Exchange couplings and hydrogen dynamics in ruthenium trihydride
adducts with coinage-metal cations f

Blanca Manzano,? Felix Jalon,® Jochen Matthes,” Sylviane Sabo-Etienne,” Bruno Chaudret,*®
Stefan Ulrich® and Hans-Heinrich Limbach**

e
O
=
—
O
—

@ Departamento de Quimica Inorganica, Organica y Bioquimica, Universidad de Castilla-La
Mancha, Campus Universitario, 13071 Ciudad Real, Spain

® Laboratoire de Chimie de Coordination CNRS, 205 Route de Narbonne, 31077 Toulouse-Cedex,
France

¢ Freie Universitat Berlin, Fachbereich Chemie, Institut fiir Organische Chemie, Takustrasse 3,
D-14195 Berlin, Germany

The reactions of AgBF,and [Au(tht),]PFswith [Ru(n-CsMes)H,{P(CsH,,);}] 1 (tht = tetrahydrothiophene) led to the
adducts [{Ru(n-CsMes)H;[P(CeH1,)5]3.MIX (M = Ag, X =BF, 3; M = Au, X = PF, 4) similar to the previously
reported [{Ru(n-CsMeg)H,[P(C¢H1,):]},Cu]PF 2. Variable-temperature *H NMR experiments were performed on
2-4 dissolved in organic liquids down to 130 K which complement previous experiments on 1. Like 1 and 2, 3 and
4 display at low temperatures exchange couplings between proton pairs in the trihydride sites which increase with
temperature and which depend on the molecular structure. At higher temperatures a classical exchange between
the hydride protons occurred the rate constants for which determined by lineshape analysis. As the coinage metal
lowers the symmetry of the trihydride spin systems from the AB, type in 1 to the ABC type in 2-4, the 'H NMR
spectra also give information about the rate constants of an intramolecular metal transfer leading to an effective
AB, symmetry of the trihydride spins. The results indicate (i) the absence of kinetic hydrogen/deuterium isotope
effects on the classical hydrogen-exchange processes within the margin of error in the temperature interval
covered, (ii) only small effects of the presence of Lewis-acidic cation on the classical exchange dynamics, but (iii)
important effects of these cations on the quantum-mechanical exchange couplings. In particular, these couplings

increase with increasing electronegativity of the coinage metal by favouring dihydrogen configurations.

The presence of very large H-H couplings in the NMR spectra
of certain transition-metal hydrides L,MH; has stimulated an
intense research effort from experimental and theoretical
chemists.*™™ These couplings arise from guantum-mechanical
dihydrogen exchange corresponding to a coherent tunnel pro-
cess.® They were first reported for ruthenium trihydrides at low
temperatures® and later for a variety of other metal trihydride
systems which all exhibit a similar molecular plane containing
the metal and the hydride ligands.>* Exchange couplings
between only two hydride sites have been observed in the case
of mono-deuteriated and -tritiated trihydrides L,MH,D and
L,MH,T, various Lewis-acid adducts with coinage metals
(L,.MH;), X", and recently in the case of cationic transition-
metal complexes (n-CsHs), TaH,L ™® containing two hydrides in
a mutual cis position or a stretched co-ordinated dihydrogen
ligand. Evidence for a similar phenomenon was also gained
in cationic niobium derivatives.*?

Exchange couplings strongly increase with increasing tem-
perature until they can no longer be observed because they
become either much larger than the associated chemical shift
differences and/or because of the onset of a classical dihydro-
gen exchange process which can also be viewed as a hindered
rotation. This process is incoherent and can be described by rate
constants. Therefore, it leads to the usual line broadening and
coalescence. The quantum-mechanical nature of the exchange-
coupling phenomenon has been demonstrated®’ but a more
detailed picture of the physical processes accounting for these
couplings and for the transition from the quantum to the
classical dihydrogen exchange regime remains open to
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discussion.®®° For example, little is known about the question
whether in these systems the classical exchange exhibits
hydrogen/deuterium isotope effects, as do many other double
proton-transfer reactions.’* Preliminary observations in the
case of [Ta(n-CsH:),H,{P(OMe),}]* indicated surprisingly
small effects,*® whereas the absence of a kinetic isotope effect
in the fluxionality of [ReH,(CO)(NO)(PR,),], a compound not
displaying exchange couplings, has been previously
demonstrated.*

Some of us have previously suggested a link between the
guantum and classical exchange and the presence of a low-lying
dihydrogen state in the complexes displaying exchange coup-
lings.? For example, ab initio calculations gave evidence for the
presence of a hydridodihydrogen state in niobium trihydrides
displaying such couplings, whereas this state is located at much
higher energy in the case of the isoelectronic and isostructural
tantalum trihydrides which do not exhibit these couplings.®
Further evidence is the role of electron-withdrawing ligands
which favour the dihydrogen state and increase the exchange
couplings.

