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The ruthenium 1V trihydride complex Cp*RufPpys) (1) accommodating the-accepting tris(pyrollyl)phos-
phine ligand has been synthesized by standard methods. This complex exhibits average exchange &ouplings
of the coherent dihydrogen exchange and average rate conktafitthe incoherent dihydrogen exchange
which are significantly larger than the corresponding triphenylphosphine and tricyclohexylphosphine analogs.
No kinetic HH/HD isotope effects on the incoherent exchange are observed within the margin of error. Using
a simple kinetic model involving incoherent vibrational excitation it is shown that in principle both the coher-
ent and the incoherent processes should be related. However, whereas the energy of activatonresf
sponds to the barrier of rotation, the energy of activation of the coherent dihydrogen exchangeuch
smaller i.e. determined by states well below the barrier. Nevertheless, it is found that chemical modification
which reduces the energy of activationbélso reduces the energy of activationkofvhich demonstrates the
relation between both kinds of processes.

1. Introduction In order to modify the electron density on transition

The chemistry of transition metal hydride and dihydro—m etal polyhydride or dihydrogen comple>.<e_:s, _dn‘ferent ap-
; ' roaches were undertaken, namely modification of the li-
gen complexes has considerably developed during the

past few years which resulted in the discovery of noveﬁanOI sphere [4c, 41], addition of Lewis acidic coinage ca-

features of these compounds [1]. The main result is prob'-onS [4d, 4]] or formation of dihydrogen bonds [7]. For

ably the demonstration of the importance of electronigmyhyd”desf .dl'splaylng exchange C°“p"r?95- this Increase
Ih electrophilicity of the metal resulted in a strong in-

factors for the existence and bonding modes of dihydro:- . :
grease of the magnitude of exchange couplings.

gen ligands [1d—f]. Thus, dihydrogen can be stretche ' A problem with this appraoch is however that it is very

unstretched or electrophilic (even superacidic in Specm&ifﬁcult to modify the electronic properties of a complex

cases) according to the degree of back-donation from the s ; . ;
A o without modifying the geometry of its coordination envi-

metal. This has consequences on both the reactivity an ; .

ronment. The reverse is also true and this has for example

the spectroscopic properties of coordinated dihydrerB'een made clear recently by synthesising ruthenium dihy-

The barrier of rotation of coordinated dihydrogen is fordro en complexes accommodating larae bite anale dioho-
example very sensitive to the back-bonding from the me- 9 P g larg g P

. o o phines [8]. These complexes adopt a cis-geometry for
tal to dlhydrog_en [2, 3]. Similarly, some tr_an5|_t|on n?etaltshe hydride and dihydrogen ligands and are both electro-
polyhydrides display very large H-H couplingsin their

9" ghilic and unstable. This differs from the similar com-
NMR spectra due to a pairwise coherent quantum m lexes prepared by Morris which adopt a trans configura-
chanical exchange [4]. In addition, they also exhibit incob brep y P 9

! tion and are stable [9].
herent exchange processes characterized by a rate oM owever. Mollov recently reported the svnthesis of a
stantk leading to™H NMR line broadening and coales- ' y y rep Y

cence [5]. In several papers it has been postulated that flew series of phosphines containing pyrrollyl substituents

. 0PY¥ X=1-3) [10]. Within this series, only little
two phenomena are related to each other [6]; moreover. t?s’. )" ; . .
the J andk appear to be “twins”; if they are of the Ordermodlflcatlon of the steric properties of the phosphines

of Hz to KHz they influence théH NMR spectra, and if were observed but a strong electronic modification as

. deduced from several spectroscopic studies carried out on
they are of the order GHz to THz they appear in the In- ' :
elastic Neutron Scattering (INS) spectra [6c¢]. In additionr,n()lybdenurn and rhodium complexes [10, 11]. This led

the exchande of a pair of deuterons mav lead to simila® to investigate the electronic influence of this ligand on
. 9 P ) y e spectroscopic properties of polyhydride complexes.
lineshape features in solid stafel NMR spectra [6d].

