
in the discrepancies of the actual and calculated angles, involv- 
ing the relevant ligands. Overall, and also in view of the high 
standard deviations of the hydrogen positions in the X-ray dif- 
fraction study, the calculated and the experimentally determined 
geometries for the C-type structures are in good agreement. 

The last set of isomers that we include in our discussion are 
P-[Fe(PH,),H,]+ and P-[Fe(PMe,),HJ+. The optimized ge- 
ometries for these structures are displayed in 3 a and 3 b, respec- 
tively. Whereas in the case of the C- and T-type isomers struc- 
tures involving PH, or PMe, ligands are very similar, we 
observe a significant hgand influence on the P-type geometries. 
In structure 3a, the atoms P I ,  P 2  exhibit a slight bend toward 
the hydride H 1, forming an angle P 1-Fe-P2 of 176". In 3b, on 
the other hand, the P 1 and P2 ligands are now bent toward the 
dihydrogen ligand H2-H3, forming an angle Pl-Fe-P2 of 
165". In [Fe(PH,),H,]+, H2  and H 3  are located about 164 pm 
away from the iron center; the H-H bond length amounts to  
86 pm. On going to the PMe,-substituted species, a change in 
the arrangement of the coordinated dihydrogen ligand is ob- 
served. The Fe-H distance is now shorter by 4 p m ,  whereas 
d,,-H is increased by 6 p m .  This is a first indication that the 
nature of the bond between the hydrogen ligands and the 
Fe(PR,), fragment is indeed sensitive to the nature of the PR, 
ligand. It also suggests how the relative stability of the different 
isomers can be affected by a change of the phosphorus donor 
ligand. In the next section, we shall discuss the energetic differ- 
ences and the bonding in the various isomers in more detail. 

Energy analysis: The relative energies of the different isomers 
1-3 are displayed in Figure 1. For [Fe(PH,),H,]+, the 
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P-type 3 a  and C-type 2 a  
isomers are very close in 
energy. the C-type being 
favored by 3 kJ  mol I .  

The T-type structure 1 a, at  
35 kJ mol- ', lies consider- 
ably higher in energy than 
2a.  Ab initio studies by 
Maseras and co-work- 
e r ~ [ ~ ~ ~ ~  on the same mole- 
cule also predicted the P 
structure to be the isomer 
of lowest energy, but ar- 
rived at  a considerably 
higher energetic difference 
of 46 kJ mol- between 

P (23) 

the P- and C-type struc- 
Lures. A different energetic 
ranking is found where 
[Fe(PMe,),H,]' is con- [Te(PMe,),H,]' 

I 

[FcJ&~I+ L=PHq L=PMc, 

Figure 1 ReLative cni.igic\ 01 the T C, 
m d  P Isomerr ot [Fe(PMc,),H,]' .mi 

cerned. In this case, the 
T-type isomer 1 b becomes the most stable species. The C and P 
structures 2 b and 3 b are 11 kJmol- and 23 kJ mol- higher in 
energy, respectively. 

In N M R  solution studies of [Fe(PMe,),H,]+ the C and T 
isomers were observed, and no indication for a P-type structure 
was found.['] However, the experiment revealed that the two 
structures have the same enthalpy, the C-type structure being 
favored over the T-type by entropic effects.[" When comparing 
the experimental and theoretical results, one should be aware of 
the fact that the calculations refer to single molecules in the gas 
phase. Different energies of solvation certainly affect the relative 
stabilities of the two isomers in solution. The experiment indi- 
cated that the C-type structure is better solvated in polar sol- 
vents, since the equilibrium constant K = [C, 2b]/[T,1 b] in- 
creased with increasing dielectric constant of the solvent.r71 The 
zero-point energies for 1 b and 2 b should be similar, since both 
isomers have the same number and type of bonds. One could 
expect the C isomer to show a somewhat higher zero-point 
energy, owing to the maintained H-H bond. 

The Hirshfeld charge analysis. as presented in Table 3, pro- 
vides a first explanation of the different stability ranking of the 
structures with PH, or PMe, ligands. In the T-type, the H lig- 
ands carry a negative charge. For  the C structures the charge for 
hydride hgand H 1 is negative, whereas the dihydrogen ligand 
H2-H3 carries a positive charge. This indicates that the H, 

Table 3. Hirshfeld charge :analycis (2a.u.) for three isomci-s 01' [Fr(PK,),H,j' 
( R  = H ,  Me). 