The role of the influence of electron-withdrawing coinage
metals acting as Lewis acids in complexes (L,MH,),X" is, there-
fore, of special interest. In the case of M = Nb it was observed
that replacing X = Cu by Au led to a remarkable increase of the
quantum exchange couplings.?>< Therefore, we decided to study
systematically the effects of various coinage metals on the
guantum exchange and the classical dihydrogen exchange, as
compared to the parent compound studied previously.® In par-
ticular, we chose the system [{Ru(n-CsMeg)H,;[P(CgH,,)4]3.X]"
(X =Cu", Ag* or Au™). The synthesis and NMR spectroscopy
of the parent compound [Ru(n-CsMes)H{P(CsH,,);}] and of
its copper adduct have been reported previously.* Here we
describe the synthesis and characterization of new adducts with
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Fig. 1 Exchange processes in compounds 1 to 4

Ag* and Au* together with dynamic NMR experiments per-
formed on the adducts and on the parent compound as a refer-
ence. The results indicate the presence of a relationship between
the electronegativity of the coinage metal and the magnitude of
the exchange couplings. Moreover, the rate constants of the
classical exchange process (see Fig. 1) were determined by line-
shape analysis. Experiments on the partially and fully deuteri-
ated isotopomers of 1 were carried out in order to determine
the Kkinetic hydrogen/deuterium isotope effects on the classical
exchange process in this compound. As these effects were small
we did not extend these measurements to the adducts.

We report first the synthesis of the novel adducts and their
structural characterization. Then the NMR experiments are
described and the results discussed.

Results
Synthesis of the complexes

The synthesis of [{Ru(n-C;Mes)H;[P(C;H,,);]},Cu]PF, 2 from 1
and [Cu(MeCN),]PF has been previously reported.* Similarly,
the reaction of 1 with AgBF, in tetrahydrofuran (thf) produces
the adduct [{Ru(n-CsMeg)H;[P(CeH4,)s]},Ag]BF, 3 which can
be isolated as white crystals in 75% yield after recrystallization
from thf-diethyl ether. The reaction of 1 with [Au(tht),]PF
(tht = tetrahydrothiophene) leads to [{Ru(n-CsMes)H,[P-
(CsH11)41},AuUlPF, 4 which can be isolated in 54% yield as white
crystals after recrystallization from thf-diethyl ether.
Compounds 2-4 all show infrared bands attributed to ter-
minal hydrides respectively at 2005m (sh) (2), 2030m (sh) (3)
and 2019m (sh) cm™ (4) together with bands attributed to
bridging hydrides at 1790m (br) (2), 1789m (br) (3) and 1736m
(br) cm™* (4). The new complexes 3 and 4 each show a single
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peak in their **P NMR spectra respectively at & 80.2 and 77.9 in
(CD,),CO, close to the value found for 1 (5 83.9 in C;Dg). The
hydride signals consist in each case at room temperature of a
doublet due to the coupling of the three equivalent hydrides
with phosphorus, respectively at 6 —10.94 [J(H-P) 22.5 Hz; 1,
C¢Dgl, —10.38 [J(H-P) 14.5 Hz; 2, (CD,),CO], —9.75 [J(H-P)
15.7 Hz; 3, (CD,),CO] and —7.32 [J(H-P) 13.6 Hz; 4,
(CD,),CAQ]. In the case of 3 the hydride signal is split by coup-
lings to the ’Ag and '®Ag isotopes. However, the different
couplings are not resolved and only a mean value is observed
[J(H-Ag) 48.6 Hz]. These data clearly indicate that the three
adducts display a similar structure which, as far as the
ruthenium moiety is concerned, is not very different from that
of 1. The modification of the chemical shift of the hydride
signal may be due to a shielding effect by the electrons of gold
and silver whereas the reduction of the P-H couplings may
result from a lengthening of the Ru-H distances and modific-
ation of the P-Ru—H angles upon co-ordination to the coinage-
metal cations. However, these four compounds were shown to
exhibit different NMR behaviours at low temperature. The
variation of their exchange couplings as well as their classical
fluxionality were then studied.