Thus, information on the relation betweenand k are gfor this purpose, we considered the ruthenium trinydride

highly desirable. At present, it is common understandin 1) depicted in Fig. 1 which contains the Cp*Ru moiety,
. , . )
that the phenomena are indirectly related to the barrier g here Cp*=G(CHy)s, pentamethylcyclopentadienyl. We

exchange between the hydrides which in turn depends grc])te that Cp"RUR(PR;) with R=cyclohexyl (Cy) @)

the electronic properties of the metal [7] was the first complex reported to exhibit quantum
prop ' mechanical exchange couplings [4a]. Ryrwe have re-

- cently studied [6c] the coherent and incoherent hydrogen
*) Authors for correspondence. exchange using dynamic NMR spectroscopy. No observa-
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Chemicalformulas and exchangeprocessesn Cp*RuH;Rsz and its

partially deuteratedsotopologs.J; representshe frequencyof of the

coherentexchanggexchangecoupling) of two protonsin sitesi and

j- k}j", whereL=H,D representghe rate constantof the incoherent
exchangeof the particlesbetweersitesi andj

ble effectsof isotopicsubstittion on the various rate con-
stantsof Fig. 1 coud be observe. For comparisa, we
wantedto know how the changeof the ligand affects all
paramedrs of the hydrogen exchange processes.This
pape is orgarized as follows. First we describethe syn-
thesisof 1 and of its deuteratd analogs,and charactere
then the molecule by x-ray analysisand dynamic NMR
spectoscopy Finaly, the resuls arediscused.

2. Experimental
2.1 Geneal

All manipuldions were carried out with standardhigh
vacwm or dry amgon atmosperetechniqus. *H, *3C and
3P NMR spectrawere recorded on Bruker AC 200,
AM 250, AMX 400 or AMX 500 spectometers.The
NMR chemcal shifts are reportel in ppm, relative to
Me,Si for *H and °C, relative to 85% HzPO, for 3P

[Cp*RuCl,], [12] and Ppys [10] were prepaed accordng
to known methods.

For the low-temperatureNMR experimentsa liquified
CDF,CI/CDF; mixture (2:1) was used, synthesied as
descriled previously [13]. This solventis fluid down to
90K. The sealed NMR sampleswere preparedon a
vacwm line using well-describedtechnique[13]. The
NMR spectrawere trarsferredto a personh computer
wherethe lineshaje analysesvere performedusinghome-
made programsin a similar way as descrbed previously
[4]), 6¢], basedon the quantum-mechnical densitymatrix
formalsm of Binsch[14].

2.2 Syntheses

2.2.1 Preparatbn of Cp*RuCLP(pyrrolyl);

To a suspensiorof [Cp*RuCly],, (600 mg, 1.95 mmd)
in 20ml of ethand was added tri-N-pyrrolylphosphine
(474 mg, 1.95 mmd). After 30 min of reaction the
precipiate was filtered, washe& twice with 5 ml of
ethand and dried in vacuo. Yield 91%. Anal. Cald. for
CooH7,CLNsPRu: C, 49.25; H, 5.08; N, 7.83. Found:
C,48.90;H, 4.84;N, 7.61.

2.2.2 Synhesisof Cp*RuHsP(pyrrolyl)s (1)

To a suspesion of Cp*RuCLP(pyrolyl); (229 mg,
0.4mmd) in 10 ml of ethanol at 0°C was addel NaBH,
(107 mg, 3.0 mmd). The coding bath was removed and
the reacton mixture was stirred for 4 h at anbient tem-
peratue. After evaporatin of solventthe brown residie
wasextraded with 20 ml of diethyl ether. To the extrad 5
ml of ethanolwere added and then evaporatd just until
precipiation starts. After cooling over night the white
crystab of Cp*RuHzP(pyrrdyl)s were isolated by filtra-
tion. Yield 82% Anal. Calcd. for C,y,H3gNsPRu: C,
56.39 H, 6.47; N, 8.97. Found C, 56.2; H, 6.53;
N, 8.94. IR: n(RuH) 197 cm™™. NMR (CgDg) d: (*H)-
9.29(d, Jup=21.7 Hz, RuH), 1.73(d, Jyp=1.9 Hz, Cp*),
6.22 (m or pseudo-tplet, 6H), 6.75 (m or overlappng
double of psewo triplets, 6H). ('P{*H}) 129.1 s.
(**C{*H}) 49.4 (s, C5(CH3)s), 108.3 (s, Cs), 117.5 (d,
Jcn=6.1Hz, pyrrolyl), 1256 (d, Jcy=6.9 Hz, pyrrolyl).

