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Reactions of Dihydrogen(norbornadiene) Complexes
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Dihydrogen(olefin) complexes have been proposed as active
species in catalytic hydrogenation reactions. We have
studied the hydrogen-transfer reactions of dihydrogen(ol-
efin) complexes, especially those containing the norbornadi-
ene (NBD) ligand, in order to address the following ques-
tions: (i) how the alignment of a H, ligand relative to an ol-
efin ligand may affect their reactivity; (ii) in general, what

is the detailed pathway for intramolecular hydrogen transfer
from an H, ligand to an olefin ligand; and (iii) how will the
hydrogen transfer reactions proceed in the presence of both
an H, and a hydride ligand.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction especially on their syntheses and structural characteriza-
tions.!2 There has also been an interest in their reactivities
and roles in catalysis.[?l Dihydrogen complexes of the types
[M(R)(H»)L,] and [M(olefin)(H,)L,] have been proposed as
intermediates in catalytic hydrogenation reactions.*~71 As
model complexes for reactions involving intramolecular hy-
drogen transfer from a coordinated dihydrogen ligand to
the a-carbon atom of a o-bonded carbon ligand, several
dihydrogen complexes containing -bonded carbon ligands
(e.g. alkynyl,®! alkenyl,’! and aryl!'”!) have been synthesized
in recent years. Intramolecular hydrogen transfer from a co-
ordinated dihydrogen ligand to the a-carbon atom of the R

Over the last two decades, extensive studies have been
carried out on dihydrogen transition metal complexes,
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group in [M(R)(H,)L,] has been demonstrated with well-
defined dihydrogen complexes.[® ]

The current review is related to intramolecular hydrogen
transfer reactions involving complexes of the type [M(olef-
in)(H,)L,]. The reactions are interesting because they are rel-
evant to catalytic hydrogenation reactions. In addition, a de-
tailed study on intramolecular hydrogen transfer from H, to
olefin ligands may help to develop a field of chemistry based
on the coupling of o-bonds and unsaturated substrates.

In the past few years, we have tried to generate reactive
dihydrogen(olefin) complexes in order to study the intra-
molecular hydrogen transfer from an H, ligand to olefin
ligands. In particular, we wish to address the following
questions.

(1) Structures 1 and 2 show two possible ways of arranging
an H, ligand and an olefin ligand around a metal center
if rotation of the olefin about the metal—olefin bond can
effectively be restricted. With the restriction, the M—H,
bond could be perpendicular to the olefin double bond (1)
or parallel to the olefin double bond (2). The different ar-
rangements of the H, ligand relative to the olefin ligand may
affect the reactivity. This has been suggested by M. Poliakoff
et al. when explaining the formation of norbornene (NBE)
and nortricyclene in the photocatalytic hydrogenation of nor-
bornadiene (NBD) using [M(CO)g].' ] We wish to see if simi-
lar reactions can also occur with other systems.

(1) There are several possible pathways to transfer a dihy-
drogen ligand to an olefin ligand. For example, the dihydro-
gen ligand may undergo oxidative addition to give a dihy-
dride intermediate before the hydrogen transfer; the hydro-
gen transfer reactions could proceed through a concerted
mechanism (simultaneous transfer of the two hydrogen
atoms to a double bond); or through a stepwise mechanism
in which one of the hydrogen atoms from the coordinated
H, is transferred to the olefin to give an alkyl(hydrido)
complex, followed by reductive elimination. It is of interest
to see which of the possible pathways is operative.

(ii1) The presence of a hydride ligand in dihydrogen(ole-
fin) complexes may affect the reactivity of the dihydro-
gen(olefin) complexes. It would be interesting to see how
the hydrogen transfer reactions will proceed in the presence
of both an H, and a hydrido ligand.

In this review, we will summarize the catalytic hydrogen-
ation reactions involving dihydrogen(olefin) complexes and
our recent work, aiming at addressing the above-men-
tioned questions.

Discussion

Dihydrogen(olefin) Complexes in Catalytic Hydrogenation

Catalytic hydrogenation reactions involving dihydro-
gen(olefin) complexes have been suggested for several sys-
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tems. In some cases, the dihydrogen(olefin) intermediates
have been detected. Complexes [M(CO)s] (M = Cr, Mo,
and W)I'!l are photocatalytically active for the hydrogen-
ation of olefins. When norbornadiene is used as the sub-
strate, the hydrogenation reactions give a mixture of nor-
bornene and nortricyclene. After a detailed investigation by
UV laser photolysis of [M(CO)¢] and [M(n*-NBD)(CO),]
in the presence of H, and D, it was suggested that nortricy-
clene (4) is produced through the intermediates fac-
[M(H,)(n*-NBD)(CO)5] (3), while norbornene (6) is gener-
ated through the intermediates mer-[M(H,)(n*-NBD)(CO)5]
(5) (Scheme 1). Intramolecular hydrogen transfer within
[Cr(H,)(n*-NBD)(CO)5] is supported by the fact that the
decay of the IR signals does not depend on the hydrogen
pressure. Involvement of the dihydrogen intermediates in
the hydrogenation reactions is also supported by an in situ
NMR spectroscopic investigation of hydrogenation with pa-
rahydrogen.[']’ A number of dihydrogen(olefin) complexes
related to the catalytic system have been characterized by
IR spectroscopy, e.g. cis-[M(H,)(m?>-C>H,)(CO),] M = Cr,
Mo, W), mer-[M(H,)(n*-C,Hy),(CO);] (M = Mo, W), fac-
[M(H,)(n*-NBD)(CO);] (M = Cr, Mo, W), mer-[M(H,)(n*-

