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The mechanisms of intramolecular dynamics in transition
metal hydride complexes are surveyed in this review. The
NMR data for a number of fluxional hydrides are interpreted
in terms of principal and secondary topological changes of
the coordinated ligands. The principal ligand motions can be
further categorized as being of migratory (M) and replace-

ment (R) type. Discussion of these ligand motions is followed
by analysis of more complex rearrangements of hydride sy-
stems, in which both types are operative in multiple ex-
change processes. The attempted systematic approach ap-
pears to be a useful general mechanistic concept for the un-
derstanding of the fluxional behavior of hydride complexes.
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Introduction

Many transition metal hydride complexes are stereo-
chemically nonrigid in solution. As a result, most reviews
on hydride chemistry include some discussion of the dy-
namic behavior of such molecules!!l, Systematic spectro-

scopic studies of the fluxionality of hydrides were started
in the early 70%, to a great part by the efforts of Meakin,
Muetterties and co-workers!?, These investigations included
five-, six-, and eight-coordinate complexes: MHL,2¢,
MH,L 22644 MH,L,?>8 (e.g., M = Mo, W, Os, Ru, Fe,
Co, Rh, Ir and L = phosphorus ligands). All classes of
coordination compounds examined in the H,ML, series
were stereochemically nonrigid. Low barriers were found in
those cases where n = 1 or 2, which were explained on the
basis of a tetrahedral jump mechanism. The fluxionality is
facilitated as the ML, substructure approaches that of a
regular tetrahedron. Plausible physical rearrangement
mechanisms were suggested for the dodecahedral eight-co-
ordinate MH,L, complexes.
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Further progress in hydride chemistry then became pos-
sible, when many more new examples of hydride fluxional-
ity were discovered. The investigations of these were pre-
dominantly synthetic studies, which only rarely pursued
spectroscopic characterization. These reports have often in-
cluded variable-temperature NMR data for the temperture
range 20 to —80°C, a range that is normally inappropriate
to reach limiting slow-exchange NMR spectra. Unfortu-
nately, this happened quite often for those cases that ap-
peared to be highly intriguing from the structural point of
view and for which structural elucidation was difficult, for
example, the polyhydrides MH,L,, (n = 3). Since the time
of the early spectroscopic analyses mentioned above, the
question of the exchange mechanisms operating in metal
hydrides has never been addressed in a systematic fashion,
neither experimentally nor theoretically.

For a number of years our research on hydride complexes
of Re, Fe, Ru, Os, and Ir has encountered a variety of
fluxional systems. In the present report we review the essen-
tial features of the observed processes with emphasis on
mechanistic interpretations of the dynamic phenomena. Al-
though the discussion will include additional examples from
the current literature, this article cannot be considered a
comprehensive review. It does not attempt an interpretation
of all known fluxional hydrides, but rather concentrates on
the principal mechanistic aspects, which will be illustrated
with appropriate examples.

1. Principal Exchange Types

Ligand exchange in a metal complex is a process of physi-
cal rearrangement (motion) of an ensemble of atoms in the
coordination sphere. Let us imagine an observer, who couid
have labeled the metal-bound atoms in a fluxional complex,
to subsequently take several snapshots of the molecule dur-
ing the rearrangement process. Examining the starting and
final topologies of atoms (i.e., ground-state structures) ref-
erenced to the coordinate system of the observer, one would
find a number of atoms with unchanged (or little changed)
positions, while the others reveal substantially altered coor-
dinated. When we refer to the process of the positional
changes of the latter atoms, we can denote this the principal
motion. The term secondary motion (secondary rearrange-
ment) can be used to describe those additional structural
deformations that occur along with the principal motion.
These can be identified by comparison of the ground state
and the transition state structures. The secondary topologi-
cal changes reduce the energy of the transition state and
support the principal motion.

In order to ascribe the mechanism for a particular
fluxional process, one should try to interpret the experimen-
tal dynamic NMR data in the following way: (a) identify
those atoms or atomic groups that change their positional
coordinates, (b) assign a reasonable pathway for the given
principal motions, and (c) evalute what kind of secondary
rearrangement might be operative.

Apparent mechanistic principles suggest that in such
analyses of dynamic problems one should be looking for
least energy pathways for the principal motion conceivable
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in terms of the particular ligand environment. The exchange
barriers are quite often low (10 to 6 kcal/mol and even
lower in some cases) in fluxional hydride complexes im-
plying that lighter and smaller atomic groups (ligands)
might show a higher probability for “scrambling” or mov-
ing, whereas the heavy ligand skeleton would be involved in
topological changes of the secondary type.

Apart from the physical exchange there is its projection
into spectroscopy, which we denote as the phenomenon of
spectroscopic exchange. It should be recognized that, for in-
stance, a coalescence of chemical shifts in NMR spec-
troscopy can be effected by the rearrangement of ligands
and atoms other than the resonating nuclei. For example,
3Ip_NMR exchange can result from hydride fluxionality in
the absence of any physical permutation between the phos-
phorus ligands.

Apparently, the finding of an universal rationale for all
kinds of intramolecular ligand rearrangements is an im-
possible task. To provide some guidance, however, we de-
cided to highlight two types of principal motion that are
often distinguishable in the dynamic behavior of metal hy-
drides. We can call them a migratory type (M) and a re-
placement type (R). An example of the Ir(H),X(PfBu,Ph),
dihydrides!® helps to illustrate the meaning of this classifi-
cation. These d® 16-electron molecules have a distorted
structure, since the idealized trigonal-bipyramidal geometry
possesses a higher energy®¥ (Scheme 1, the two trans-phos-
phane ligands are omitted for clarity).