Fe -0185 - 

H I  -0.037 - 
H 2  -0.035 
H 3  -0.037 

P 2  0.231 
P 3  0231 
P 4  0.226 

P I  0.282 

0.169 -0.167 

0.012 0.009 
0.052 -0.066 

0.023 o.nox 
0.236 0.230 
0.236 0.232 
0.220 0.227 
0.197 0 . 2 2 ~  

-0.182 
-0.049 
-0.049 
-0.049 

0.334 
0.303 
0.303 
0.301 

0.172 -0.173 
0.060 -0.067 

0.001 - 0.007 
0.304 0.305 
0.306 0.304 
0.296 0.297 
0.27x 0.298 

0.009 - o.no6 
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ligand is mainly bonded by o donation. It also suggests that the 
T-type structure is stabilized by more electron-rich metal cen- 
ters, and thus by coligands which are good o donors. For  the 
C-type and P-type structures, the ability of the H, ligand to 
compete with the phosphine ligands for o donation becomes 
important. 

If the phosphine ligands are good o donors,['*] like for ex- 
ample PMe,, one should expect hydride coordination to be 
favored over the dihydrogen case, and thus that the T isomer is 
favored over the C and P structures in terms of the bonding of 
the hydrogens to the metal center. Turning to  a weak o donor 
like PH,,"X1 the H, ligand can successfully compete with the 
phosphine for o donation, and the C and P isomers gain in 
stability compared to the T isomer. 

It is of further interest to  note that in all cases the iron centers 
carry about the same amount of negative charge. This indicates 
that donation from the P ligand to the Fe center is the dominant 
bonding interaction for all the isomers. The formal change of 
the oxidation number at the Fe center between the C-type (Fe") 
to T-type structure (Fe"') does not provide an obvious explana- 
tion for the difference in It is rather the distinct 
naturc of the hydrogen ligands that is responsible for energetic 
differences. 

The results of the bonding analysis are presented in Table 4. 
The energies and their contributions are given relative to the 
T-type isomers. Negative values indicate stabilization, positive 
destabilization. If we compare the C and T isomers, we find in 
both cases (L = PH,, PMe,) that the C structures 2 exhibit 
about 210 kJ mol-' less steric repulsion than the T structures 1. 

Table 4. An analyiis of the relative energies (kJinol-') for three isomers of 
[Fe(PR,),H,]- ( R  = 13, Me). For the T iromer, the energy terms are set to zero in 
both cases. 

AE" 0 -213 -152 0 -212 --?,IS 
AE,,,, 0 178 150 0 223 398 
.I BE 0 - 35 - 32 0 I 1  23 

The increase in steric repulsion on going from C to T is mainly 
determined by the arrangement of the hydrogens. Surprisingly, 
the different bulk of the phosphine ligands constitutes only a 
secondary effect. The average H-P distance in C-type ge- 
ometries is about 250 pm. In the T type there are very short 
H - - P 1  contac1.s of 210 pm, giving rise to the incrcase in steric 
energy. On turning to the electronic interaction term, we realize 
that now the T structures, 1, are favored over those of the 
C-type, 2. One sees further that for L = PH, this stabilization 
cannot overcome the increase in steric demand; thus the C struc- 
ture of 2 a  is more stable than the T structure of l a .  However. 
introduction of the better electron donor L = PMe, favors the 
T-type structure 1 b. 

For the P-type isomers we observe more pronounced changes 
when going from PH, to PMe,. For  3 h, the steric stabilization 
and electronic destabilization compared with the T structures 
arc both more than twice as large as for 3a.  This is a conse- 
quence of the significant differences in the geometry of .3a and 

3 b (vide supra). It is again the fine balance between steric and 
electronic terms that is of importance for the relative energies of 
the P-type structures. As mentioned above, for [Fe(PMe,),H,] 
the P isomer is least favored on energetic grounds. However, the 
importance of the P-structure should not be underestimated, 
since many representatives of the [ML,H,]+ series (M = Fe, 
Ru, 0 s )  , mainly those possessing bidentate phosphine ligands, 
prefer a P-type arrangement of the framework of the phosphine 
ligands.['] 