NBD)(CO);] (M = Cr, Mo, W), and [M(H,)(n>*
NBD)(CO),] (M = Mo, W).
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In a related study,!'3! Poliakoff et al. studied the hydro-
genation of dimethyl fumarate (DF) using [Fe(CO)4(n>-
DF)] (7). When irradiated, 7 (in a polyethylene matrix) re-
acts with H, to give dimethyl succinate (11) and [Fe(CO);s]
(10). The reaction sequence is shown in Scheme 2. The in-
termediates [Fe(CO);(m*DF)] (8) and [Fe(CO);(H,)(n?>-
DF)] (9) have been detected by FT-IR spectroscopy.
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Budzelaar et al. recently reported catalytic hydrogenation
reactions using rhodium complexes, such as [Ly;cRh(CH,=
CH,),], [LmcRh(COE)], and [LyRh(COE)(CH;CN)]
[Lyve = (2,6-CgHsMe,) NCMeCHCMeN(2,6-CgHsMe,)].[4
The dihydrogen(olefin) complexes [Rh{(2,6-CsH;Me,)-
NCMeCHCMeN(2,6-C¢HszMe,)} (H»)(olefin)] (13), which
undergo oxidative addition reactions to give the dihydrido
species 14, were suggested as intermediates in the catalytic
cycle, as shown in Scheme 3. The dihydrogen complex
[Rh{(2,6-C6H3M62)NCMGCHCMCN(2,6-C6H3M62)}(Hz)-
(COE)] (16) has been detected at low temperatures by
NMR spectroscopy.
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We have reported the catalytic hydrogenation of olefins
using [Ru(Tp)(PPhs)(L)(CH;CN)]" (17) [Tp = hydrotris(1-
pyrazolyl)borate; L = PPh;, CH;CN].I! It was proposed
that [Ru(Tp)(L)(H,)(olefin)]* (20) is involved in the hydro-
genation (Scheme 4), although the intermediate was not de-
tected. It was suggested that the first hydrogen transfer
might proceed through reactions analogous to the oxidative
coupling of olefins.
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Modeling Reactions of Dihydrogen(olefin) Complexes

One of the main purposes of our work is to address how
the relative arrangements of the H, and olefin ligands affect
the hydrogen-transfer reactions. Structures 1 and 2 men-
tioned in the Introduction represent two ideal situations in
which the olefin ligand has a specific orientational prefer-
ence. However, monoolefin ligands do not necessarily show
this kind of structural preference because the barriers of
rotation about the metal-olefin bond are not prohibitively
high.l' Therefore, in our studies we have used diolefin li-
gands, such as NBD and COD, to restrict the rotation.
Structures A and B show two possible structural isomers in
which a diolefin ligand and an H, ligand are arranged in a
mer and fac manner, respectively. Structure A models the
structure of 1, while structure B is closely related to struc-

i,

ture 2.
"M‘.“ A,M.-“
I

A B

Complexes with a mer Arrangement of the H, and Diolefin
Ligands

The protonation reactions of [RuH(NBD)(PCP)] (22)
[PCP = 2,6-(PPh,CH,),CsHj3] provide examples of studying
the reactions of dihydrogen(olefin) complexes with a struc-
tural feature related to structure 1 (or A).I'®! It was shown
that protonation of complex 22 with excess CD;CO,D in
the presence of PPh; gives [Ru(O,CCD;)(PPh;)(PCP)]
(23d3) and partially deuterated (ca. 75% D in the endo posi-
tions) norbornene (see Scheme 5). The deuterium is only
incorporated at the endo position of norbornene. In-situ
NMR spectroscopic experiments revealed that Ru—H in 22
readily undergoes H/D exchange with CD3;CO,D to give
[RuD(NBD)(PCP)] (22d,), and that the H/D exchange reac-
tion is faster than the hydrogenation reaction.