Scheme 1
Migratory (M) type exchange
131° Hy2 ) H Hy?
X(\/;\ /)730 ol ‘/ j/
NS TN "\
156° HpP Ho Hy®
Replacement (R) type exchange
X H X X H?
T~ e \Ir%'-"-"‘t'a - ~———-——-\lr<
Hp? Hy2

I(H),X(P'Bu,Ph), (X =Cl, Br, I)

In the M-type exchange one or more ligands migrate
(move) from the positions that they occupied in the starting
ground-state structure. The result of this transformation is
an inversion of the whole structure. After this inversion pro-
cess, those ligands that have migrated do not replace each
other in their former coordination sites. In Scheme 1 two
protons, labeled H* and HP, occupy distinct sites 1 and 2
with different chemical shifts. Mechanism M suggests that
the 12 spectroscopic exchange of the hydrogen atoms pro-
ceeds by migration of one ligand X (Scheme 1). In principle
the same result can be achieved by another motion, parallel
shifts of H* and H® in the X, H?, H® plane. In the com-
plexes Ir(H),X(PrBu,Ph), (X = Cl, Br, I) the exchange rate
increases substantially for the lighter halides, indicating that
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it is probably migration of the X ligand that determines
the kinetics®l,

The R-type exchange is a physical rearrangement of
identical atoms or atomic groups (ligands) that exchange
their exact positional coordinates. In Scheme 1 hydride H*
replaces H®, while HP takes the former position of H*. Note
that in the transition structure H* and H® are coplanar with
the two phosphane ligands, which implies that the tran-
sition distance H-H can be shorter than in the ground
state.

Both exchange pathways are thermally accessible in
Ir(H),XL, compounds and may have comparable energy
barriers. In the actual example of very bulky phosphanes
L = P¢Bu,Ph, the M mechanism is probably that of lower
energy. The H/HP decoalescence has not been observed for
the less bulky P/Bu,Me derivative®J, which might indicate
an acceleration of the R-type exchange.

Scheme 2
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Another example is given in Scheme 2, which shows the
equatorial plane of a complex with pentagonal-bipyramidal
geometry (actual examples will be discussed in the following
three sections). The main features of the rearrangements
represented by Scheme 2 are reminiscent of the previous
example. In the R exchange hydride H* goes to the site of
HP® and vice versa. The other possibility is the M process for
one hydride, for example, H®. Only this ligand then moves
substantially on its travel from the former site between L?*
and L° to a new site between L* and LY. Certain motions
of the other ligands, H* and all L, are required in the equa-
torial plane. These, however, have the characteristics of sec-
ondary motions, in the sense that they assist the migration
of H.

The examples of Schemes 1 and 2 show that the M and
R mechanisms can be distinguished by NMR if they do not
take place simultaneously on the same time scale. The R-
type process would cause exchange of the chemical shifts of
the exchanging ligands and would lead to an averaging of
all couplings between these and other magnetic nuclei in
the coordination sphere. The important feature of the M-
type exchange in this system, however, is that this process
can result in spectroscopic exchange of ligands involved only
in secondary topological changes. The principal motion of
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X in the first example (Scheme 1) leads to exchange of the
chemical shifts of H* and HP, which does not require any
motion of the hydride. Scheme 2 shows how migration of
HP can exchange chemical shifts of L = PR; without physi-
cal scrambling of these ligands. More examples will be pro-
vided in the next three sections.

2. R-Type Exchange

In this chapter a number of fluxional processes is de-
scribed, which in the essential features display R-type
characteristics in the dynamic processes.

M(H,)L,, and M(H),L,: Intramolecular twofold reorien-
tation of coordinated dihydrogen is the simplest example of
the R-type exchange (Scheme 3). The barriers for this
fluxional process are often low, 1—3 kcal/mol, as deter-
mined by inelastic neutron scattering*l, In the following
discussion it is assumed that two hydrogen atoms at a bond-
ing distance of <1.3 A always have an easy access to this
very efficient scrambling pathway.

Scheme 3
La L@ La
Ld'-. _La Ld-.,, Le Ldn_.’ .._‘Le
““““ — ""'11, “““r oy M“‘\“.‘ \
Hq2 Hy
e H,a
L® Lb J Lb :

On the other hand, classical dihydrides of octahedral
structure M(H),L, with large H*--HP separation typically
show substantially higher barriers (>10 kcal/mol). For ex-
ample, the hydride exchange in cis-Re(H),(CO)(NO)L,
compounds [L = PMe;, PCys, P(OiPr);] is very slowll. In
these molecules H* and H® are separated by 2.30(5) AlS
distance that decreases in the transition state when H*—H®
eclipses the L—M—L axis!®!,

Os(H);X(PiPr3),: Three trihydrides of osmium (X = Cl,
Br. I) have been studied by using NMRI#l and ab initio
calculations!”. The structure of these d* 16-electron
Os(H);X(PiPr,), molecules is C,,~distorted octahedral, with
two ligands H* and H¢ exerting a strong mutual zzans influ-
ence and therefore being bent toward H® (Scheme 4).

Scheme 4
P'Pry P'Pry PiPry
HOsH=ca 60 | X I;I:I X X
=08 = | He—t. o8 — #,——0s"
\ ——— 4 ——
bH1/ \Hzc a'il{ CH/ N 2b
PiPr PPr; | PiPr

The structural features of Os(H)sX(PiPr3), are very simi-
lar for various halides. Among the spectroscopic properties
the most remarkable of these systems is the exchange coup-
ling between the hydrides: they show AB, patterns in the
'H-NMR spectrum, with J(H,;-H,) values of 920 (Cl), 550
(Br), and 280 Hz (1) at —100°C. The available observations
indicate that exchange coupling can be operative between
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hydrogen atoms, if they are involved in the R-type ex-
changel™8l. Another example of this behavior is detected
in Os(H)4(H,)X(PiPr3), complexes, which will be presented
below in Section 3.

The rate of the hydride 1-2 site exchange in
Os(H);X(PiPr;); increases slightly from X = I to X = CL
The highest barrier was determined experimentally for X =
I, AG* (205 K) = 8.8 kcal/mol. In ab initio calculations the
replacement exchange has been mimicked by an out-of-
plane twist of the two adjacent hydrogen atoms, that is H®
and H€ (Scheme 4). Vibrations in this direction are of lower
frequency (450 cm~!) compared with the in-plane Os—H
bending (900 cm™!). In the optimized transition structure
HP--H® eclipses the P—Os—P axis, and the HP—Os—H® an-
gle decreases to 51.5° (Cl) and 50.4° (I) from that calculated
in the ground state: 56.9° (Cl) and 57.5° (I). The H>-H°
separation thus decreases to 1.38—1.35 A, which is almost
twice the H—H distance in H, (0.74 A) and does not indi-
cate substantial H®—H° bonding.

In related fluxional trihydrides [{CsHs)Ir(L)(H)s]", which
also show exchange couplings, calculations suggested the
formation of a dihydrogen ligand in the transition struc-
turel®!, That is why the H°—H¢ angle changes from 64.0 to
26.6° (L = PHs;) and from 62.8 to 27.6° (L. = CO).

