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NMR studies reveal that complexes Ru(CO),(H).L, (L = PMes, PMe,Ph, and AsMe,Ph) can have three geometries,
cce, cet-L, and cct-CO, with equilibrium ratios that are highly dependent on the electronic properties of L; the cct-L
form is favored, because the o-only hydride donor is located trans to CO rather than L. When L = PMej, the ccc
form is only visible when p-H; is used to amplify its spectral features. In contrast, when L = AsMe,Ph, the ccc and
cct-L forms are present in similar quantities and, hence, must have similar free energies; for this complex, however,
the cct-CO isomer is also detectable. These complexes undergo a number of dynamic processes. For L, = dppe,
an interchange of the hydride positions within the ccc form is shown to be accompanied by synchronized CO
exchange and interchange of the two phosphorus atoms. This process is believed to involve the formation of a
trigonal hipyramidal transition state containing an #2-H, ligand; in view of the fact that kyu/kpp is 1.04 and the
synchronized rotation when L, = dppe, this transition state must contain little H—H bonding character. Pathways
leading to isomer interconversion are suggested to involve related structures containing #-H, ligands. The inverse
kinetic isotope effect, kuu/kpp = 0.5, observed for the reductive elimination of dihydrogen from Ru(CO),(H).dppe
suggests that substantial H—H bond formation occurs before the H; is actually released from the complex. Evidence
for a substantial steric influence on the entropy of activation explains why Ru(CO),(H).dppe undergoes the most
rapid hydride exchange. Our studies also indicate that the species [Ru(CO),L,], involved in the addition of H, to
form Ru(CO),(H),L,, must have singlet electron configurations.

Introduction and also that the addition of PPdecreased the rate of

hydroformylation. This could imply that the dissociation of
Over the past forty years there have been many reports OfPPh is required at some point in the catalytic cycle, perhaps

the ability of ruthenium complexes to catalyze reactions. An v, nrqvide a vacant site for alkene coordination. However,
early example of ruthenium-based catalysis was the use Ofit is possible that PRhcould compete for a site made
Ru(COX(PPh), originally synthesized by Collman and 5 qijapie by the dissociation of CO, and in complexes
Roper; Fo catalyze the conversion of a_lkenes to z_‘;tldehydes containing mutually trans hydride and carbonyl ligands, the
under high pressures of;ldnd CO. In this case, Wilkinson trans labilizing influence of the hydride ligand could well
and co-workers found that Ru(C{FPh), was converted 054 1o CO losé. Eisenberg and co-workers have also
to Ru(CO)(H)(PPh), before hydroformylation commenced examined the role of Ru(C@PPHh) in hydroformylation,

and have reported that the catalysis can be initiated and
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Scheme 1. Labeling Scheme for Ru(tACO)L alkyne binding, combination of alkyne and hydride ligands
co L ©o to form a vinyl ligand, and reoccupation of the now vacant
H\Hlu/L H\FJU/CO H\R‘U/L site by CO. Elimination of alkene, leaving the 16-electron

" | N e [ Nco " , oo species Ru(CQjPMe&Ph), could be followed by the oxida-
co L L tive addition of the alkyne, and this is consistent with