Dynamic NMR experiments

In this section we report the results of the lineshape analyses of
the variable-temperature NMR spectra of compounds 2-4
(Fig. 1). The lineshapes give information about the exchange
couplings and the rate constants of the various processes shown
in Fig. 1. Each compound contains different nuclear sites i,
j=1-5 characterized by the chemical shifts §;, containing the
nuclei H,, H,, H., *P and in one case *“Ag and ®Ag. The
coupling constants between two nuclei in the sites i and j are
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Table 1 Parameters of the 500 MHz *H NMR lineshape analyses of [{Ru(n-CsMes)H[P(CsH,,)a]}.CulPF, 2 dissolved in [?Hg]tetrahydrofuran

T/IK vi/Hz v,/Hz vylHz W,/Hz J,/Hz J,e/Hz Kyfs™* Kysfs™* Kosls™*
187 —5228 —6010 —4 616 30 -10 45
197 —5225 —6012 —4610 20 -10 60 50
207 —5220 —6010 —4 615 18 -10 85 200
217 —5170 —6 002 —4 650 15 -5 112 25 450 25
227 —5125 —5998 —4690 15 30 120 30 500 50
237 —5100 —5990 —4690 10 50 150 150 800 200
247 —5120 —5990 —4 660 10 50 174* 500 2500 600
257 —5120 —5990 —4 660 10 50 205* 1200 15000 1800
267 —5120 —5990 —4 660 10 50 238* 4000 30 000 3000
287 —5120 —5990 —4 660 10 50 312* 30 000 90 000 10000
* Extrapolated from low temperatures.
g /s~ only fo_r site 3, with J34_(l—_|—P) =J;,=25Hz. The _signals arisi_ng
TIK Bos 2: M=Cu 4 from sites 2 and 3 exhibit large exchange couplings J,; which
kiz thas/s o e, Fottes increase with temperature. Above 217 K the signals of sites 1
287 / \ 38888 and 3 broaden and coalesce because of the above-mentioned site
P(CsHina interconversion (see also Fig. 1); at the same time a doublet—
PR triplet transition is observed for the signal of site 2. This obser-
fa 30000 13/s e ; i
067 7000 L, kg +hpz/s™" vation |_nd|_cates that Cu is bound relatlvely_str_ongly to the
hydride in site 2 and more weakly to the proton in site 1. We note
15000 450 that the spectra could not be simulated in a satisfactory way
M ZMM without assuming a substantial exchange coupling J,;. Above
237 K the signal of the hydride in site 2 also broadens because
2500 Nutof) of exchange with sites 1 and/or 3, and eventually a single line is
247 noo 22 0 observed at room temperature because of fast exchange
between all three hydride sites. The temperature dependency of
800 M A 0 the parameters obtained by lineshape analysis can be expressed
M 2 0 as in equations (3)—(5).
227 5§8 . 3 2 8 1d,3 = 10*% exp(—8.6 kJ mol Y/RT) Hz;
r T T 1 T T T T T 1 I T T T T T T T T 1 187 < T < 237 Kl le (240 K) = 170 HZ (3)
-9 -10 -1 =12 =13 -9 -1 -1 -12 -13
s ks = 10'2! exp(—39.8 kI mol Y/RT) s7%;

Fig. 2 Superimposed temperature-dependent experimental and calcu-
lated 500 MHz 'H NMR hydride signals of [{Ru(n-C;Me;)-
H,[P(CeH,1)s]},Cu]PF 2 dissolved in [?Hg]tetrahydrofuran

labelled as J;. The NMR spectra of 2-4 depend on the rate
constants k;; characterizing the process where in the initial state
one nucleus experiences the chemical shift 3; (frequency v;) and
the other §; (v;), whereas in the final state the chemical shifts are
reversed. There are three hydride sites i, j = 1-3 in compounds 2
to 4. The hydrogen nuclei in these sites can be labelled by their
nuclear spin, and, therefore, subscripts a—c are included in Fig.
1. The *P nucleus is located in site 4 and the coinage metal in
site 5. All parameters of the lineshape analyses are assembled in
Tables 1 to 5.