To summarize these results: replacement exchange is a
phenomenon of general occurence in complexes with (at
least) two cis-disposed hydride ligands. It is facilitated when
the hydrogen atoms are situated relatively close in the
ground state structure. Additional shortening of the H---H
distance “on the move” decreases the exchange barrier.

Scheme 5
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Os(H)4L3: Osmium tetrahydrides with L = phosphane li-
gands have a distorted pentagonal-bipyramidal structure as
shown in Scheme 5. The molecules are all highly fluxional
both in the 'H- and 3'P-NMR spectra. For one case, L =
PMe,Ph, has decoalescence been reported in a [Dg]toluene/
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CF,Cl, mixturel'%l, Two equally intense hydride resonances
and 3'P resonances of 2:1 intensity were observed at
—120°C. Scheme 5 shows two scenarios explaining the
fluxionality. Hydrides H* and HP® (also H® and HY) ex-
change sites by the 1—2 R-type exchange. This exchange
is presumably accompanied by a deformation of the OsL;
fragment in the transition state to form an equilateral
12-1P—L° triangle and subsequent opening of either
L*—0s—L¢ or Lb—0Os—L¢. By this pathway the phosphorus
chemical shifts can also be exchanged.

[Re(H);(CO)(PMej) ] * ("4 and  Re(H);(n-CeH,-
PPh,)(PEt;);[1*®): These two fluxional ruthenium dihy-
drides are well-characterized by NMR and X-ray and differ
from the previous examples in that the two exchanging hy-
drides are separated by a third ligand. The essential features
of the solid state structures are given in Scheme 6.

Scheme 6
[Re(H>2<c0)<PMe3)4r RC(H)z(Tl2‘C6H4'Pph2)(PEt3)3
(\ /\69"
/l &
/
77° ‘\J 77°

H

In both molecules all bonds to rhenium are strong, and
it has been proven that ligand dissociation does not occur
during the exchange of the magnetically nonequivalent hy-
drogens H* and HP This process apparently involves hy-
drides and does not bring about any site exchange in the
heavy ligand skeleton of Re(H)s(n*-C¢H,PPh,)(PEt;);, be-
cause the barrier for the H¥H® scarmbling is AG* = 12.7
kcal/mol (28°C), whereas the P, P¢, P¢ exchange proceeds
through a higher energy transition state with AG* = 15.1
kcal/mol (38°C)11¥1,

A viable mechanism for the fluxional processes in both
molecules is depicted in Scheme 7. It shows how one of the
hydrides, e.g. H*, can migrate through a P—Re—P plane to
form an intermediate structure with a cis-ReH, fragment.
When the ground state geometry is restored, H* and HP
have equal chances to reach either position | or remain in 2.

The example of [Re(H);(CO)PMe,)4]* is important be-
cause both i1someric forms, the pentagonal-bipyramidal di-
hydride and the octahedral dihydrogen complexes, have
been observed experimentally and characterized by
NMRI!!12l The dihydrogen complex is a kinetic product of
the protonation of cis-ReH(CO)PMej3),. It can be prepared
at low temperature, and the isomerization takes place in the
temperature range of —20 to 0°C.

For Re{H)y(1?-C4H,-PPh,)(PEts); the intermediate of
Scheme 7 may possess no H2®—H® bonding interaction,
since this complex is neutral and bears no strong m-acceptor
ligand like CO. The cationic and neutral dihydrides differ
slightly in that the former apparently has an alternative pos-
sibility for hydride migration: either H* or H® can migrate
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Scheme 7
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to a position between the P* and PP ligands in the equa-  Scheme 8
torial plane. The structure of [Re(H)»(CO)(PMes),4]™ is then
inverted: (P%, PP, P$) becomes either (P§, P?, P$) or {P%, P}, L 4\ - Lx -
$). The total fluxional process in Scheme 7 represents re- X £
placement of one hydride by another, while the principal &
motion in the formation of the intermediate is the passage B e O e H,0 = | 2H, O e H,P
of one hydride between two ligands, which requires opening i
of the P-Re—P (or P~Re—CO) angle in the transition yS H
state. This must be a high-energy process and explains the \, L | XL _

relatively large barrier of ca. 13 kcal/mol in Re(H),(n?-
CgH,4PPh,)(PEt;)s.

3. M-Type Exchange

Os(H),XYL,: The type of complex to be discussed first
belongs to another family of distorted d* 16-e complexes.
The solid-state structure with identical halides X = Y = Cl
and L = PiPr; revealed perpendicular H*—Os—H" and
L—Os—L planes!'*l. The Cl—Os—Cl fragment is twisted
by ca. 45° with respect to the former two. This structure
makes H? and H® inequivalent when X # Y, and the com-
plexes Os(H),CIBr(PiPr;),, Os(H),CII(PiPr;),, and Os(H),-
Brl(PiPr,), exhibit intrinsic HYHP decoalescence in the 'H-
NMR spectra, which is not observed for X = Y25,

Scheme 8§ shows some structural features of Os(H),XYL,
together with a suggested mechanism supporting the spec-
troscopic hydride exchange, which assumes simultaneous
migration of the two ligands X and Y. The fluxionality is
substantially influenced by the nature of X and Y and be-
comes more facile in the following order: XY = Brl < ClI
< CIBr. The Arrhenius activation energy is the same for
Os(H),Cl1(PiPr3), and Os(H),Brl(PiPr;), (E, = 9.4 and 9.6
kcal/mol, respectively) which is determined by the nature of
the barrier. The pre-exponential factor is, however, larger
for the former complex (19.5 - 10712 vs, 0.9 - 10712 s71),
which reflects a higher frequency of attempts to overcome
the barrier for the lighter halide.