2.2.3 Deueration of Cp*RutsP(pyrrolyl)s (1)

To a suspesion of Cp*RuCLP(pyrrolyl)s (500 mg,
0.93mmol) in 15 ml of ethand at 0°C wasaddel NaBD,
(273.17mg, 6.52 mmd). The coding bath was removed
and the reactionmixture was stirred for 4 h at ambient
tempeature. After evaporatin of solvent the brown resi-
due was extractedwith 30 ml of diethyl ether To the
extra¢ 5 ml of ethand were added and then evgorated
until a white crystaline precipifite was obtaired. It was
filtered, washedwith ethanol and dried in vacw. Yield.
80%.
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2.3 X-Ray Structure Determinations

The dat was collected on a Stoe Imaging Plate Dif-
fraction System(l.P.D.S.) equppedwith an Oxford Cryo-
systemscooler device. The crystalto-detector distance
was 80 mm, crystd decaywas monitored by measuring
200 reflectionsby image. The final until cell paramegrs
were obtaned by least-squaresefinementof 5000 reflec-
tions, any consguent fluctuations of the intensty were
obsered over the courseof the dat collecion.

The structure was solved by direct methals (SIR92)
[15] and refined by least-sgares procedures Hydrogen
atoms attachd to carbonswere locatal on a difference
Fourier maps, but they were introduced in calalation in
idealized postions d(C-H)=0.96 A, ther atamic coord-
nates were recalculatedafter each cycle of refinemen
they were given isotropic thermal paraméers 20% higher
than thoseof the C atams to which they were attachd.
The hydrogenatomsH, H and H” attache to Ru were
isotrepically refined. All non-hydrogers atom were an-
isotrapically refined.

Least-sgaresrefinementsvere caried out by minimiz-
ing the function >~ w(|F,| — |F.|)?, whereF, and F. are
the obseved and calalatedstructire factors. A weighting
schemewas used in the last refinememn cycles, where
weights are calalated following the expressin
w=w'[1 —{A (F)/60(Fo) ]’ = 1/(S1, 4 To(X)),
X =F./Fmax [16]. The modé reachd a good conver
gene with the functiors: R:Z(HFOl— [Fel)/ >
|Fol, Re = [ w([lFo| — [Fell)?/ S w(|Fol)]?, having
valueslistedin Table2.

Tablel
Crystaldataand datacollectionfor the compound:C,,H3oNsPRu (1)

Crystaldata

ChemicalFormula C,oH3oN3PRuU
Fw 468.55
Crystalsystem Monoclinic
Spacegroup | 2/a

al(A) 22.214(2)
bi(A) 8.4392(8)
c/A) 23.944(3)
al(®) 90

BIC) 100.81(1)
() ) 90

Cell volume (A%) 4409

Z, D (g-cm?d) 8;1.41

u (e 7.79

Fooo 1925.5
Crystalcolor yellow pale
Crystalsize (mm) 0.57-0.13-0.07
Crystalform thin plate
Radiationtype MoK,
Datacollectionmethod phi rotation
Temperature/(K) 180
Reflectionscollected 13870
Reflectionsmeged 3272

Rav 0.086

Omax (°) 24.2

Table2

Refinemenparametergor the compound:C,,H3zoNsPRu (1)
Refinement

Refinemenin Fo

R 0.034

Ry 0.041
Abs.corr none
Weightingscheme Chebyshev
Coef.Ar 1.66;0.155;1.21
Goodnesof fit %) 1.05

No of reflectionsused 291
Observatiorcriterion [1>1.0c()]
No parametersefined 257

A S w(|Fo — Fel)/(Nobs — Nparams)]'"?

Further details of the Data Collecion and Refinament
Paramedrs are given in Tables1 and 2. All calailations
were performedwith the aid of the soft CRYSTALS [17]
running on a persoml computer The drawing of the mol-
eculewas realizedwith CAMERON [18] and the atomic
scatering factors for the neural atomswere taken from
Interndional Tablesfor X-Ray Crystallogaphy[19].

A supporting information conerning the X-Ray struc-
ture are availabbe on requestfrom the Director of the
Canbridge Crystallogaphic Data Cener, 12, Union
Road GB-Canbridge CB21EZ, on quoting the full jour-
nal citation.

3. Results

3.1 Characterization of C,HzgN3sPRu (1)

The reacton of [Cp*RuCl,], [12] with one equivalent
of tri-n-pyrrolylphasphine (Ppys) producesthe ruthenium
Il compkx Cp*RuCly(Ppys) similar to other compkxes
of similar formulaton but involving different phosphines
[20]. Reducton by NaBH, in ethanol affords after appo-
priate treament the trihydride Cp*RuH;(Ppys) (1) as a
white crystaline material. 1 shows two Ru-H stretching
frequemies at 2009 and 1978 cmi* in infrared and a hy-
dride signal as a doublg at —9.29 ppm (Jpp=21.7 Hz) at
roomtemperature.