[Ru(n-CsMeg)H{P(CsH.1):}] 1. The NMR spectroscopy of
compound 1 and its partially deuteriated isotopomers has been
described recently.® Expressions (1) and (2) were derived. These

i, = 10** exp(—7.1 k mol YRT) Hz;
220 < T <280 K, J;, (240 K) = 181 Hz @

k., = 10" exp(—55.5 kmolY/RT);
220 < T < 280 K, k, (240 K) =330 s~ @)

data are valuable for comparison with those obtained for the
coinage adducts described in the following.

[{Ru(n-CsMeg)H,[P(CsH11):]},CulPF, 2. In Fig. 2 are shown
the superimposed calculated and experimental *H NMR signals
of compound 2 dissolved in [?Hg]tetrahydrofuran. At low tem-
perature typical ABCX signal patterns are observed for the
hydrides in the three sites. A coupling to 3P (site 4) is resolved

207 < T < 287 K, ki3 (240 K) = 2700 s7* (4)

Ky, + Kps = 1013 exp(—51.1 kI mol Y/RT) s %;
217 < T <287 K, (Ky, + Kps) (240 K)=5905!  (5)

[{Ru(n-CsMeg)H,[P(CsH1,),]},Ag]BF,-2EL,0 3. In Fig. 3 are
shown the superimposed calculated and experimental *H NMR
signals of compound 3 dissolved in CDCIF,~CDF;. At low
temperature two high-order multiplets are observed. The signal
at & —11 is assigned to site 2 which is coupled to the two silver
isotopes ’Ag and ®Ag, present in the atom fraction 0.5182/
0.4818. The coupling constants are J,(H-'"Ag)=70 and
J,s(H-°Ag) = 80.7 Hz. The proton in site 2 exhibits a large
exchange coupling with the proton in site 3, characterized by
J,s, but the coupling constant J,, cannot be resolved. The
high-order multiplet at 6 —9.3 consists of two superimposed
signals arising from the protons in sites 1 and 3. The proton
in site 1 is only coupled to the phosphorus nuclei by J,,(H-P) =
20 Hz and to the silver isotopes by J,;(H-*’Ag) =74 and
J,s(H-'"°Ag) = 85 Hz. The proton in site 3 contributes an AB-
type doublet to the spectrum characterized by J,;, where each
component is further split by coupling with the phosphorus
nucleus by J,(H-P) =14 Hz. Again a strong increase of J,
with increasing temperature is observed. Above 154 K the sig-
nals of the protons in sites 1 and 3 broaden and coalesce. Des-
pite the broadening of the proton in site 2 it is possible to
obtain the exchange coupling J,; by lineshape analysis in a wide
temperature range up to 226 K since k,,"" does not increase
strongly with temperature. The temperature dependency of the
parameters obtained is given by expressions (6)—(8).

1J55 = 10> exp(—7.3 kd mol™Y/RT) Hz;
134 < T <226 K, J;, (240 K) = 2590 Hz (6)
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Table 2 Parameters of the 500 MHz *H NMR lineshape analyses of [{Ru(n-CsMes)Hs[P(CsH,,)al},Ag]BF,-2Et,0 3 dissolved in CDCIF,~CDF,

(2:1)
T/IK v,/Hz v,/Hz v/Hz
134 —4 560 —5507 —4695
144 —4540 —5500 —4690
154 —5430 —5495 —4690
165 —4520 —5485 —4700
175 —4520 —5475 —4700
184 —4510 —5465 —4690
194 —4515 —5 455 —4695
206 —4510 —5445 —4690
216 —4515 —5 455 —4695
226 —4510 —5440 —4690

Heteronuclear scalar coupling constants: J,;(*H-'""Ag) = 74;
Jo4(H-P) = 20 Hz.