Ab initio calculations!'? have revealed that the tran-
sition structure in Scheme 8 with PP eclipsing X-Y is
actually a ground state structure of Os(H),Cl,(PH3),. The
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distorted experimental geometry of Os(H),Cly(PiPr3), is
presumably dominated by repulsions between the halides
and the bulky phosphane ligands. The R-type exchange of
H? and H® between sites 1 and 2 is not accessible because
of the small Pi{Pr;—QOs—PjPr; bite angle (112°)[!2a],

M(H,)H),XL,: These complexes have a pseudo-octa-
hedral structure with a dihydrogen ligand zrans to a hydride
(Scheme  9)>13=0 All  representatives of  the
M(H,)(H),XL, series are highly fluxionall®®<13l For the
case of Ru(H,)(H),(CO)(PiPr3), the barrier was ca. § kcal/
mol and three 'H resonances of H?, HP, and H* were ob-
served in the hydride region below —100°CU'3e],

The solid-state "TH-NMR spectrum of a single crystal of
Ir(H,)(H);C1(PiPr;), provided the key information on the
fluxional behavior of this molecule!!, A transition state of
C,, symmetry is achieved by stretching the H—H bond and

1147



MICROREVIEW

D. G. Gusev, H. Berke

Scheme 9
Hy® Ha *Hy~—H;°
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M(H,)(H),L; (M = Fe, Ru)
M(H,)(H),(CO)L, (M =Ru, Os)
TIr(Hy)(H),XL, (X = CL, Br, I)

by subsequent concerted movement (migration) of the me-
tal-bound hydrogen atoms. This transient structure can be
inverted in a fashion shown in Scheme 9 with the hydrogen
atoms H* and H forming a new H, ligand. All this hap-
pens in the equatorial plane of the molecule. The NMR
results are not consistent with HP—H* rotation, i.e., they
suggest no hydrogen ligand transfer between the two sides
of the X—M—L plane. H¥/HP site exchange is accomplished
by facile H, spinning.

For different M(H,)(H),XL, species the H>--1{* separ-
ation in the transition structure is expected to depend on
X. The = acceptor CO favors formation of an H, ligand in
the trans position. This idea has been substantiated further
by ab initio DFT calculations on M(H),(H)-(CO)(PH;),
(M = Ru, Os), in which the H>~H* distance became as
short as 0.844 and 0.894 A, and the transition state struc-
tures were 7.9 and 6.1 kcal/mol, respectively, above the
ground statel'*1, The calculated energy for M = Ru was in
excellent agreement with the experimental barrier of ca. 8
kcal/mo]t513¢],

The n-donation property when X = halide is expected to
favor the rupture of a zrans H, ligand!"¥. The trans struc-
ture of Ir(H,)X(H),L, may have a relatively large H®---H*
separation, which presumably explains why H® and H* do
not rotate on the time scale of the migrational exchange in
this molecule.

IM(H)3L4": Recently we have prepared and charac-
terized several trihydrides [M(H);L,4]" [L = PMe; (M = Fe,
Os); L = PEt; (M = Fe, Ru, Os)]. The solid-state structures
of [Fe(H);(PEt;),]*!'"® and of the related [Os(H)s-
(PPh;)]* 7 show an approximate tetrahedral ML, skel-
eton, which is capped by hydrides on three of the four faces.

A fluxional process averaging the AA’A"XX'X"Y (A =
'H; X = Y = 3'P) spin system has been interpreted!6:17) in
terms of the “tetrahedral jump” mechanism!?, which as-
sumes migration of one hydride ligand from an occupied
face onto an empty one (Scheme 10). The chemical shifts

Scheme 10

of the shaded phosphorus nuclei are exchanged by this hy-
dride motion.

Scheme 11 suggests another view of the transition state
than that depicted in Scheme 10. The first and second struc-
tures on the left represent two views of the principal motion
in the transition state geometry in which hydrides H* and
H and four phosphorus ligands still occupy their ground
state positions. The third hydride is on the move and has
already reached the plane of the four ligands H®, HP P2,
and P®. The second structure in Scheme 11 then addition-
ally indicates the obvious directions in which the secondary
ligand rearrangement would preferably occur. This is open-
ing of the PP—~M—P? angle in the newly formed pentagonal
plane followed by a concomitant closing movement of the
hydrides H* and HP®. In addition, the P°~M—P¢ angle is
expected to increase, which would bring the two phos-
phanes close to the axial positions. The structure on the
right is a “rcfined” model for the transition state.

It is remarkable that the shape of this molecule has now
closely approached that of the two complexes of pentag-
onal-bipyramidal geometry, Re(H);(PPh,Me)4['®] and
Re(H);(CO)(PMe;);14%, characterized by X-ray analysis. In
the solid-state structure of [Fe(H);(PEts)4]" the P2—Fe—Pb
angle is 102°, which will be enlarged to 136—137° in the
transition structure (Scheme 11). This is ca. 17° for the
bending of each M—P bond. Another angle between phos-
phorus ligands, P°—Fe—P4, is 122°, which will probably
open to 160°. This amounts to ca. 19° for the M—P bend-
ing. The transition-state H™--H? distance should vary
greatly with M and PR;. In the Fe—Ru—-Os triad a dis-
torted octahedron with close H?—H? contact in the trans
position to H® is unknown in complexes with monodentate
phosphanes. In all cases of M and PR; such a geometry is
presumably at higher energy than the possible alternative
structures. The same conclusions have been drawn from
DFT calculations on [FeHs(PMes)4]* complexes!!?),

When the passage of H through P? and PP is complete,
the heavy-ligand skeleton relaxes back to the former ge-
ometry with only small changes of the positional coordi-
nates. P¢ and P9 are interconverted with respect to H¢. For
instance, the M—P® bond length, which is longer (since
trans to the hydride) than that of M—PY before the H¢
jump, becomes the shortest after this migration. The heavy-
ligand motion can be visualized as “breathing” and would
belong to the secondary type motion.

The barrier for the jump is determined by a combination
of steric and electronic factors and increases in the order:
PMe; < PEt; < PPh,, because of the increasing repulsion
experienced by a hydride between two phosphanes. We have
also observed that the fluxionality becomes easier in the
order Fe < Ru < Os, for example, AH™ = 10 (Fe) > 74
(Ru) > 6.4 kcal/mol (Os) in [M(H)4(PEt;),]t1'®]. This sec-
ond trend should be determined by the relative stability of
the two isomeric forms of [MH;(PR;),]*, which are shown
as the ground and transition state species in Schemes 10
and 11. Apparently, the energy difference becomes smaller
down the triad, although it is not amenable to any qualita-
tive evaluation. Another series of molecules with nearly
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tetrahedral heavy-ligand skeletons, anionic [MH(PF;)]™
(M = Fe, Ru, Os) and neutral MH(PF3), (M = Co, Rh, Ir)
complexes, show the opposite trend AHY = < 5 (Fe) < 7
(Ru) < 8 kcal/mol (Os), AH* = 5.5 (Co) < 9 (Rh) < 10
keal/mol (Ir)1?¢. This could mean that a different mechan-
ism of fluxionality is operative in these cases (i.e., Berry
pseudorotation), but not necessarily, since the tetrahedral
jump represents a very plausible alternative from the point
of view of “least motion”.