A short comment on classical and nonclassical hydride complexes : 
Nonclassical hydride complexes, which have been isolated by 
Kubas,i221 contain a dihydrogen ligand coordinated through o 
donation, in contrast to the classical hydride complexes. So far 
we have discussed the nonclassical C- and P-type structures. 
One should consider the classical alternatives C,  and P, as well. 
Studies by Li and ZieglerrZ3] on the related systems 
[M(PH,),H,] (M = Fe, Ru, 0 s )  indicate that nonclassical com- 
plexes are formed with Fe and Ru, whereas 0 s  prefers the clas- 
sical coordination. This result can be explained by relativistic 
effects. The C, and the P, isomers will however be of importance 
in the last sections of our discussion. An examplc for a P,-type 
structure in the [ML,H,] series is the rhenium complex 
[ReH,(CO)(PMe,),], for which we recently described the crystal 

Mechanism of the hydrogen exchange in C-[Fe(PMe,),H,]+ : The 
hydrogen exchange in C-[Fe(PH,),H,]+ (2a) has been exten- 
sively studied by Maseras and They found a 
transition-state structure for this process in which the central 
hydrogen atom is equidistant from the other The H-H 
distance was calculated as 104 pm, and the two Fe-H separa- 
tions were 156 pm for the central H atom and 167 pm for the 
remaining two hydrogen ligands. The activation barrier for H 
exchange was calculated to  be 13 kJmol-' .  We could locate a 
classical C-type structure as a possible transition state for the H 
exchange in Fe[(PMe,),H,]+ (2b). This C,-isomer is shown in 
structure 4b. The arrangement of the hydride ligands differs 
from that obtained by 
Maseras and coworkers 
for C-[Fe(PMe,),H,]+ 
in that the H - H  dis- 227.0 

tance is about 20pm 
longer, and the Fe-H 
contacts are 7-15 pm 
shorter. The arrange- 
ment of the phosphine 
ligands in 4 b  is similar 
to that of the nonclassi- 
cal isomer 2b. The acti- 
vation barrier for the hv- 

L LIFeL2= 1 5 7 . Y  

L L3FeL4 = 98.4' L=PMe, 

drogen exchange with 4b 
4 h as transition-state 
structure amounts to only 2 kJmol-' .  This corresponds well 
with the experimental fact that very fast H/H, scrambling is 
observed even at temperatures as low as - 140 T.['] 

As seen above, the H exchange in the C isomer 2 b does not 
require a drastic rearrangement of the phosphine ligands, and is 
mainly determined by the motion of the H atoms. This is in 
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contrast t o  the mechanism for the T-type isomer (1 b), which we 
discuss in the next section. 

Mechanism of the hydrogen exchange in T-[Fe(PMe,),H,J + : The 
"tetrahedral jump" model has been suggested as a possible 
mechanism to describe the fluxional behavior of the hydrogen 
ligands in the T-type structure. The name "tetrahedral jump" 
might imply that during the exchange process only one hydro- 
gen ligand is moving, keeping the frame of the phosphine ligand 
more or less rigid. This, however, is not the case. Muetterties 
and coworkers introduced this name just to emphasize the topo- 
logical aspect that only one H atom is changing place during the 
process of isomerization. They further point out that their 
N M R  work does not provide any mechanistic information to 
determine the actual physical path involved,r3c1 and that in the 
particular case of [FeH,(PR,),] fluxionality the motion of the 
phosphorus ligands makes the major contribution to the re- 
duced mass for the exchange process.[3d1 

One of the requirements of the tetrahedral jump mechanism 
is that at some time during the process one H-Fe vector and 
two P-Fe vectors must be coplanar. A geometry optimization 
enforcing this constraint for [Fe(PH,),H,]+ led directly to  the 
P-type structure. For  [Fe(PMe,),H,]+ however, this optimiza- 

tion resulted in a struc- 
ture as shown in 5b, 
which is a likely candi- 
date for the transition- 
state structure of the H 

179 exchange in T-[Fe(P- 
H2 Me,),H,]+. Structure 

5b lies 31 kJmol-'  
higher in energy than 
1 b. This corresponds 
excellently with the ex- 
perimentally obtained L LlFeL2 = 144.9" 

L L3FeL4 = 123.1" L=PMe, activation barrier of 
33 kJ mol- ' . I7 ]  The re- 
lationship between the 

different isomers of [Fe(PMe,),H,]+ is summarized in Figure 2. 
As mentioned above, the isomers C and T can be observed in 
NMR experiments, and do exchange. The P-type structure can- 
not be found. It is likcly that the P isomer 3b is related to the T 
structure (1 b) via the transition state for the hydrogen exchange. 
It might be possible that 3b constitutes a short-lived intermedi- 