An X-ray crystad structureanalyss was carried out at
180K in orderto evaluatethe effect of the ligand on the
structire of this polyhydride. The results are shown in
Fig. 2 and Tables1 and2.

3.2 Dynamic *H NMR Spectoscqy

In orderto detectpossble quantum mechanicakexchang
couplingsasin therelatedcomgexes[20b, 21] we carried
out a low-tempeature®H NMR study of 1 andof partially
deuteragd 1 in freons betwveen 300 K and 130K. The
superpsedexperinental and calculatedsignalsof the hy-
dride region areshown in Fig. 3. At room temperaturewe
obsere a sinde doubld for all hydrogen nudei, where
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Fig. 2

Molecular structureof Cp*RuHs(Ppys) (1) at 180 K; selectedoond
lengths (A) and angles(°): Ru-H: 1.57(4); Ru-H: 1.60(4); Ru-H":
1.55(2); Ru-P:2.1798(8);Ru-Cl: 2.232(3);Ru-C2:2.273(3);Ru-C3:
2.295(3); Ru-C4: 2.273(3); Ru-C5: 2.235(3); H-Ru-H: 62(2);
H-Ru-H": 63(2); H-Ru-H": 121(3); H-Ru-P: 91(2); H'-Ru-P: 82(2);
H”-Ru-P:78(2)

the doubletsplitting arisesfrom a scalarcoupling with the
nearby>*P nucleusas corfirmed by *H NMR expaiments
in the presencef 3P broadanddecaipling. As the tem-
peratue is decreaed,we obsene a broadning of the hy-
dride signal near190 K andthe appearancat 180K of a
high-orcer signal splitting patterninvolving a sumprising
small numter of lines which reduceto a trio in the pres-
enceof *'P decaipling. The distancebetwee the outer
linesincreaseasthetemperureis furtherdecreaed.Sim-
ilar specta have beenobsened for Cp*RuHs(PFh3) [21]
andaredueto the presencef an AB,X spin systen with
very large coupling constantbetveen spirs A and B, la-
beledhereasJ;, accordingto Fig. 1.

In orderto detectpossibleeffects of deuteratioron the
paramedrs of the exchang we studied additionally a
sampledeueratedto abait 35% in the hydride sites by
'H NMR. As depiced in Fig. 4, the sampleexhibis not
only signalsfor 1 but also for 1-d and 1-d,. In the slow
exchange two signals are identffied for 1-d,, a doublet
arisirg from 1-hdd and a singletfrom 1-dhd, whereasl-d
contibutesan ABX patternfor 1-hhd and a doubléd for
1-hdh The actualassgnmentwas assistecby 3P broad-
banddecouplimy.

Thecalalatedspecta of Figs.3 and4 depend on thefol-
lowing parametersAs the both outerhydridesitesaremag-
neticaly equivalentheline shapen theH NMR spectum
dependson the chemcal shifts v; andv, of thetwo hydro-
gensites, the exchang couplingsJ,, betweertheinnerand
outerhydrogennudei, the scalarcoupling constars of the
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Superimposediemperaturedependentexperimentaland calculated
500 MHz 'H NMR hydride signalsof Cp*RuHg(Ppys) (1) dissolved
in CDCIF,-CDF; (2:1)

hydrogen nuclei with the nearby®'P nudeus J;p and J,p,
and the rate constantk}}' andin the caseof 1-d and 1-d,
on k2 of the incoheren dihydrogenexchangeas defined
in Fig.1l. The parametrs of a possibledirect exchang
betwe@ the hydrogensites1 and 3 cannot be determned
becausef ther magneticequivalene.

Theresuls of thelinesha analyse areassembledable
3. The dependace of the parametrs of the coherentand
incoheentexchangeon temperatureanbe expresse as

/iy = 107 exp (=5.1kJ mol™!/RT) Hz,
140K < T < 180K for 1—h,
Ji» =3000Hz at 180K (1)
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Superimposedemperaturedependentexperimentaland calculated
500MHz 'H NMR hydride signals of 35% deuterated
Cp*RuH;(Ppys) (1-d) dissolvedin CDCIF,-CDF; (2:1)

-10.0

nJi2 = 1037 exp (—=5.1kJ mol™!/RT) Hz
140K < T < 180K for 1 —d

and

klsz = 10112 exp (—34.3kJ mol_l/RT) Hz

180K < T < 210K for 1,1—d,
1—dy, K ~ 2057 at 180K

kHD
and

(3)

We note that the activationparamegrs of Eqgs. (1) to (3)
might be subjectto chargesthe parametrs could be ob-
tainedin a larger tempeaturerange.