Scheme 12

Rearrangements shown in Schemes 10 and 11 provide an
explanation for the dynamic behavior of the other com-
plexes with seven metal-bound atoms, in which the ground
state structure is either pentagonal-bipyramidal'!18:201 a4
in Re(H);L,, or distorted octahedrall™2l —as in
[MH(H,)L,]* (M = Fe, Ru, Os). The situation is now in-
verted in the sense that the ground state structure (Scheme
12) has the shape of the transition geometry in Scheme 11.
However, on the transformation path the ligand ensemble

Chem. Ber. 1996, 129, 1143—1155

Pd
- _'p‘a N b e \ -‘P\a
".EL.."HC —— :/M e
-\-P;’ Ha_ . .\Pt;:
<«
PC
MesP
ZP-M-P=172.0° Mes
Heooo|ooP 13740
v "Ré——H
] ../.- . ll
Te- PM93

carries out the same movements, i.e., the breathing motion
of the heavy-ligand skeleton is expected to eventually make
the hydrides H?, H®, and H* equivalent around the pseudo-
C3 symmetry axis.

This explanation is fully consistent with the experimental
observation of an acceleration of the intramolecular hydro-
gen exchange when the size and flexibility of the diphos-
phane (P*—P¢ and P°—P*) chelate rings increase. For ex-
ample, [RuH(H,)(dppb),]* [dppb = 1,2-bis(diphenylphos-
phanyl)butane] is more fluxional than [RuH(H,)(dppp),]*
[dppp = 1,2-bis(diphenylphosphanyl)propane], which is, in
turn, more fluxional than [RuH(H,)(dppe),]* [dppe = 1,2-
bis(diphenylphosphanyl)ethane]*?*. The same is true for
rhenium trihydrides, in which, for instance, hydride ex-
change in Re(H);(dppe)(PPh;), is much faster than in
Re(H);(dppe),**°L.

In an early publication, in which an attempt was made to
interpret the fluxional behavior of the rhenium complexes, a
tricapped tetrahedral intermediate was considered unlikely
because of “the relatively large heavy atom motions re-
quired to reach it”??®l, One could argue that bending of the
M~P bonds by 17—19° (Schemes 11, 12) may actually be
envisaged as a process of relatively low-energy defor-
mations. Bulky chelating ligands P—P = dppf [1,2-bis(di-
phenylphosphanyl)ferrocene] and depe [1,2-bis(dicyclohex-
ylphosphanyl)ethane] are known to favor the tetrahedral
structure as a ground state?*!. Note, however, that the trans-
OsH(H,)CI(CO)L, complexes (L == PiPr;, PtBu,Me) are
quite rigid at room temperaturel?*l, These molecules have a
strong preference for a planar OsCl(CO)L, arrangement
with two frans-disposed bulky phosphanes and also the n
donor CI ¢rans to the m acceptor CO. Apparently a low-
energy tetrahedral deformation is not available in this sub-
structure. The H/H; scrambling can presumably take place
only if a hydrogen released from the H, ligand can manage
to squeeze through the OsCI(CO)L, plane.

4. Complex Exchanges

In this section we will consider examples of rhenium
and osmium polyhydrides which show a plethora of dy-
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namic features as a combination of M and R exchange
types.

(Re(H)4(CO)L;|* and [Re(H,)(H)»(CO)L]*: The MH,L,
structural type is a remarkably rich case. For instance, the
[ReH(CO)L;]* complexes (L = PMe;, PMe,Ph) exist in
solution as two isomers in equilibrium, and both show fac-
ile hydride fluxionality. The PMe,Ph complex was disco-
vered by Luo and Crabtree?*®-® and, after shortly we en-
countered the PMe, analogue in our research!!!4,

Figure 1. Low-temperature '"H-NMR spectra (CD;Cl;I 300 and 500
MHz) of the two isomers of [ReH.(CO)YPMe:)s] 118 and the D

isotopomers [Re(H,D),(CO)(PMe,Ph),] ~ 2= M and (Re(H,D),-
(CO)PMea)s]* 112l in the hydride chemical shift region

Re(H,D); [Re(H,D)4(CO)XPMeaPh)al*
(500 MH2)
Re(H,D)»
Re(H-D)
-80 °C
40 50 ".6.0
[Re(H.D)4(CO)PMeg)a]*
(300 MH2)

[HSH4(CO)(PM63)3]+
(300 MHz)
-95 °C
T T Tt 1 AL B |
4.0 -5.0 -6.0 ppm

Both molecular systems are almost identical in the low-
temperture '"H-NMR spectra (Figure 1), where the tetrahy-
drides [Re(H)4(CO)L;]™ show one exchange-averaged quar-
tet in the hydride region, while decoalesced Re(H,) and
Re(H), resonances are seen for the dihydrogen isomers
[Re(H,)(H),(CO)Ls]*.

The case L = PMe,Ph has not been characterized by
variable-temperature >'P NMR. The *'P{*H}-NMR spectra
of [ReH,;(CO)(PMe,);]* are presented in Figure 2 and show
that the heavy-ligand skeleton is quite rigid in the tetrahy-
dride, while surprisingly fluxional in the dihydrogen com-
plex. This observation contrasts the dynamic behavior in
the 'TH-NMR spectra.

Solid-state (X-ray) structural data are not available for
the [ReH4(CO)L;]* cations because of the thermal instabil-
ity of these molecules, which decompose in solution above
—40°C. A dodecahedral structure (Scheme 13) has been
suggested for the tetrahydride isomer in both cases, L =
PMe; and PMe,Ph. For [Re(H)4(CO)PMe;);] " this is sup-
ported by the observation of a doublet of triplets in the
BC{'H}-NMR resonance of the CO ligand, with a trans
2J(C-P) = 24.1 Hz and a small cis 2J(C-P) = 5.6 Hz coup-
ling!'"'8l. This tetrahydride retains many structural features
of the neutral precursor Re(H);(CO)(PMe;); (Scheme 11),
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which also shows a doublet of triplets (£51.0/F 11.7 Hz)
CO resonancel!!?. A dodecahedral structure has been es-
tablished for a related [Re(H)4(PMe,Ph},]* complex by X-
ray crystallography(?¢],