~_
PP,

Scheme 5

Considering the fact that [RuH(H,)(dppe),]* contains a
dihydrogen ligand'” and that norbornadiene (NBD) is less
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electron-donating than dppe, it was proposed that pro-
tonation of [RUH(NBD)(PCP)] (22) initially produces the
dihydrogen complex [Ru(H,)(NBD)(PCP)]* (24), which
mediates the formation of norbornene and the H/D ex-
change reaction. A computational study!'® confirms that
complex [Ru(H,)(NBD){2,6-(PH,CH,),CcH3}]* (30), a
model complex of 24, is indeed a typical octahedral dihy-
drogen complex, with a short H—H bond (0.868 A).
Scheme 6 shows the proposed mechanism for the H/D ex-
change reaction of 22 with CD3;CO,D, and the formation
of NBE in the protonation reactions with acetic acid. Reac-
tion of 22 with CD;CO-D could produce the n?>-H—D com-
plex [Ru(HD)(NBD)(PCP)]" (24d,), which can then be de-
protonated by CD;CO,~ to give 22d;. The mechanism is
similar to those proposed for the H/D exchange of
[W(D,)(CO)5(PiPr3),] with H,O,['8] and for the H/D ex-
change of [Ru(Tp)(H,)(PPh;),]" with D,O.”" Hydrogen
transfer within [Ru(H,)(NBD)(PCP)]" or its isotopomers
would give NBE. For example, [D,]NBE could be formed
from [Ru(D,)(NBD)(PCP)]* (24d,) (Scheme 6). Such a
proposition is consistent with the fact that protonation of
22 with CD;CO,D gave deuterated NBE in which the deu-

terium is at the endo positions of NBE.
H

CD4C0,
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DO, \

CD;CO,D

CD;C0,

Scheme 6

Protonation of 22 with HOTY in the presence of aceto-
nitrile produces [Ru(MeCN)(NBD)(PCP)JOTf (25) and
[Ru(MeCN)3(PCP)]OTTf (26), along with NBE (Scheme 7).
Formation of [Ru(MeCN)(NBD)(PCP)]OTf (25) supports
the proposition that protonation of 22 initially produces the
dihydrogen complex 24, as [Ru(MeCN)(NBD)(PCP)JOTf
could be easily formed by displacement of the H, ligand in
[Ru(H,)(NBD)(PCP)]JOTf using MeCN. Apparently,
[Ru(H,)(NBD)(PCP)]OTf also undergoes a hydrogen-trans-
fer reaction in the presence of MeCN to give norbornene
and [Ru(MeCN);(PCP)]OTT.

There are several possible reaction pathways for the
hydrogenation of the NBD ligand in [Ru(H,)(NBD)-

2554 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

HOT{/MeCN

Scheme 7

(PCP)]*. As shown in Scheme 8, the hydrogen transfer reac-
tions could proceed by a concerted mechanism (simul-
taneous transfer of the two hydrogen atoms of the H, li-
gand to the double bond) (path 1); or through a stepwise
mechanism in which one of the hydrogen atoms of coordi-
nated H, is transferred to NBD to give the alkyl(hydrido)
complex [RuH(C,;Ho)(PCP)]" (28), followed by reductive
elimination (path 2); or via a dihydrido intermediate 29,
prior to hydrogen transfer (path 3).

HrH 7F
| een,
“Ru

path 1

J—

VAR
PPh,
24 2

Scheme 8

Density functional calculations at the B3LYP level of the-
ory were performed to examine the favorable reaction path-
way for the conversion of the model complex
[Ru(H,)(NBD){2,6-(H,PCH,),CsH3}]" (30) to the assumed
product [Ru(NBE){2,6-(H,PCH,),CcH5}]" (31).['9) Here,
30 and 31 are the model complexes of 24 and 27 proposed
in Scheme 8, respectively.

The results from the calculation!!®! eliminate the oxidative
addition product, the dihydrido complex 29, as an inter-
mediate. The dihydrido species was found to correspond to
a transition state (see below). The results are under-
standable, since it is unlikely that a complex can have both
a stable dihydrogen and a stable dihydrido form, without
changing the geometry significantly (i.e. both forms corre-
spond to a minimum on the potential energy surface). The
calculations also eliminate the concerted pathway.

www.eurjic.org Eur. J. Inorg. Chem. 2003, 2551—2562
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Figure 1. Schematic illustration of the reaction pathways of [Ru(H,)(NBD)(2,6- (PHZCH2)2C6H3)]+ with calculated relative free energies
[kcal/mol] and reaction energies [kcal/mol] (in parentheses), modified from ref['

On the other hand, it was found that conversion of 24 to
27 through a stepwise process is feasible. Figure 1 shows the
reaction steps for the conversion of 30 to 31 via 32 (the
model complex of 28 proposed in Scheme 8), together with
the relative free energies and reaction energies (in parenth-
eses) calculated for all the species. The favorable stepwise
mechanism involves two steps: one hydrogen atom of the
coordinated H, ligand is transferred to NBD to form the
pentagonal-bipyramidal intermediate 32 via the transition
state TS1, with an energy barrier of 19.08 kcal/mol; the
second hydrogen transfer then completes the hydrogenation
of one of the two double bonds of NBD to form the NBE
complex 31, with a lower energy barrier of only 6.77 kcal/
mol. As mentioned above, the first transition state (TS1)
corresponds to a dihydrido species.