W,/Hz J,a/Hz Kyofs ™t Kpafs ™t
30 150 ~80
30 217 ~80
30 280 ~80
30 370 50 100
30 480 300 200
10 700 800 400
10 1000 3000 500
10 1300 12 000 600
10 1800 20000 700
10 2000 25000 1500

Jis(*H-°Ag) = 85.7, J,s(*H-"Ag) =70, J,(*H-'®Ag)=80.7, J,(H-P)=14,

@

3 M=Ag o1+

TIK J(H—P)=14HZ CsMes .
—, - -{Hg)-.. =Ry
588 J(H-Ag)=49Hz /Ru‘ "
P(Can)f P(CeHyp)s
®) kiz /s™ kis /s
kz;x,/s_1 ko3/ —1
23/S
TIK 25000 TK o
226 175 200
20000 50
216 700 165 100
12000
208 600 154 =~ 80
3000
194 500 144 =30
800
31
184 400 134 2 = 80
T T T T T 1 T T T T !
-8 -9 -10 -1 -12 -13-8 -9 -10 -1 —-12 —13
d

Fig. 3 Superimposed temperature-dependent experimental and calcu-
lated 500 MHz 'H NMR hydride signals of [{Ru(n-CsMeg)-

H,;[P(CH,)4]},AQ]BF,-2E1,0 3 dissolved in CDCI, (a) and

CDCIF,~CDF, (2:1) (b)

ks = 10"*? exp(—32.6 kI mol YRT) s %;

in

165 < T < 226 K, k;5 (240 K) =126 000 s~* W
Kys = 10°° exp(—12 kJ mol Y/RT) s *;
165 < T < 226 K, kys (240 K) = 244 57 (8)

[{Ru(n-CsMeg)H,[P(CsH11)s]}L,AUlPF; 4. In Fig. 4 are shown
the superimposed calculated and experimental *H NMR signals
of compound 4 dissolved in CDCIF,—~CDF;. At low tempera-
ture we observe a broad singlet at 6 —5.8 for the proton in site 1
and another broad line at 6 —8 for the protons in sites 2 and 3
which splits below 175 K. The splitting increases as the tem-
perature decreases and is assigned to the two inner lines of an
AB spin system, where the exchange coupling is so large that
the outer lines i.e. J,; can no longer be observed. In order to
obtain the latter by lineshape analysis, the frequency difference
Av = v, — vy must be known. In order to evaluate Av we deute-
riated 4 in the hydride sites and were able to observe three sing-
lets for the protons in sites 1 to 3 of [?H,]4 at §, —6.0, 8, —9.1
and §; —7.3 as shown in Fig. 4 (bottom, right-hand side; the
presence of the residual, non-deuteriated complex 4 is observed
at & —8.1). Neglecting possible H/D isotope effects on the
hydride chemical shifts we were then able to calculate the values
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Fig. 4 Superimposed temperature-dependent experimental and calcu-
lated 500 MHz 'H NMR hydride signals of [{Ru(n-
CsMeg)H;[P(CeH4,)s]},AulPF 4 dissolved in CDCIF,—CDF; (2:1)

of the exchange couplings J,; in a limited temperature range,
equation (9). Above 175 K all signals broaden and coalesce

1,3 = 1082 exp(—12.1 kJ mol~Y/RT) Hz;

155< T <184 K, J;, (240 K) =117 300 Hz 9)
because of the interconversion between site 1 and 3, and the rate
constants k,; could be determined, equation (10).

ks = 10" exp(—29.5 kI mol Y/RT) s 7%

165 < T <226 K, ky; (240 K)=75000s1  (10)

Discussion

We have shown that ruthenium trihydride complexes form
adducts with metal ions such as Cu*, Ag”™ and Au*. The struc-
ture of these adducts is asymmetric, i.e. the coinage metal is
preferentially bonded to the outer hydride sites, and partially to
the central hydride site. These bonds are fluxional and a rapid
bond-breaking bond-formation process between the two outer
hydrides and the coinage metal is observed, leading to an
exchange of the two outer hydride sites. Moreover, the bonding
to the coinage metal does not hinder quantum and classical
exchange between the hydride sites. The structures of the
adducts were characterized by different spectroscopic tech-
niques. Extended NMR studies were carried out on 1 to 4 as
well as on the deuteriated analogues of 1 from which some
novel insights into the mechanisms of the various hydrogen-
exchange processes are obtained. In this section we first discuss
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Table 3 Parameters of the 500 MHz *H NMR lineshape analyses of [{Ru(n-CsMeg)H[P(CsH,.)s]},AulPF; 4 dissolved in CDCIF,~CDF, (2:1)