Figure 2. Variable-temperature *'P{'H}-NMR (CD,Cl,, 1214
MHz) spectra of two isomers of [ReH,(CO)(PMe;);] H“% A de-

composition product, which appears at —40°C, is marked by an
asterisk

[Re(H) 4(CO)(PMe3) ql*

<
_//}JLL

/ \

e J\
—
-15 -25 45 ppm
-85 °C

W

Two mechanisms suggested in Scheme 13 involve two
possible deformations of the Re(CO)L; skeleton: flattening
motion (A) and deformation (B) toward a tetrahedral ar-
rangement. Pathway A provides conditions for a fast pair-
wise hydride migration and their eventual replacement ex-
change. The transition state structure in B possesses a C;
symmetry axis through CO-Re-H one of the ligands L2,
Lb L¢ occupies the apical position (pseudo-trans to CO)
on completion of the rearrangement. Mechanism A is in
agreement with the experimental observation (Figure 2)
that 3'P exchange does not occur on the time scale of hy-
dride exchange.

Scheme 13
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The dodecahedral geometry quite often represents a deep
minimum on the potential energy surface of eight-coordi-
nation. Rearrangement barriers are typically high (12.5—15
kcal/mol), for example for the tetrahydrides M(H),L, (M =
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Mo or W, with L = phosphorus ligands), and these mol-
ecules therefore appear to be relatively rigid?4l, The fluxion-
ality exhibited by [Re(H)4(CO)L5]* is rather an exception
to the general behavior,

The structure and dynamics of the nonclassical isomer
[Re(H,)(H)2(CO)L,]*™ are more intriguing. There is a cer-
tain disagreement in the literature!!!2-252:%271 on the struc-
tural interpretation of the NMR data for [Re(H)(H),(CO)-
(PMe,Ph)s]* and [Re(H,)(H),(CO)PMes)s]*. Figure 3
shows a hydride-coupled 3'P-NMR spectrum of the latter
complex at —110°C, which displays an AA’XX'Y spin sys-
tem (neglecting very small couplings between the phos-
phorus nuclei and the proton atoms of the coordinated H,)
which means that from the angles around the Re center
<A—Re-X= 4 A'-Re-X' and <A-Re—X'=
+A'-Re-X. The seven-coordinate molecules
[Re(H,)(H)2(CO)L,]* thus have four nuclei of A, A’ = 'H
and X, X' = 3IP in one plane. In addition, there must also
be a molecular symmetry plane containing Re, CO, H, and
one L ligand, which bisects the former.

Figure 3. Experimental (bottom) and simulated (top) hydride-cou-

pled *'P-NMR (121.4 MHz) spectra of [Re(H,)(H),(CO)PMe;);]*

under slow-exchange conditions (—110°C) in CD,Cl,/[Dgltoluene

(5%). AA'’XX’Y (A = 'H, X = Y = 3'P) spin system. 2J(X-Y) =
26, 2J(A-Y) = 44, 2J(A-X) = 47, 2J(A-X') = ca. | Hz

W
A

-38 -40 ppm

All requirements would be satisfied by two different pen-
tagonal-bipyramidal geometries suggested in the literature
for [Re(H,)(H),(CO)(PMe,Ph);]" and [Re(H,)(H)x(CO)-
(PMe;);]*. Only one of these structures (Scheme 14), how-
ever, is correct: the 'H-NMR spectra in Figure 1 leave no
doubt that both L = PMe,Ph and PMe; molecules have the
same structure.

The observation of a quartet '*CO resonance [>J(C-P) =
9 Hz] in [Re(H>)(H),(CO)PMe,);]* at —95°C would sup-
port the view that all PMe; moieties are in one plane in the
ground state molecules. Additional insight is provided by
an analysis of the fluxional behavior. The most crucial piece
of dynamic information is that the 3*P{*H}-NMR spectra
(Figure 2) reveal a remarkably fast exchange in the dihydro-
gen complex.

Chem. Ber. 1996, 129, 1143—1155
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(Re(H,)(H)y(CO)PMe3)s]" :

axial ligand A = H,, equatorial ligand E = PMe;
[Re(Hy)(H)(CO)(PMe,Ph);]" :

axial ligand A = PMe,Ph, equatorial ligand E = H,

The kinetic data obtained by simulation of the variable-
temperature spectra of [Re(H,)(H)-(CO)(PMes);)* have es-
tablished'!2] that the exchange rates and barrier heights are
essentially identical in the 'H- and *'P-NMR spectra: AG*
(185 K) = 8.6 (*H) — 8.7 *'P) kcal/mol, the rates at this
temperature are 230—240 s~ (*H) and 226 s~* (*'P); acti-
vation parameters from the 3'P-NMR spectra: AH* =
8.0(2) kcal/mol and AS* = —3.7(1.0) eu. The kinetic analy-
sis also reveals an isotope effect ky/kp = 2 at 183 K
[AH* = 8.6(2) kcal/mol and AST = —1.7(1.0) eu] in the
deuterated [ReH,,D, _ ,(CO)(PMes)s]* species (determined
by *'P NMR). It appears that (H,)/(H), scrambling in
[Re(H2)(H)»(CO)L1]™ could be responsible for the spectro-
scopic exchange observed by 3P NMR. The structure of
the [Re(H,)(H),(CO)L,i]* compounds should enable us to
provide a reasonable pathway for such a motion, which is
expected to be of the M type.

The structure suggested in Scheme 14 for
(Re(HL)(H,)(CO)(PMe,Ph);]* does explain the ease of the
(H,)/(H), scrambling (see a related example in Scheme 9
with exchanged energies of the ground and transition
states). There would not, however, be any apparent reason
for any fast *'P exchange. This seven-coordinate geometry
shows only slow 3'P exchange in the case of a similar
[Re(H)(CO)(PMea)4]t molecule (Scheme 6). Motions like
the trigonal twist of three ligands L = PMe, are unlikely to
contribute below —50°C.