In another study on the reactivity of dihydrogen(olefin)
complexes with a structural feature of 1 (or A), the pro-
tonation reaction of [OsCIH(PPhs){Ph,P(CH,),CH=
CH(CH,),PPh,}] (33) has been investigated.'”l Protonation
of 33 with HOTTf produces the dihydrogen(olefin) complex
[OsCI(H,)(PPh3){Ph,P(CH,),CH=CH(CH,),PPh,}|OTf
(34), which has been characterized by NMR spectroscopy
(Scheme 9).

Interestingly, the coordinated olefin double bond in 34
could not be hydrogenated, even when a solution of 34 in
CD,Cl, was stored under a H, (1 atm) for 1 d. Instead, the
fluxional hydrido(dihydrogen) complex [OsH(H,)(PPhjs)-
{Ph,P(CH,),CH=CH(CH,),PPh,}|OTf (35) is slowly pro-
duced when 34 is exposed to H,. Protonation of
[OsH,(PPh;){Ph,P(CH,),CH=CH(CH,),PPh,}] (36) with
HOTTf also produces 35. The coordinated olefin double
bond in 35 could not be hydrogenated either.

Eur. J. Inorg. Chem. 2003, 2551—2562 www.eurjic.org

PhyP

Ph,P

Scheme 9

These unexpected results were also examined by a com-
putational study.'”! The calculated free energy change
(AG®) for the process, 37 + H, — [OsCI(H,)(PH;)-
{H,P(CH,)¢PH,}]* (a model complex for the hydrogenated
product of complex 34), is ca. —1.0 kcal/mol, suggesting
that the hydrogenation is thermodynamically feasible.

The computational study!®! found that the reaction was
kinetically unfavorable, due to the constraint imposed by
the Ph,P(CH,)CH=CH(CH,),PPh, ligand. The reasons for
the kinetically unfavorable reaction have been explained as
follows. The optimized model complex [OsCI(H,)(PHj)-
{H,P(CH,),CH=CH(CH,),PH,}1* (37) contains an Hj li-
gand with an H—H distance of 1.011 A. The coordinated
—HC=CH— unit is orientated in such a way that one olef-
inic carbon atom is closer to the n?-H, ligand, while the

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2555
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other is further away. The possible intermediates
(Scheme 10), which can lead to the hydrogenation product
by a reductive elimination step, are all inaccessible due
to the conformational constraint imposed by the
Ph,P(CH,);CH(CH,),PPh, ligand. 38 does not correspond
to a minimum on the potential energy surface. In addition,
the separation of the hydrido and the bonded alkyl ligands
prevents the reductive elimination, which leads to a hydro-
genated product. The activation energy leading to 39 is cal-
culated to be as high as 50 kcal/mol since the hydrogen-
receiving carbon atom is further away from the n2-H, li-
gand in the starting dihydrogen complex (37). Once again,
40 is not a local minimum as the five ligands in the pseudo-
pentagonal-bipyramidal structure are all sterically bulky.
The situation is different from the PCP system. The PCP
ligand is more flexible in terms of its coordination arrange-
ment, and can stabilize an intermediate (see Figure 1) in
which both the agostic H—C and the bonded alkyl group
are cis to the hydrido ligand, allowing further reductive
elimination.

Scheme 10

The results discussed above suggest that whether an dihy-
drogen(olefin) complex in which an H, ligand is cis to both
carbon atoms of an olefinic group (structure 1 or A) would
undergo hydrogen transfer or not, depends on the struc-
tures of the intermediates formed after the first hydrogen
transfer. If a relatively stable intermediate, in which the hyd-
rido and the bonded alkyl ligands are cis to each other, is
formed, reductive elimination, which forms a bond between
the hydrido and bonded alkyl ligands, becomes feasible.
However, when the ligand environment does not allow such
an intermediate to form, reductive elimination is not pos-
sible, therefore no hydrogenation reactions will proceed.

In a related study, Esteruelas et al. reported the pro-
tonation reactions of [OsH,(diolefin)(PiPr3),] (diolefin =
NBD: 41; tetrafluorobenzobarrelene: 42; and 1,3-hexadi-
ene: 43).12% Protonation of 41 and 42 with HBF, does not
lead to hydrogen-transfer products, but gives the trihydrido

2556 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

complexes 44 and 45, respectively. Protonation of 43 with
HBF, gives the cyclohexenyl complex 46 (Scheme 11).
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Scheme 11

Complexes with a fac Arrangement of the H, and Diolefin
Ligands

The reactions of dihydrogen(olefin) complexes with a
structural feature related to structure 2 (or B) have pre-
viously been suggested for fac-[M(H,)(n*-NBD)(CO)]
(M = Cr, Mo, W).[!1]