deuterium labeling studies which indicate that the hydride
ligand in the product Ru(CQIC=CR)H(PMePh}, is derived
from the alkyneé! An analogue of Ru(CQjPMePh), the
complex Ru(CO)PBU;Me),, has been isolated and shown
to possess a singlet ground state andCa structure!®
Interestingly, the singlet state of the related model complex
Ru(PH)4 has been calculated to lie 48.9 kJ miobelow
the triplet state, while calculations for Fe(Bkindicate that
the triplet state is the more stable by 33.4 kJ Thét The
o ) _ _ complexes described in this paper are Ru(€@)(dppe),
One of the principal problems associated with the exami- q (dppe= PPhCH,CH,PPh); RU(COX(H),(PMePh), 2;
nation of reaction mechanisms relates to the need to RU(COXH)(PM&y)s, 3; RU(COXH)(AsMePh), 4; and Ru-
characterize reaction intermediates and probe their dy”amiC(CO)z(H)z(PMe;)(PMezPh),5. We characterize the fluxional
behavior. This problem is further exacerbated by the fact ponavior of the complexes and describe a study of their
that eacr_l inte_rmediate cfar}_existin several distinct structural g actions  with parahydrogerp-H,). We pay particular
forms with different activities. Halpern and Brown most atention to the detection and characterization of minor
elegantly illustrated the importance of detecting minor speciesjsomers of these dihydrides and discuss the shape and
during studies involving the hydrogenation of prochiral gjectronic configuration of the associated intermediates. On
enamides by cationic rhodium complexes. Careful NMR he pasis of these data, steric and electronic effects are
work revealed that, contrary to initial suggestions, the less- separated and linked to isomer stability. In addition, structural
stable enamide isomer reacted substantially faster with H jnterconversion is linked to the formation of an intermediate
and was responsible for the observed enantiomeric selectivitycomaimng any?-H, ligand. Some of this work has already
in the hydrogenation produttin this paper we report on  peen published as a preliminary communicafion.
the characterization and the reactivity of a series of ruthenium
complexes with the general formula Ru(G®)).L». Previ- Experimental Section
ously, complexes of this type containing two monodentate
ligands L had been shown to adopt a preferred geometry in The synthesis of the dichloro complexes of ruthenium Ru-
which the ligands L are mutually trans and the other two (COXClL2 (where L = PMe;, PMePh, and AsMgPh) was
ligand pairs are mutually ci&This structure, unambiguously achieved according to literature methd#%’ These complexes were

- . then converted to dihydrido analogues Ru(g8),L, via NaBH,
labeledcct-P, is illustrated in Scheme 1. For Ru(CH).- o
(AsMe;Ph), a second isomer in which all the Ii( and)2 airs reduction in methanclRu(COLCIA(PMes)(PMe:Ph) was prepared
& ! 9 P according to literature methods by adding the appropriate quantity

cis-cis-trans-CO cis-cis-trans-L cis-cis-cis

(cct-CO) (cct-L) (cce)

such as Ru(CO)(kl(PPh)s have found use in catalytic-€C
bond-forming reactions involving aromatic ketones and
suitable alkenes that yield ortho-alkylated adddd®uthe-
nium complexes also feature as successful asymmetric
hydrogenation catalystend have found an ever-widening
role as olefin metathesis catalysts.

are mutually cis ¢cq) is readily observed. of PMe; to an ethanolic solution of [Ru(C@}l,(PMePh)L and
Detailed studies of the reactions of Ru(G®Y)(PMe- stirring the solution for 1 h. White crystals of Ru(GQJ,(PMes)-

Ph) with alkynes and alkenes have been repottédThis (PMePh) were obtained on removal of the solvent, and these were

dihydrido complex converts alkynes RECH (where R= converted to Ru(CQJH)2(PMes)(PMe,Ph) by reaction with NaBi

Ph or CMe) to alkenes in a reaction sequence which also in methanol under a hydrogen atmosphere. I_t should b_e emphasized
involves the formation of alkynyl complexes Ru(G@@= that the product Ru(CQH)-(PMes)(PMe;Ph) is contaminated by
CR)H(PMePh). A sequence consistent with these observa- both Ru(COX(H)-(PMey), (5%) and Ru(COXH)(PMePh), (15%)
tions would involve initial CO loss to generate a site for after th.'s Process. The complex R.U(QM)Z(dppe) was obtained

by UV irradiation of a toluene solution of Ru(C&ppe¥ under 3
atm of H. A 3P-NMR spectrum recorded aft h of irradiation

®) (Sa) M(;”aiMS-?CﬁalfiUthlv\ﬂ\lF-;t Selfggé %‘ég%%ka(’b;'ﬁfamasta”si‘ A.; showed that the resonance for Ru(@@ppe) had almost vanished,
onodada, . atani, NiNature . ural, 5. S.;
Chatani. N.. Kakiuchi. FPure Appl. Chem1997, 69, 589. (c) Jazzar, ~ @nd that new doublets for Ru(C£h).(dppe)1 had appeared a