In the structure suggested for [Re(H)(H),(CO)(PMe,)s]*
the H, ligand could interact in an attractive fashion (hydro-
gen bonding type) with one of the neighboring hydrides, for
example, with H® (Scheme 15). This weak bonding has been
well-recognized in crystaliographic and theoretical studies
and is thought to be responsible for the very fast H/H,
scrambling in cis-MH(H,)L,, dihydrogen complexes?®l, In
the transition state (Scheme 15) the H®--H® and HS-H¢
separations are equal; similarly, the angles L2—~Re—LP and
1.2—Re—L° have the same size. When the rearrangement is
complete, the structure has been inverted. The principal
motion represents a concerted migration of the H®, HF, and
H¢ hydrogen atoms, which effects the spectroscopic ex-
change of the phosphorus chemical shifts without physical
exchange between these ligands.
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Scheme 15
HE~—HP
SV VY
A+ Ly

/ N a
H
b N | H bLz/
co Cco
Finally, the mechanism of isomerization between

[Re(H)4(CO)L;]" and [Re(H,)(H)A(CO)L,]™ will be ex-
plained on the basis of Scheme 16. The ligand scrambling
could take place by a clockwise rotation of the
CO—H9Y—He—Le trapezoid. The transition state structure
retains the features of a dodecahedron, which should be of
relatively high energy, since all bulky ligands L are in the A
sites. When the rotation is complete, two hydrogen atoms
H¢ and H® prefer n?-H, coordination. The dihydrogen li-
gand is supposedly not stretched, because of poor back-
donation expected for a coordination site frans to a strong
n acceptor ligand like CO. The isomerization is quite a slow
process (*'P line coalescence should be well above —40°C
for L = PMejs, Figure 2). The barrier AG* was determined
for L. = PMe,Ph to be between 12.6 and 11.6 (x 0.4) kcal/
mol (278 — 213 K)i25%,

Scheme 16
L Hi—H°
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sl
cO C
Re(H)sLs, |Os(H)s(PMe,Ph)s]*, and  Os(H;)(H)s-

X(PiPr3);: The structure of these complexes with five metal-
bound hydrogen atoms is shown in Scheme 17. All rhenium
molecules and [Os(H)s(PMe,Ph),] are pentahydrides with
a distorted dodecahedral geometry. The structure of
Os(H,)(H);X(PiPry); (X = Cl, Br, I) should be described as
a pentagonal bipyramid with H,—H, coordinated in n>-H,
fashion!78-2%2.5] Scheme 17 shows a numbering scheme of
the hydrogen atoms together with the most important struc-
tural parameters taken from the neutron diffraction studies
on Re(H)s(PMePh,)3*% and [Os(H)s(PMe,Ph);] Y,

The dodecahedral geometry in Re(H)s(PMePh,); consists
of two trapezoidal planes. One of these, P—H;—H,—Hj;, is
an equatorial plane that is also an approximate mirror
plane of symmetry in the coordination sphere. This plane
is orthogonal to the other trapezoid P-H,—H,—P The
equatorial plane, including the Re—H,, vector, shows
angles similar to those in a regular pentagonal bipyramid
(72°). The structure of [Os(H)s(PMe,Ph);]* is slightly dif-
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ferent in that the two hydrogen atoms H4 and Hjs are shifted
toward Hs, and the Hy—Os—H, angle is decreased by 13.4°.

Scheme 17
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The H;—H, distance is stretched in the dihydrogen os-
mium complexes Os(H,)(H);X(PiPr3), from 0.95 (X = Cl)
to 1.13 A (X = I), estimated by NMR "), The ab initio
DFT calculations established this distance at 0.84 A in
Os(H,)(H);CI(PH;),?°®. The other structural features of
Os(H,)(H);CI(PH;3), are reminiscent of those of
[Os(H)s(PMe,Ph);]* (€Hs—0s—Cl = 82.8°,
<H,—0s-Hs = 64.4°, <H,—0s—H, = 55.5°), except that
the two phosphorus ligands are almost frans in
Os(H,)(H);CI(PH;),.

Slow-exchange '"H-NMR spectra have been reported for
Re(H)s(AsEtPhy);1*22), Re(H)s(PPhy);1*2", Re(H)s(NCsHs)-
(PPh;);12], and Os(H,)(H);Cl(PiPr;),"2. Figure 4 shows

L° hydride chemical shifts observed in the rhenium pentahy-

drides at low temperature. Despite some dependence of
these on the nature of the heavy ligands, the general pattern
is similar for all complexes and consistent with the solid-
state geometry. The coalescence behavior (at elevated tem-
perature) has revealed additional common features.

Re(H)s(AsEtPh,); is the most instructive example. Figure
5 demonstrates that three independent exchange processes
can be distinguished, which average the chemical shifts in
this molecule between —135 and 35°CP23l, The first and
slowest (rate constant k), responsible for an exchange be-
tween the (H;, H,, H4) and (H,, Hs) substructures, is frozen
out at —60°C. At this temperature a characteristic 2:3 pat-
tern is observed, which has also been seen at —60°C in a
related Re(H)s(PMe,Ph); moleculeP", Re(H)s(PMe,Ph)s is
then rigid on the 3'P-NMR time scale (AB, pattern) indi-
cating that the hydride fluxionality does not involve any
exchange in the ReP; skeleton below —60°C.

The second fluxional process (rate k) is the Hy/Hy site
exchange, which becomes slow at —90°C producing a 1:1:3
pattern in the hydride region (Figure 5). The process in the
related example of Re(H)s(NCsHs)(PPh,), is slower and
shows the 1:1:3 hydride spectrum at —20°C[B3%l Finally,
the (H,;, H,, H3) subspectrum decoalesces below —120°C
(rate %3;) in Re(H)s(AsEtPh,); and at —40°C in
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Figure 4. Schematic representation of the low-temperature slow-
exchange '‘H-NMR data of three rhenium pentahydrides
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Figure 5. Schematic representation of the variable-temperature data
of Re(H)s(AsEtPh,); showing the 'H-NMR decoalescence be-
havior ([Dg]toluene/CHFCl,)
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Re(H)s(NCsH;)(PPh;), to display all four inequivalent
types of metal-bound hydrogen atoms.