4. Discussim

In this pape, the synhesis, structural charactdration
andthe hydrogendynamicsof a novel trinydride (1) con-
taining the Ru-Cpr moiety and the tris(pyrollyl)phoghine
ligand havebeendescrbed. In this sectionwe disaussthe
molealar propertiesof 1 in compaison with the analog
2 and 3 contaning the ligands P(Cy); and P(Ph} (Fig. 1).

The x-ray crystal structureof 1 (Fig. 2) shows that the
compkx adoptsa classicalpiano-stool configuraion, al-
mostidentical to the structue of 3 [20a]. The Ru-C dis-
tances (2.23— 229A) and the Ru-H distance (1.57(4),
1.60(4) and 1.55(2) A) are identcal to thoe of
Cp*RuHz(PPh) asarethe H-Ru-H angles.Only the Ru-P
distane is slightly shorer (2.173(8) A compared to
2.252(1) A) This resultdemorstratesthe absere of sig-
nificant structuralchangeinducedby the beter n-accep-
ing properties of the phosphne ligands. A compaison
with the structure of 2 was not possble as the latter has
not yet beendescrbed.

The paramegrs of the cohe@ent and incoherentdihydro-
gen exchang, i.e. the exchang couplings J;» and rate
constats k5" and K!P of 1 were deerminedat low tem-
peratues. The correponding Arrherius diagrans are de-
picted in Fig. 5. Within the magin or error, no kinetic
isotope effects could be observed.A similar result was
obtaired recently alsofor 2 of which dat areincludedin
Fig. 5. To our knowledge, 1 exhbits so far the largest
exchangecouwlings deerminedup to datefor thesekind
of compdexesby *H NMR, i.e. J;,=3000 Hz at 180 K.
For comparisa, the correspoding valuesfor 3 and2 are
290Hz [21] and <20 Hz, respedtely. This resultis in
agreemenwith the better r-acceping propeties of the
tris pyrollyl phosphine ligand which reducesthe elec-
tronic densityon the metal.

We note that the proton chemtal shifts charge after
deuterabn indicatirg a differentgeomery of the parially
deuteragd complex. The effects are very large for substi-
tution in the certral hydrogen site (Table 3). As shown in
Fig. 5, the effects of introdwcing one deuteroninto sites1
or 3 increase J;, subsantially, hereto about20 to 40%.
A similar effect wasobseved previously for 2 [21] and 3
[6c]. As rate constarg of the incoheent exchange have
not yet beenreportedfor 3, we have included in Fig.5
only the resultsfor 1 and 2. Firstly, no kinetic HH/HD
isotope effect could be observedwithin the magin of
error for both molecules.Howeve, we observethatin the
caseof 1 not only J;, but also the K valuesare much
larger as compare to 2. This indicatesthat both quanti-
ties arerelatal indirecty to the sameenegy barrierof the
dihydragen exchange although the enepies of activation
charaterizing J;, and k%' are very different. As the dif-
ferent ligands do not substatially charge the molecular
structire of the molecular ground statethey mug havea
large influence on the eledronic structureof the transtion
stateof the exchange.

In orderto interpretthe experimenal findings we firstly
will disaussa simple physical model of both the coherent
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Table3
Parametersf the 500 MHz *H NMR lineshapeanalysisof a sampleof Cp*RuHs(Ppys) (1) dissolvedin CDCIF,-CDF; (2:1)
TIK S1/ppm S-/ppm Ji/HzZ Kt JiHz JoeHz

1-hhh 1-hhh 1-hhh 1-hhh 1-hhh 1-hhh
140 —9.568 —9.948 950 ~0 31 ~0
150 —9.558 -9.912 1500 ~0 31 ~0
160 —9.548 —-9.880 1800 ~0 31 ~0
170 —9.540 —9.848 2500 ~0 31 ~0
180 —9.532 -9.822 3000 15 32 ~0
190 -9.526 -9.794 38007 65 32 ~0
200 -9.520 -9.770 42007 150 31 ~0
210 -9.514 —9.754 53007 430 32 ~0

) Extrapolatedrom lower temperatureaccordingto Eﬂ' (). The magins of error of the variousparametersvere not determinedbut are esti-
matedto be of the orderof 10% to 20% for J;, and ki3' which includesthat temperaturealibrationerror In the temperatureangebetween
180K and210K the naturalline widths were determinedrom the inner signalcomponentsvhich are unafectedby the incoherenexchange.