The protonation reactions of [Cp*RuH(diolefin)] have
been studied in order to further model reactions of dihydro-
gen(olefin) complexes with a structural feature related to
structure 2 (or B).?!l Protonation of [Cp*RuH(COD)] (47)

—76 °C with HBF, produces the thermally unstable dihy-
drogen(olefin) complex [Cp*Ru(H,)(COD)]BF, (48), which
was characterized by NMR spectroscopy at low tempera-
ture.?!l On warming up to room temperature, complex 48
undergoes a dehydrogenation reaction to give [Cp*Ru(n®-
cyclooctatriene)|BF, (49), rather than a hydrogenation re-
action (Scheme 12). The successful characterization of 48
suggests that a dihydrogen complex can be obtained
through protonation of [Cp*RuH(diolefin)].

.
HBE, \
— . Ru
DCM, at —78 °C ~7 N\ n
Q e
@ > % 1
47
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H,
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Scheme 12
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Protonation of [Cp*RuH(NBD)] (50) in dichloromethane
produces nortricyclene (4) and the dimetallic complex 51.[!1
Nortricyclene is also formed, along with the n°®-benzene
complex 53, when a benzene solution of [Cp*Ru-
(H,O)(NBD)IBF, (52) is exposed to H, (Scheme 13).[?]
Since the complex [Cp*Ru(H,)(COD)]" contains a dihydro-
gen ligand, it was proposed that the reaction of [Cp*Ru-
(H,O)(NBD)|BF, with H,, or protonation of [Cp*
RuH(NBD)], initially gives the dihydrogen complex [Cp*
Ru(H,)(NBD)]BF, (54), which undergoes a hydrogen-trans-
fer reaction to give nortricyclene (4) and a [Cp*Ru]" frag-
ment (Scheme 14). In dichloromethane, the [Cp*Ru]* frag-
ment reacts with 50 to give the dimetallic complex 51. In
benzene solution, the [Cp*Ru]™ fragment is trapped with
benzene producing complex 53.

@ v

H
/ \Ru BF,~

‘ H—H.- 1,0

52 @53 4

Scheme 13

Ru

LN H
e
A 54
\QM—T +BF47
1y

Scheme 14

The detailed reaction steps were examined by a compu-
tational study.?”? Complex [CpRu(H,)(NBD)]* (55), a
model complex of 54, was calculated to be a typical dihy-
drogen complex with an H—H distance of 0.854 A. Once
again, a stepwise mechanism was found to be responsible
for the hydrogen-transfer reaction of the model complex 55,
to give 57. The computed energy profiles for the reactions
are illustrated in Figure 2. In the hydrogen transfer reac-
tion, the first hydrogen atom is transferred from the n2-H,
ligand to one of the olefinic carbon atoms, leading to the
formation of the hydrido intermediate 56, which contains
an agostic interaction. The hydrogen transfer reaction oc-

Eur. J. Inorg. Chem. 2003, 2551—2562 www.eurjic.org

curs with an energy barrier of 5.5 kcal/mol. The first tran-
sition state TS3 corresponds to a dihydrido species. The en-
ergy barrier for the first hydrogen-transfer step is much less
than that of the PCP system described above. It is under-
standable that reductive elimination to give NBE could not
proceed from intermediate 56 as the hydrido ligand and the
alkyl carbon atom are separated by a C—H agostic ligand.
On the other hand, the hydrido ligand can transfer to the
other olefinic functionality with a very small energy barrier.
The reactions of H, with NBD, to give nortricyclene, are
both kinetically and energetically very favorable.
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,-;\é\\ }I /< I\{\H _-|+
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= 5.5(4.5) | @
Ru_H > 2737 R
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D

3.0 (-0.1)

Figure 2. Schematic illustration of the reaction pathways of
[CpRu(H,)(NBD)]*, with calculated relative free energies [kcal/
mol] and reaction energies [kcal/mol] (in parentheses), modified
from ref.??!

Reactions of dihydrogen(olefin) complexes with a
structural feature related to 2 (or B) have also been
studied  through the protonation reactions of
[RuH(CI)(NBD)(PPh;),].?*l  Protonation of ruthenium
complexes [RuH(X)L,] {Ls = (dppe),, X = Cl, Br;4a.24b]
Ly = (dppp)2, X = CLP*I L, = (depe),, X = CLP*I L, =
(PPh3)[2,6-(Ph,PCH,),CsH;N], X = CIl} are known to
give dihydrogen complexes of the type [M(X)(H,)L4]".
Thus, it was expected that protonation of
[MH(CI)(NBD)(PPh3),] could also produce the dihydrogen
complex [MCI(H,)(NBD)(PPh;),]*, which may undergo
hydrogenation to produce nortricyclene, as in the case of
Jfac-[M(H,)(M*-NBD)(CO);] (M = Cr, Mo, W)[''l and [Cp*
Ru(H,)(NBD)]*.[21:22]