5b 

1 EkJmul-' 

I 

2b I / 2 Mfmol 

I P 
Figure 2. Relative energies of the T, C, and P isomcrs of [Fe(PMe,j,H , I+ .  together 
with activation barriers and possible transition states for hydrogen scrambling in  
the T and C' structurcs. 
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ate in this exchange process. The structures 3b and 5b 
might further play a key role for the isornerization process 
C(2 b)uT(1 b) .[71 

We now return to  the geometry of the transition-state struc- 
ture 5b.  This molecule differs significantly from the T-type 1 b in 
all aspects. The angles P 1-Fe-P2 and P 3-Fe-P4 have opened up 
by 22.7" and 21.8", respectively. The P I - F e  distance is 9 pm 
longer. With respect to the phosphorus ligand frame, 5b is 
halfway in the transformation of 1 b to 3 b. But changes in the H 
coordination sphere are also observed. Besides the fact that H 1 
has moved between two P atoms, the distance H 2-H 3 is signif- 
icantly reduced by 74pm. The Fe center is now in the plane 
defined by H 1, H2,  and H 3. The coordination of 5 b can be 
viewed as a distorted pentagonal bipyramid, or as a classical 
P,-type structure as discussed in the previous section. The struc- 
ture of 5b indeed bears similarities with the crystal structure 
obtained for the complex [ReH,(CO)(PMe,),] .["I 

We close our discussion with a n  alternative view of the ex- 
change process. Rather than describing 1 b as a seven-coordi- 
nate species, we choose a description based on eight-coordina- 
tion.[261 The ligand framework of the T structure could be 
pictured as a distorted cube, in which one corner is unoccupied. 
The hydrogen exchange can then be described as a fluxional 
process involving rearrangement to a dodecahedron. The gener- 
al motion for such a process is shown in Figure 3 a. The special 
rearrangement for the pathway 1 b-5b is outlined in Figure 3 b. 

Figure 3. a )  Dodecahedra1 distortion of a cube as h) a possible mechanism t'or 
hydrogen exchange in T-[Fe(PMe,j,H,]+. 

H 2 and H 3 occupy the positions A and B in the cube, and move 
toward each other during the process of dodecahedral distor- 
tion. H 1 occupies the K position in the cube, and can be found 
in the dodecahedral structure on the average position between 
the former occupied K and the empty F position. In this way, 
the dodecahedral rearrangement leads from an eight-coordina- 
tion situation to a seven-coordinated structure. The result again 
is a distorted pentagonal bipyramid or a classical P, structure, 
which is one of the basic geometries for seven-coordina- 
tion.(26b,d1 When arranging back to the cube, H 1  can either 
move into the K or the F position. Thus, in the overall view, just 
one single ligand has effectively changed its place, in accordance 
with the tetrahedral jump model. The merit of this picture is that 
it stresses the synchronous participation of all ligands in the 
rearrangement process, rather than focusing on one particular 
kind of ligand. 
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Concluding Remarks 

In this study, we investigated structures. energetics and dynam- 
ics of the system [Fe(PMe,),H,]+. We addressed the question of 
how well the PMe, ligand is represented by the computationally 
less demanding model ligand PH, . Concerning the geonietries 
of various isomers of [Fe(PR3)4H3]1, we found that for both 
cases, R = H and R = Me, satisfactory structures were ob- 
tained in comparison with X-ray data. However, for an iissess- 
ment of the relative energies of the isomers it is of paramount 
importance that the real ligand PMe, is used in the calculations. 
We also investigated the hydrogen exchange in the C- and T- 
type isomers of [Fe(PMe,),H,]+. For  the C isomer. major 
movement of only the H ligands is required in the exchange 
process. For the T isomer, the mechanism might be described as 
a tetrahedral jump, but requires considerable movement of all 
the ligands in Ihe coordination sphere around the metal center. 
Alternatively, we described this process as a dodecahedra1 dis- 
tortion of a cubic arrangement. Further work on the isomers of 
the higher Group XITI homologues [Ru(PMe,),H,] ' and 
[ O S ( P M ~ , ) ~ H ~ ] + ~ ~ ~ ~ ~  as well as on the mechanism of the C++T 
isomerization process, is under way. 
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