Table4
Parametersf the 500 MHz *H NMR lineshapeanalysisof a sampleof partially deuteratedCp*RuHs(Ppys) (1-d) dissolvedin CDCIF,-CDF;
(2:1)

TIK  01-Hz  5Hz  Ady) Al Ay A AS  JlHz JHz KEUsT KIS JieHz  heHz  JigHz  JigHz
1-hhh  1-hhh  ppm ppm ppm ppm ppm 1-hhh  1-hhd 1-hhh 1 1/hhh  1/hhh  1-hdh 1-hhh
1-hhd 1-hhd 1-hdh 1-ddh 1-dhd 1-hhd 1-hhd
140 -9.566 —9.940 ~0° —0.038 -0.012 -0.018 —0.084 1100 1400 =~0 ~0 31 31 31 31
150 -9.560 -9.916 ~0" -0.038 -0.014 -0.018 —0.096 1500 1600 =0 ~0 31 29 31 31
160 -9.552 —9.884 ~0% -0.036 -0.012 -0.018 -0.096 2000 2300 2 2 31 29 31 31
170 -9.546 -9.856 ~0% —0.038 —0.012 -0.018 —0.094 2800 3200 8 8 31 29 31 31
180 -9.538 -9.826 ~0% —0.036 —0.008 —-0.012 —0.094 3400 4000 30 26 31 30 31 31
190 -9.532 -9.800 ~0% -0.040 -0.010 -0.016 -0.096 42007 49007 110 110 31 30 31 31
200 -9.528 -9.776 ~0° -0.036 —0.008 —0.014 —0.092 50007 5800°) 300 300 31 30 31 31
210 -9.526 -9.746 ~0° -0.038 —0.010 —0.012 -0.100 60007 68005 790 790 31 30 31 31

A6 =6i(D)-0i(H).

 Extrapolatedrom lower temperatureaccordingto Eq. (1).

®) In contrastto the AB,X spin systemof 1-hhh, the chemicalshiftsé; andd, could not be determinedvy lineshapeanalysiswithout assump-
tions in the caseof the ABX-type spin systemof 1-hhd becauseof the large value of J;,. Therefore we assumedhat d, is not affectedby

partial deuterationin the distantsite 3. With this assumptiorall other parametergould be obtainedby simulationwithout assumptionsThe

maugins of error of the various parametersvere not determinedput are estimatecto be of the order of 10 to 20% for J;, and k' which

includesthe temperaturealibrationerror

and the incoheren processeglescriled in previous work
[22, 6¢]. In Fig. 6 are depictel the potentialenegies, en-
emies and wawe functiors of various rotaional statesfor
a nonrigid dihydrogenrotor. The barier of rotaion de-
creasegFig. 6a to c) when the distancebetweenthe hy-
drogen atans is decrease by increaing their distanceto
the metal. The enegy levels come out as pairs split by
the frequery J,,. The stateswhich are symmeric with re-
spectto a 180° rotaion arelinked via the Pauli excluson
prindple to the antisymnetric spin states, also called the
p-H, state wherea the antisymnetric statesare linked to
the symmetric splin stateso-H,. The exchangecouplings
in NMR correpond to tunnel splittings averagd by fast
vibrational relaxdion over many rovibrational staes. It
hasbeenamgueal [22] that “vertical’ excitaton, e.g. within
the configuraion of Fig. 6a leadsto a decreasef J with
incresing temperature,as depictel schematally in
Fig.6d, wherea “horizontal” excitaton in the rovibra-
tional groundsate to dihydrogen configuraions as indi-

catedin Fig.6b and 6¢ shoud lead to an increae with
tempeature as depictedin Figs.6e and 6f. Only an in-
creaseis compmtible with the expeimental findings.
When compaing for exampe 1 and 2, it follows that the
rotaional barriersare smalle in the first caseasthe J are
larger