Interestingly, the expected hydrogenation product nor-
tricyclene is not produced when [RuH(CIl)(NBD)(PPhjs),]
(58) is protonated. Instead, protonation of 58 in C¢Dg with
a limiting amount of HOTY gives [RuH(OTf)(NBD)(PPhs;),]
(59), norbornene (6) and [RuCl,(PPhjs),], (60) (Scheme 15).
Protonation of 58 in dichloromethane with a limiting
amount of HOT( gives [RuH(OTf)(NBD)(PPhj),] (59), nor-
bornene (6) and the unusual trimetallic complex [RusCls(P-
Ph;)6]OTf (61). In these protonation reactions, the hydrido
complex [RuH(OTf)(NBD)(PPh;),] is presumably formed
by protonation of the Cl ligand. The dimetallic complex
[RuCl,(PPhjs),]» (60) and the trimetallic complex [RusCls(P-
Ph;)6]OTTf (61) are presumably formed from the reaction of
[RuCl(PPh;),]* (generated whilst forming norbornene) with
HCI {generated by protolysis of the chloride ligand of 58
to give [RuH(OTf)(NBD)(PPhjs),]}.
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In view of the fact that fac-[M(H,)(n*-NBD)(CO);] (M =
Cr, Mo, W)'I and [Cp*Ru(H,)(NBD)]* 21221 undergo hy-
drogen-transfer reactions to give nortricyclene, it was pro-
posed that NBE may not be produced via the intermediate
[RuCl(H,)(NBD)(PPhs),]". Instead, the formation of nor-
bornene in the protonation reaction was thought to be re-
lated to the protonation of the chloro ligand (Scheme 16).
Protonation of the chloro ligand could give the hydrogen
chloride complex [RuH(HCI)(NBD)(PPhs),]" (62), which
can then undergo a hydrogen-transfer reaction to give NBE.
A substitution reaction involving 62 would give [Ru-
H(OTf)(NBD)(PPhs),] (59). Protonation of halogeno Ili-
gands% has been observed during the protonation reac-
tions of  chloro(hydrido) complexes such as
[PtHCI[P(tBu),Me],],1>! [OsH,Cly(PiPr3),],74] and
[OsH,CI(NO)(PiPr;),].>7°! Although well-characterized hy-
drogen halide complexes are still rare,[*8! many alkyl halide
complexes [M(XR)L,]?! and halogeno complexes with an
intra- or intermolecular MX-H interaction*” have been
reported.

H .
| “. | PPhy W | L
S ‘o, «PPh
/}Tu\]’]’h I‘{u“ ’
PAaIS
cl | “pph,
58 ge!
H 62
lO'If
‘ H
j + [RuCI(PPhy),]" -+ o | wPPhy
Ru
6 = | ph,
OTf
59

Scheme 16

Protonation of the chloro ligand is supported by the fol-
lowing observations. [RuH(OTf)(NBD)(PPhs),] was pro-
duced as one of the protonation products. In the presence
of CH3CN in C¢Dg or CD,Cl,, [RuH(CI)(NBD)(PPhs;),]

2558 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(58) reacts rapidly with HOTf to give [RuH(CH;CN)-
(NBD)(PPhj;),]JOTf (63) as the only product [Equation (1)].

) orr

H H
| “.. | PPhy |

. MeCN \ +PPhs
Ru +HOTF R
P Ru
(|‘ PPhs ~ ‘ ~ PPh, ( 1 )
"~ 58 mn 63

Involvement of the hydrogen chloride complex 62 in the
formation of norbornene is consistent with the deuterium-
labeling experiment, where protonation of
[RuH(CI)(NBD)(PPhs),] with DOTf produced deuterated
norbornene, in which the deuterium atom is at the endo
position. This suggests that the deuterium atom is trans-
ferred to the olefin from the same side of the ruthenium
center.

The feasibility of hydrogenation through the intermediate
[RuH(HCI)(NBD)(PPhs),]* was further supported by a
computational study.?® Calculations reveal that the model
complex [RuH(HCI)(NBD)(PH3),]" (64) is a reasonable
species with a long Ru—Cl distance (2.838 A) and that
hydrogenation from the intermediate is both thermo-
dynamically and kinetically favorable.

Figure 3 presents the energy profiles for the detailed reac-
tion pathways starting from the hydrogen chloride complex
64 and the dihydrogen complex 64’. The two starting com-
plexes have comparable stability. The results from the calcu-
lation indicate that the reaction pathway starting from the
hydrogen chloride complex 64 is both kinetically and
thermodynamically more favorable than the pathway start-
ing from the dihydrogen complex 64'. The reaction pathway
starting from the dihydrogen complex 64’ has to overcome
two consecutive energy barriers, and gives the less stable
precursor complex 66’ which leads to the formation of nor-
tricyclene. One can conclude that the chloro ligand is indeed
assisting the hydrogenation process by placing a hydrogen
atom at a position proximal to the olefin ligand, through
the HCI ligand. Clearly, the presence of the chloro ligand
suppresses the formation of nortricyclene by the reaction
starting from the dihydrogen complex.