T/IK v,/Hz v,*IHz
155 —2932 —4 481
165 —2935 —4480
175 —2945 —4 470
184 —2932 —4 460
195 —2932 —4 450
205 —2932 —4440
216 —2932 —4430
226 —2932 —4420

vo*/Hz W,/Hz J,5/Hz Kyafs™?
—3605 40 4600
—3605 35 6 700 60
—3605 35 12 000 400
—3605 20 20 000 1400
—3605 5 20 000 2 600
—3605 5 20 000 5800
—3605 5 20 000 12 000
—3605 5 20 000 30 000

* Extrapolated from values for [2H,]4 (see Table 5) as described in the text.

Table 4 Parameters of the 500 MHz *H NMR lineshape analyses of [{Ru(n-CsMes)H,D[P(CsH,,)]},AU]PF; [2H,]4 dissolved in CDCIF,~CDF,

(2:1)

TIK
155

vi/Hz
—2983

v,/Hz
—4540*

vy/Hz
—3671* 40 0 0 0

W,/Hz Kyfs™t Kyafs™? Koafs ™t

* Extrapolated from values for [?H,]4 (see Table 5) as described in the text.

Table 5 Parameters of the 500 MHz *H NMR lineshape analyses of [{Ru(n-CsMes)H,D[P(C¢H1,):]},AulPF, [*H,]4 dissolved in CDCIF,~CDF,

(2:1)
T/IK vi/Hz vo/Hz vy/Hz W,/Hz J,/Hz Kpfs™t Kyafs? Kyafs ™t
155 —2983 —4540 —-3671 40 4800 0 0 0

the structural variations induced by the bonding to the coinage
metal cations, the dynamics of the intramolecular metal trans- Qetes
fer in the adducts, and then the metal influence on the classical /R
and quantum hydrogen-exchange dynamics. PCsH1)s N ks

- - - 7. C\SMe5
Effects of coinage-metal cations on the structure of ruthenium /R
trihydrides and on the dynamics of the intramolecular coinage- ~ 61 PCsHms
metal cation transfer in the adducts Tm 5
The asymmetry of the structure is confirmed at low temper- \Q
atures by NMR spectroscopy as the three hydrides form ABC = 41
spin systems exhibiting different chemical shifts. This indicates o
metal binding preferentially to the external hydride sites and to ° 3
the central hydride. In principle one would expect the presence 24
of two isomers with a cis- and a trans-ligand structure with
respect to the coinage-metal cation. However, only one form i
was observed indicating either the presence of the cis or of the
trans isomer. 05 a 3 6 7

The binding of the metal cation M* to the external and cen-
tral hydride is not static but fluxional as revealed by the NMR
spectra of compounds 2 to 4. Without dissociation, the bond of
M™ to the external hydride can be broken and reformed again
with the other external hydride. As only one isomer was
observed the process corresponds to a stepwise or concerted
rearrangement of both ruthenium atoms around the coinage-
metal cation, or of a coinage-metal transfer between the
hydride sites. The resulting Arrhenius diagram is depicted in
Fig. 5. First we note that preexponential factors typical for
intramolecular reactions of the order of 10™-10" s™* are
observed. The energy of activation is substantially larger for the
complex with Cu* as compared to the complexes with Ag* and
Au* which have similar binding energies indicating a more
Lewis-acidic character of Cu™.

Quantum or coherent dihydrogen exchange in ruthenium
trihydrides and the adducts with coinage-metal cations

The logarithms of the quantum exchange couplings J,; of
compounds 1 to 4 are plotted in Fig. 6 as a function of the
inverse temperature. We obtain fairly linear dependencies with-
in the relatively small temperature ranges where the couplings
could be observed. It is interesting that the influence of the
addition of Cu® which forms the strongest bond with the

10® 770k
Fig. 5 Arrhenius diagram of the interconversion between sites 1 and 3

in compounds 2-4 dissolved in [*Hg]tetrahydrofuran 2 and CDCIF,~
CDF; (3, 4)

hydrides does not lead to a substantial change of the couplings.
By contrast, the addition of Ag* leads to a strong enhancement
of the couplings, and the effect is even more pronounced in the
case of Au™. This finding can be interpreted as follows. In the
series Cu™, Ag", Au® the negative charge of the hydrides is
gradually reduced which favours dihydrogen configurations.
The formation of these configurations has been proposed to be
responsible for these couplings.®® Within the framework of this
proposition the increase of the exchange couplings with the
electronegativity of the coinage-metal atom is not surprising.