In the szenaio of Fig. 6 the incohaent exctangeis not
yetincluded.A detaileddesciption of both processewas
propo®d recenly by Szymanski [6a] and Meyer et al.
[6b]. Inspiredby this work, we haverecenty propogd a
simplified model (6¢) illustrated in Fig. 7. We corsider
two hydridesboundto a transtion metalin two inequiva-
lent sites. We assumethat it is possble to label the hy-
drides asH, and H, — for examplein a magneticfield by
differentspirs — leadirg to two quasi-degeeratewell-dis-
tinguishdle ground statesA and A" which differ only in
the hydrogenarrangemet. The enegy differenceis small,
i.e. of the orderof kHz correspoding to typical chemcal
shift differencesin NMR, but larger than the exchang
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Fig. 5
Arrhenius diagram of the coherentand incoherentdihydrogen ex-
changein 1 (this study)and2 (adaptedrom Ref. [7c])

coupling Ja, assuned to be very small. Via an incoherent
processcharactdeed by rate constats kag and ksa we
let the systen reach an excited state B which is now
strondy cowpled to B’, where the enegy splitting corre-
spondsto the frequerty of the coherentexchangd.e. the
exchangecoupling Js. After excitation,B and B’ will in-
terconvet periodially with Jg until desactividon occurs
to A or A’. Thiswill leadto a decayof the osclilation be-
tweenB andB'.

A simple kinetic treatmentwhere the steag stateap-
proximation hasbeenappliedto the excital state— which
implies that this stateis preseh only in a very small con-
centrdion — leadsto the following expressiondor the in-
terconvesion betweenA and A’ via the excited stats B
andB’ [6¢], i.e.

kagpk

) — 7T2JB AB 2BA2 4)
kgp +4n2 J

and

k= 27T2J[23kAB 5

ki 423 ®)

BA B

where

kag = ka p/pa =~ kgap, ps =exp(—Ep/RT) (6)

X L X L aa
o—Hp or T = \,-%(aﬁ+ba)
N AN ARl P

Sty

p—Hz or S = ,/%(015—50)

4' =
d e f
Jo
J J J
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Fig. 6

Potentialenegies and nuclearwave functions(schematicallypf a hindereddihydrogenquantumrotor in a transitionmetalhydride according
to Ref. [5] asa functionof the H...H distance.The statesoccurin pairsconsistingof a nuclearsingletand a nucleartriplet stateS, and T,

with the enegy differenceor tunnel splitting J,. The spatialpartsof S, and of T,, are symmetricor antisymmetricwith respectto a 180°

rotation. For a dihydride configuration(a) the barrieris large but decreasen stretchedb) and a non-stretchedlihydrogenconfigurations(c).

In the samesequenceahe ground staterotationalsplitting Jy increasesNote that the numberof statepairsn is arbitrary and may be larger
thanindicated.(d) to (f) Averageexchangecouplingsasa function of temperature
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Averageexchangecoupling constantrJ and rate constantk in units
accordingto Egs. (4) and (5) of the exchangebetweenA andA’ via
an incoherentactivationto B and a coherentor periodic exchange
betweenB and B’ accordingto Fig. 2a, as a function of 2nJg/kga.
For further explanatiorseetext

k represerst the aveage rate constantfor the incoherent
interconversionbetveenA and A’ via the excitel statesB
and B’ and J the averag frequeng of the coherentor
periadic interconvergon. pg is the Boltzman facta of the
excited states exhibiting the averageenegy Eg. Both J
and k are measuredy NMR and INS [6¢] and included
in Fig. 5. WhereasJg is temperatureindependety; and
ksa only slightly temperaturedependst, kag is strondy
dependenton temperaturébecauseof the Boltzmam fac-
tor. Thus, the temperaturalependece of both k and J is
given to a goad approximabn by Eg. Moreover, a plot
of log k and log nJ vs. 1/T should show an Arrhenius-
type behaior. In Fig. 7b we plot k andJ asa functon of
the ratio 2nJg/ksa. In the coherent exchange regime
where(2nJg/ksa)?<1, it follows that
k = (2nJg)* ps/ksa < mJ = ppJp, (7)
Now, A and A’ interconver periadically via the states B
and B'. In the incohereh exchangeregime where (2nJg/
ksa)>>1 we obtain
k:kAB/2 :PBkBA/z > TCJ:kABk%A/él-TCJB. (8)
Now, during the lifetime of the excitedstae B and B’ in-
terconvet periadically very often until the systen reacts
eitherto A or to A’ with equal probabilties, and the con-
tribution of the excitedstateto J becomesrery smdl.
Finaly, we notethatin practicea large numberof ex-
cited states B with different enegies Eg hasto be consid-
eredwhich leadsin principleto a non-Arrteniusbehavior

of both J andk. However in practicedatahaveto be ac-
cumubtedin a very large tempeature rangein order to
detectsucha non-Arrhenius betavior. Therebre, the mod-
el of Fig. 7 shouldbe a good approximaéion whena rela-
tively smalltemperaturgangeis corsidered.