In contrast to [RuH(CIl)(NBD)(PPhs),], protonation of
[OsH(CI)(NBD)(PPhs),] (67) with a limiting amount of
HOTT in benzene or dichloromethane only produces [OsH-
(OTH)(NBD)(PPhs),] (68) [Equation (2)]. Neither norbor-
nene, nor nortricyclene, were observed in the protonation
reactions. The different reactivities of the Os and Ru com-
plexes has been attributed to the stronger metal—olefin in-
teraction in the osmium complex and therefore, the
Os—NBD bonds remain intact in the reactions.

///// | oPPh 1. 1|1 -
s HOTf - e et 3
e [ pph 05 )
al | ~pph,
67 orf -
68
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relative free energies [kcal/mol] and reaction energies [kcal/mol] (in parentheses), modified from ref.!*

Dihydrogen(olefin) Complexes with an Additional Hydrido
Functionality

One might ask how the hydrogen transfer reaction will
proceed in the presence of both H, and a hydrido ligand.
Thus, the reactions of H, with [MH(OTf)(NBD)(PPhs),]
(M = Ru, Os) have been carried out in order to answer
the question.[!

In benzene, complex [RuH(OTf)(NBD)(PPhs),] (59) re-
acts with H, to give norbornene (6) and the hydrido com-
plex [(n°-C¢Hg)RuH(PPh3),]OTf (69). In the presence of
added PPh;, complex 59 reacts with H, to give norbornane
(70) and [RuH(PPh3),4]JOTf (71) (Scheme 17).

@7 ot
bcn?ene

Phy P/R” .
PPhy 6o

H,/PPh,
\)mx RuH(PPh 4JOTE

OTf
| \ «PPh;

Pph3

Scheme 17

The complex [OsH(OTf)(NBD)(PPhs),] (68) also reacts
with H, in benzene to give norbornane (70) and the hydrido
complex [(M®-C¢Hg)OsH(PPh;),]OTf (72) (Scheme 18). In
CD,Cl, at room temperature, complex 68 reacts with H, in
the presence of added PPh; to give norbornane and
[OsH3(PPhs),] ™ (73).

Eur. J. Inorg. Chem. 2003, 2551—2562 www.eurjic.org
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Since triflate is a weakly coordinating ligand that can re-
adily be displaced under mild conditions,?? and since a
number of dihydrogen complexes of the type
[MH(H,)(Ly)]" (M = Ru, Os; L = phosphorus ligands)
have previously been well characterized,? it was suggested
that the  first step of the reactions of
[MH(OTf)(NBD)(PPhjs),] with H, is to displace the triflate
anion in [MH(OTf)(NBD)(PPhs),] with an H, molecule.
This gives the dihydrogen complexes
[MH(H,)(NBD)(PPh;),]* (M = Ru, Os), which lead to the
hydrogenation of the NBD ligand. The norbornane is pre-
sumably formed by further hydrogenation of norbornene.

Density functional theory calculationsP!! on the model
complexes [MH(H,)(NBD)(PHs),]" (M = Ru, Os) confirm
that complexes [RuH(H,)(NBD)(PH;),]" (74) and
[OsH(H,)(NBD)(PH3),]" (75) are all typical dihydrogen
complexes in which the nonclassical n?-H, ligand is trans
to the hydrido ligand and have short H—H distances of
0.793 and 0.831 A, respectively. The related complex
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Figure 4. Schematic illustration of the reaction pathways of [RuH(H,)(NBD)(PH3),]*, with calculated relative free energies [kcal/mol]
and reaction energies [kcal/mol] (in parentheses), modified from ref.?!]

[OsH3(NBD)(PiPrs3),]*, where the two phosphane groups
are trans to each other, is known to adopt a trihydrido
structure.?%!

There are two possible routes for the hydrogenation of
the NBD ligands in the dihydrogen complexes
[MH(H,)(NBD)(PPh3),]* (M = Ru, Os): the NBD ligand
can be hydrogenated by transfer of the first hydrogen atom
either from the hydrido or the dihydrogen ligand to the ole-
fin ligand, followed by transfer of the second hydrogen
atom to give norbornene.

The computational study®'! shows that the hydrogen
transfer reactions of [MH(H,)(NBD)(PPhs),]", i.e. the con-
version of the model complex [RuH(H,)(NBD)(PH;),]*
(74) to [RuUH(NBE)(PH3),]* (NBE = norbornene) (77), fa-
vors a pathway (Path 1 in Figure 4) starting with the hydro-
gen transfer from the hydrido ligand (H,), followed by the
cleavage of the dihydrogen ligand to form a cis-dihydrido
intermediate 76. The second hydrogen atom is then trans-
ferred from one (H,,) of the two hydrido ligands to complete
the hydrogenation, giving the coordinated NBE complex
77.