Classical or incoherent dihydrogen exchange in ruthenium
trihydrides and the adducts with coinage-metal cations

The effect of the coinage-metal cations on the classical
exchange rates Kk, is depicted in the Arrhenius diagram of Fig.
7. We are not surprised to find that the rate constants of com-
pounds 1 and 2 coincide more or less, and that there is a strong
enhancement of the classical exchange rates for the silver
adduct 3. This finding correlates well with the result of Fig. 6
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Fig. 6 Logarithms of the exchange couplings J,; of compounds 1-4

dissolved in [?Hg]tetrahydrofuran (1, 2) and CDCIF,~CDF; (3, 4) as a
function of the inverse temperature
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Fig. 7 Arrhenius diagram of the classical dihydrogen exchange

between sites 2 and 4 in compounds 1-3 dissolved in [*Hg]tetrahydro-
furan (1, 2) and CDCIF,~CDF; (3)

that the exchange couplings in 1 and 2 are similar, but strongly
enhanced in 3. The increase of the rate constants of 3 as com-
pared to 1 arises from a substantial drop in the energy of acti-
vation. On the other hand, we also observe an anomalous
decrease of the preexponential factor on the classical dihydro-
gen exchange (K,;) from about 10** to 10 s™* for 1 and 2 to 10°
s~ ! for 3 [see equation (8)]. Without this decrease the increase of
the rate constant would be extremely large. We were worried
about the possibility of systematic errors in the lineshape analy-
ses of Fig. 3 which could to some extent arise from transverse
relaxation at low temperatures. Therefore, as a precaution, only
rate constants above 165 K were included in the calculation of
the Arrhenius parameters of equation (8), assuming absence of
T, effects above this temperature which is supported by the
finding that the rate constants k,; of the metal hopping process
(Fig. 5) obtained from the same spectra do not show an anom-
alous small preexponential factor. At present, we can only
speculate about the origin of the anomalous activation param-
eters of the classical dihydrogen exchange (k,;) in 3. A clue to
the understanding of this effect in the future may perhaps be
the observation that the energies of activation describing the
temperature dependency of log k,; and of log nJd,; vs. 1/T are
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similar in the case of 3, but different for 1 and 2. In the last
cases the incoherent or classical exchange is determined by
states close to the top of the barrier of the dihydrogen exchange
or rotation, whereas the states which determine the exchange
couplings are located at much lower energies. On the other
hand, the similar energies of activation of the coherent and the
incoherent exchange in 3 could then indicate that in this case
both quantities are influenced in the temperature region
covered by the same configuration or manifold of states, for
example a low-lying dihydrogen configuration. If this explan-
ation were true, one should expect a substantial kinetic HH/HD
isotope effect on the low-temperature rate constants k,; of 3.
Such experiments are currently in progress.

Conclusion

We report in this study new adducts of ruthenium trihydrides
with coinage metals. As previously observed in the case of cop-
per and in the case of adducts with niobium trihydrides, the
presence of Lewis-acidic cations does not impede the presence
of exchange couplings. The magnitude of these couplings is
related to the electronegativity of the coinage metal and a very
strong increase is observed for the gold adduct (ca. 120 kHz at
240 K as compared to 181 Hz at 240 K in the case of 1). A
correlation could be observed between quantum-mechanical
and classical exchanges. This correlation is a further confirm-
ation that both processes are determined by the same rotation
barrier.

Experimental
General procedures

All reactions and manipulations were carried out under Ar with
use of standard inert-atmosphere and Schlenk techniques.
Solvents were dried and distilled by standard procedures. The
compounds [Ru(n-CsMes)H.{P(C:H,,);}]*® and [Cu(MeCN),]-
PF4'® were synthesized by published procedures; [Au(tht),]PF
was synthesized from [AuCI(tht)], AgPF, and tht.'” Silver
tetrafluoroborate was obtained from Aldrich chemicals.