A look at the Arrheniusdiagram shows, howeve, that
the enegy of activaton which deerminesthe tempeature
depandenceof k is muchlarger thanthe enegy determin-
ing the tempeature depadenceof J. Within the simple
modelof Fig. 7, the pre-expnentialfactor of abaut 102
s for the incoheren process(Eq. (3)) may be identiied
with haf of kag, the rate of desactiation to the ground
state This meansthat 10" -°<Jg, which mustthen be of
the orderof 10'3 s, i.e. of the orde of a vibrationa fre-
guency As a consequete, the stat which deerminesthe
tempeaturedependencef k mug be locatedcloseto the
top of the barrier of the dihydrogen rotaion, and may,
therefoe, be also called the “transition staté of the inco-
herentexchang. The transition statecannotcontibute to
J any longer Therebre, the levels resposible for the
tempeaturedependenceof ©d mud be locatedwell below
thetop of the barrierasthey mustexhibit tunnelsplittings
which are much smallerthan 10" s™. This condiion is
fulfil led for the typical valuesof 10° Hz as indicatedby
the preexponetial factorsof Egs. (1) and (2). Thus, it
becanes clear tha at low temperaturek<J but that at
highertempeaturesk>>mnJ.

The observatio thatthere is no kinetic HH/HD isotope
effect on the incohereh exdhangeis, at first sight unex-
pected.A large effect shodd have beenobsered if the
states which governthe temperaturedepandenceof k are
locatedbelow the bariier, as the intercorversionbetween
B and B’ shouldbe muchslower in the caseof a HD-pair
as compaed to the HH-pair becaise of the larger tunnéd-
ing mass.Moreover, the HD exchang bewweenB and B’
will not be coheent but an incoherentrate process.For
the reacton over the bariier one would normaly also ex-
pect an HH/HD isotope effect on the incoherent ex-
charge, arising from differencesn zero-pant enegiesbe-
tweenthe excited “transtion” stateand the ground stat,
for a dihydrogen corfiguration as transtion state.If this
mechaism is true, the finding that no isotopeeffect can
be observedwithin the magin of the expeimental error
indicaes sone compenation of zero-pint enegies be-
tweenthe groundstateand the transtion state This could
happenasthe HH-bond is strengthead asthe M-H bonds
arewedened.

Conclusions

We descibe in this article the synthesisof a new trihy-
dride compkx cortaining the pertamethytyclopentadie-
nyl ligand (Cp*) andits deuterat¢d analog. The original-
ity of this compound is to containa new electon with-
drawing phosphie ligand tris(pyrdlyl)phosphine (Ppys)
which displays steric propeties very similar to tripheny-
phosphne. This allows a direct comparison of the spec-
troscic propeties and of the reactvity of both seriesof
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compainds. No significant structural differences were
found betweenCp*RuHs(Ppy) (1) and Cp*RuHs(PPh)

(3) and, in particular both compaindsareformaly ruthe-
nium IV trihydrides. Howewer, we found that 1 dispays
exchange cowlings and rate corstantsof the incoherent
exchange which are signficantly larger than for

Cp*RuH3(PCy) (2) andfor 3. This indicatesthe presene

of a lower barrierfor the classtal exchangeof hydrogen
in the caseof 1 which is consisentwith the presencef a
reducel electon densityon 1 compaedto 3. The kinetic

resuls are rationalzed in terns of a simple model where
an incoherentexdtation to an excited stat exhibiting a
large exchangecouplingmay eithercontribite to the aver

age exchangecoupling or to the averagerate constantsof

the incohereh exchangedependingon the lifetime of the
stateas comparedto its exchangecoupling. In principle,
this mechaism shouldleadto an observale kinetic HH/

HD isotopeeffect on the incohereh exchang at low tem-
peratues. Appaently, evenin the caseof 1 which exh-

bits the largest known exchange cowlings observe by

NMR this regimecould not yet beenreached.
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