The overall lower activation energies of Path 1 compared
with those of Path 2 have been related to the structures of
the transition states TS7 and TS7’.3! The first transition
state TS7 of Path 1 is a nonclassical complex with a slightly
longer H,—H, distance (0.841 A). However, the first tran-
sition state TS7’ of Path 2 has a much longer Hy,—H, dis-
tance (1.387 A), and typical Ru—hydrido distances, notably
Ru—H, and Ru—H,.. The short Ru—H distances suggest
that TS7' could be considered as a trihydrido species, with
two hydrido ligands (H, and H,) trans (or nearly trans) to
each other. This trihydrido structure, compared with that

2560 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of TS7, has a relatively high energy because of the strong
trans influence between H, and H,. The trans influence of
a hydrido ligand weakens the metal—ligand interaction at
the position trans to it, and thus destabilizes the system.[3¥

Conclusion

Dihydrogen(olefin) complexes have been proposed as ac-
tive species in catalytic hydrogenation reactions. Hydrogen-
transfer reactions of dihydrogen(olefin) complexes have
been modeled with reactive dihydrogen(NBD) complexes,
with different orientations of the olefin ligands relative to
the H, ligand. They have also been studied by compu-
tational methods.

In the modeling reactions, the hydrogen transfer does not
proceed through simultaneous transfer of the H, ligand to
the olefin ligands, but through a stepwise pathway. Dihy-
drogen complexes in which the M—(H,) bond is perpen-
dicular to the olefin double bond (1) can transfer the first
hydrogen atom of an H, ligand to an olefin ligand, to give
an alkyl(hydrido) intermediate (78) in which the hydrido
ligand is cis to an alkyl bond (Scheme 19). The intermediate
can then transfer the second hydrogen atom to the substrate
by reductive elimination, to form a bond between the hyd-
rido and the bonded alkyl ligands, thus giving the normal
hydrogenated products. Dihydrogen complexes in which the
M—(H,) bond is parallel to the olefin double bond (2) can
transfer the first hydrogen atom of an H, ligand to an olefin
ligand to give a alkyl(hydrido) intermediate (79) in which
the hydrido ligand is separated from the alkyl bond by an
agostic C—H bond. Reductive elimination from this inter-
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mediate is difficult as the hydrido ligand and the alkyl car-
bon atom are separated by the C—H agostic ligand. In-
stead, the hydrido ligand can transfer to other olefin li-
gands, if present, and lead to other products. The reaction
energy barrier for the first hydrogen transfer for complexes
with a structural feature related to 2 is found to be smaller
than that for complexes with a feature of structure 1. The
situation is similar to the insertion reactions of 80 and 81,
where 80 undergoes insertion reactions 40 times faster.l3!

MR o
Hﬂ/ ‘ 11/ ‘
1
78
T H
S 1%
~ ‘ ’ 7~ ‘
2 79
H PPh,
"F“\\‘H +_\\\\H
! ‘7[|r—1’]’h3 ! ‘7[‘r H
fi PPh, %] PPh,
80 81
Scheme 19

In the first proton-transfer step, the dihydrido species in
most cases of our studies were found to be transition states
(rather than intermediates) in which one of the hydrido li-
gands has a weak interaction with the receiving carbon
atom. In the transition state, the olefinic double bond is
also lengthened relative to that in the starting complex.
These transition states are denoted TS9 and TS10. The first
step of the hydrogen transfer reaction is similar to the oxi-
dative coupling of olefins or acetylenes, as illustrated by
Equation (3), for the conversion of 82 to 83.°! An interest-
ing question can be asked as to whether other o-ligands
(e.g. C—H, Si—H, B—H) can undergo similar reactions
with unsaturated substrates, such as olefins, acetylenes and
ketones.

S ]
B M 3)
N

83

The presence of other ligands may affect the hydrogen-
transfer reactions. For example, in the hydrogen-transfer re-
actions of [MH(H,)(NBD)(PPh;),]" (M = Ru, Os), the first
hydrogen transfer from the hydrido ligand is preferred over
that from the dihydrogen ligand; in the protonation of
[RuHCI(NBD)(PPhj),], the dihydrogen complex
[MCI(H,)(NBD)(PPhs),]" is not involved in the hydrogen-
ation.

This article discussed the hydrogen-transfer reactions of
dihydrogen(olefin) complexes in which the olefin ligands
have a specific orientational preference. The study showed

Eur. J. Inorg. Chem. 2003, 2551—2562 www.eurjic.org

that intramolecular hydrogen transfer from dihydrogen to
olefin ligands is feasible for dihydrogen(olefin) complexes
in which the M—H, bond is perpendicular to the olefin
double bond or parallel to the olefin double bond. It is
expected that hydrogen-transfer reactions should also occur
for complexes in which the olefin can rotate “freely”, al-
though further work is needed to confirm this.
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