Preparation of NMR samples and instrumentation

For the low-temperature NMR experiments a liquified mixture
of CDF,CI-CDF; (2:1) was used, prepared as described previ-
ously.*® This solvent is fluid down to 90 K. The sealed NMR
samples were prepared on a vacuum line using well described
techniques.

The NMR spectra were recorded on Bruker spectrometers
AM-250 (250 MHz) and AMX 500 (500 MHz). The chemical
shifts & are reported in the case of *H and *H with respect to
SiMe, and in the case of *'P with respect to an external 85%
aqueous solution of H,PO,. The spectra were transferred
to a personal computer where the lineshape analyses were
performed using laboratory programs described previously,
based on the quantum-mechanical density-matrix formalism
of Binsch.®®* Infrared spectra were recorded as KBr discs
in the range 4000-200 cm™ on a PE683 spectrophotometer.
Elemental analyses for C and H were performed on a PE
240B microanalyser.

Metal complex syntheses

[{Ru(n-CsMeg)H,[P(CgH11),]},CulPF, 2. To a solution of
compound 1 (0.400 g, 0.78 mmol) in thf (30 cm®) was added
[Cu(MeCN),]PFs (0.150 g, 0.40 mmol). The solution was
stirred for 20 min at room temperature and then concentrated
to ca. 5 cm® Diethyl ether was added until precipitation
started. After cooling overnight 2 (0.192 g, 77%) was isolated by
filtration as white crystals. 'H NMR (295 K): § —10.38 [d, 6 H,
J (H-P) = 14.5 Hz, hydride; T, 140 ms at 173 K, 75 ms at 203
K, 1.2-2.2 [m, 66 H, P(CsH,,),] and 2.23 (s, 30 H, C;Me;). IR
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(cm™): 2005m (sh), 1790m (br) and 1710m (br), v(Ru-H)
[Found (Calc. for CgH,,,CuF,P;Ru,): C, 53.95 (53.9); H, 8.9
(8.25)%.

[{Ru(n-CsMeg)H,[P(CeH,,):]},A0]BF,-2EL,0O 3. To a solution
of compound 1 (0.140 g, 0.27 mmol) in thf (10 cm®) was added
AgBF, (0.026 g, 0.14 mmol). The solution darkened very
slightly and was stirred for 20 min at room temperature,
filtered and concentrated to ca. 3 cm®. Diethyl ether was added
until precipitation started. After cooling overnight, 3 (0.141 g,
75%) was isolated by filtration as white crystals. *H NMR
(295 K): 6 —9.75 [dd, 6 H, J(H-P) = 15.7, J(H-Ag) = 48.6 Hz,
hydride], 1.4-2.0 [m, 66 H, P(C¢H,);] and 2.25 (s, 30 H, C;Mey).
The typical signals of diethyl ether have been observed. *'P-{*H}
NMR: § 80.22 (s). IR (cm™*): 2030m (sh) and 1789m (br),
v(Ru-H) [Found (Calc. for C¢H,,,AgBF,0,P,Ru,): C, 55.2
(55.1); H, 9.1 (8.75)%].

[{Ru(n-CsMeg)H,[P(CeH,y)s]}L,AulPFs 4. To a solution of
compound 1 (0.170 g, 0.33 mmol) in thf (10 cm®) cooled at
—95°C was added [Au(tht),]PF, (0.085 g, 0.17 mmol). The
solution darkened slightly and was stirred for 15 min. The cool-
ing bath was removed and the solution was filtered and partially
evaporated to ca. 3 cm®. Diethyl ether was added until precipita-
tion started. After cooling overnight, 4 (0.120 g, 54%) was isol-
ated as white crystals. *H NMR (295 K): & —7.32 [d, 6 H,
J(H-P) = 13.6 Hz, hydride], 1.2-2.2 [m, 66 H, P(C¢H,,);] and
2.21 (s, 30 H, C;Me;). *P-{*H} NMR: § 77.93 (s). IR (cm™):
2019m (sh) and 1736m (br), v(Ru-H) [Found (Calc. for
CseHy,AUFsP;Ru,: C, 48.3 (48.7); H, 7.1 (7.5)%)].
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