The spectroscopic properties and the fluxional behavior
of Os(H,)(H);X(PPr3), (X = I, Figure 6) show some spe-
cial features. The first, rather unusual, is the observation
of exchange coupling J(H;-H,) = 605 Hz (—128°C), which
increases for lighter halides and reaches ca. 15000 Hz for
X = CIP*%bl The chemical shifts of Os(H,)(H);I(PiPrs),
are altered with respect to the order given in Figure 4: 6H,
|< 8H; and 8Hs < 8H; ». The assignment of Hj, although
not unambiguous, has been dictated by the observation in
the rhenium complex series that H; must be that of the
neighboring hydrogens Hj 4, which participate in the fastest
exchange of H3/H ,. It is clear that H, and H; in Figure 6
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are neighbors, since they are exchange-coupled. They are
also noticeably shifted to high field (compared with 6Hj; 4
in the rhenium complexes), which is typical of hydrides
trans (or pseudo-trans) to halide ligandsl,

It is difficult to establish the actual number of exchange
processes operating in Os(H,)(H);I(PiPr3),. The appearance
of a poorly resolved quartet resonance of H, at —104°C
suggests that this is due to the H;-Hj; coupling averaged by
the fastest (rate k3) exchange of Hi/H; ;. The fluxional pro-
cess involving Hs (Hy/H; scrambling for the rhenium com-
plexes) then proceeds at rate ky (k; < k3). The observation
of a 4:1 intensity ratio at —104°C is confusing, although
this may result from eventual overlap of two broad 1:3 lines
of Hs and Hj » ;5 in the region between = —5 and —7. A
third rate constant k, is required for the permutation of
the H; and H, sites. The quantum mechanical exchange
(exchange coupling) of H3-H, can only occur if there is an
H;/H, replacement process.

Figure 6. Variable-temperature 'H-NMR (300 MHz) spectra of
Os(H,)(H);1(PiPr3), in CDFCL/CDF,C1?%=bl

0°C
J\\N 75°C
_ I8X
2/ \
-104 °C

-16 ppm

-4 -8 -12

Four mechanisms are therefore suggested and discussed
for the processes represented by the rate constants kj-k3 in
Scheme 18. An additional mechanistic possibility is pro-
posed for the phosphorus ligand exchange. The structures
given in brackets represent either transient species or inter-
mediates.

The first process, which accelerates on increasing the tem-
perature (k3), is considered to be an R exchange involving H?,
HP, and H° hydrogen atoms. It has been named “turnstile ro-
tation” for Re(H)s(NCsHs)(PPhs),, assuming a concerted
movement of all three hydrogen atomsP?c, This process
could also proceed via an intermediate dodecahedral struc-
ture (pathway k3, Scheme 18), which is 10.3 and 13.1 kcal/mol
above the ground state according to ab initio DFT and MP2
calculations for OsH:CI(PH,;),*"! and [OsHs(PH,)s] "33,
respectively. Placement of a bulky ligand P° into the A site of
the dodecahedron contributes to the rise in energy.

The rearrangement between H;, H,, Hj is facile because
of the favorable geometry of the heavy-ligand skeleton,
which is bent away from the hydrogen atoms (viewed from
the centroid of the H,, H,, H; triangle).
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Scheme 18
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The observation of the 2:3 spectra for Re(H)s(AsEtPh,),
and Re(H)s;(PMe,Ph); requires exchange between sites 4
and 5 (HYHY) at a rate k, < k5. This must, however, be
faster than the H;/H4 scrambling (k; > k;). Under these
circumstances hydrogen transfer between the H » ; and Hy s
groups is avoided. The H,/H; replacement can only proceed
via the transition state structure given in Scheme 18 (path-
way kj). A crucial feature of this transformation is that the
hydride H® must be out of the plane formed by the heavy
ligands and kept close to H* and H®. An alternative tran-
sient geometry (pathway k,;) with H® in the plane of MPy
would either result in a 1:4 pattern (if k4 > k3) or (in the
present case with k3 > k,) completely average the chemical
shifts to a single line. Apparently, the rate of the process ks
(termed “pseudorotation”*2°l) must be slower than that of
k> in Re(H)s(AsEtPh,); and Re(H)s(PMe,Ph);. Avoidance
of too close contacts with the phosphorus ligands might be
one reason for H® to stay away from the MP; plane. An-
other factor is that the interaction of H® with the pair H?
and H® is presumably attractiveB®. In the ab initio DFT
and MP2 calculations the optimized transient structures of
pathway k, were quite different, 9.9 and 32.9 kcal/mol
above the ground state for OsHsCI(PH;),*" and
[OsHs(PH);] 3%, respectively. This result, if not influenced
by the difference in computational methodology, would pre-
dict that the fluxional behavior may be substantially af-
fected by the electronic properties of the heavy-ligand skel-
eton.
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Hs/H, site exchange (2:3)
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The R-type exchange between H; and H, in

Os(H,)(H);X(PiPr3), (pathway &) is suggested by the ob-
servation of the H;-H,4 exchange coupling. This process also
connects the two hydrogen “pools” H; ;3 and H, s and es-
tablishes their mixing, and thus the averaging of the corre-
sponding chemical shifts in the hydride region. Reaction
step k; of Scheme 18 is connected with an intermediate,
which is 6.2 and 17.7 kcal/mol above the ground state (as
derived from the ab initio calculations) for OsHsCl(PH3),
and [OsHs(PH3);]*, respectively.

Finally, the *'P-NMR exchange in MH5(PR;); can be ex-
plained on the basis of ligand migration along the pathway
ks. The observed behavior is very similar to the *'P-NMR
exchange in Os(H),L; (Scheme 5). Since P?, P®, and P° be-
come equivalent at some point during the rearrangement,
any of these ligands may end up in the M—H;—H,~H;
mirror plane of the resulting ground state structure. Coa-
lescence of the chemical shifts in this case does not require
physical site exchange between the phosphanes. The obser-
vation[*”) mentioned above of an AB, phosphorus and a 2:3
hydride spectrum of Re(H)s;(PMe,Ph), (at the same tem-
perature, —60°C) proves that ks > k,. “Spinning” of the
He-H¢ pair is faster than the ligand migration described
by ks.

These considerations on the fluxionality of MHL'L,
complexes complete our review on phosphane-substituted
polyhydrides with Re, Fe, Ru, Os, and Ir metal centers. The
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selection of examples demonstrates that a profound under-
standing of the structures of fluxional hydride complexes
can only be accomplished on the basis of studies of the
mechanistic features of their dynamics in solution. Dy-
namic characterization of hydride complexes may require
extensive variable-temperature multinuclear NMR investi-
gations down to the lowest attainable temperature (pre-
sently ca. —140°C in CDFCl,/CDF,Cl), but will most cer-
tainly pay off for these efforts by providing fascinating stru-
cutrally-significant insights. The attempted systematic ap-
proach of the present work is hoped to be useful for future
mechanistic interpretations of the dynamic behavior of vari-
ous transition metal polyhydrides.
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