R. F. R.; Mahon, M. F.; Whittlesey, M. KOrganometallics2001, 71.5 and 64.6. A quantitative conversiontavas achieved after

20, 3745. ) the removal of the mixture of CO and,Hy the freeze/pump/thaw
(6) Noyori, R.; Ohkuma, TAngew. Chem., InEd. 2001, 40, 40. Noyori,
R. Asymmetric Catalysis in Organic Synthesitiley: New York,

1994. (13) Ogasawara, M.; Macgregor, S. A.; Streib, W. E.; Folting, K.;
(7) (a) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re001, 34, 18. (b) Eisenstein, O.; Caulton, K. Gl. Am. Chem. Sod 995 117, 8869;
Furstner, A Angew. Chem., Int. EQR00Q 39, 3012. (c) Grubbs, R. 1996 118 10189.
H.; Chang, STetrahedron1998 54, 4413. (14) Macgregor, S. A.; Eisenstein, O.; Whittlesey, M. K.; Perutz, RJ.N.
(8) Brown, J. M.Chem. Soc. Re 1993 22, 25. Chem. Soc., Dalton Tran4998 291.
(9) Bray, J. M.; Mawby, R. JJ. Chem. Soc., Dalton Tran$987, 2989. (15) Duckett, S. B.; Mawby, R. J.; Partridge, M. &.Chem. Soc., Chem.
(10) Alternative IUPAC stereochemical descriptions equate dbeP Commun.1996 383.
description with OC-6-13, and thect-CO OC-6-33 andcccisomer (16) Jenkins, J. M.; Lupin, M. S.; Shaw, B. . Chem. Soc. A966
with OC-6—32. 1787.
(11) Bray, J. M.; Mawby, R. JJ. Chem. Soc., Dalton Tran$989 589. (17) Barnard, C. F. J.; Daniels, J. A.; Jeffery, J.; Mawby, Rl. Zhem.
(12) Vessey, J. D.; Mawby, R. J. Chem. Soc., Dalton Tran$993 51. Soc., Dalton Trans1976 953.
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method, followed by repressurization with,Hand irradiation for ized to 100%. A kinetic model was then constructed that allowed

an additional 2 h. The same technique, usingimstead of H, the peak intensities to be explicitly calculated as a function of the

was employed to obtain Ru(C&P).(dppe) 1-D,. A similar exchange rate constant and reaction time. The calculated peak

approach has been used to prepare RugEQ)dmpe)*® intensities were compared to the experimental values, noting the
A sample of'3CO-enriched Ru(CQjH),(PMe;), was obtained squares of the differenc@sThe rate constants were varied until

as follows. First, a sample of Ru(CQ¥CO)_x(PMe;), (where the sum of the squares of the differences between measured and

x =3, 2, 1, or 0) was prepared by photolysis of Ru(g{®Me;), simulated points was minimized. This was carried out using

under3CO. The solution was then placed under an atmosphere of Microsoft Excel 97. Rate constants obtained in this way were
hydrogen and photolyzed for 15 min. Thd-NMR spectrum of multiplied by a factor of 2 to take into account the analysis
the solution now contained a triplet at—7.48 for the hydride method??
resonance of the product with fine structure due to the coupling to
one or two!3C nuclei. Results

According to NMR spectroscopy, complexes4 were free from
any impurities at the outset of the measurements. In the case of Characterization and Dynamic Behavior of Ru(CO)-
the NMR studies orb, where a mixture of species was present (H).(dppe) 1L NMR spectra ofl were recorded in a
originally, and4, where slight decomposition was observed at higher dg-toluene solution at 296 K. As described in the previous
temperatures, 2-D monitoring of the dynamic behavior of the system section, the3!P-NMR spectrum ofl contained a pair of
demonstrated that none of the extra species were involved in theqgoplet resonances @t 71.5 and 64.5. In théH-NMR

reported exchange processes. spectrum ofl, the resonances for the two hydride ligands

EXChange Process MonitorTg'To m.onitor the eXChaf?ge appeared as doublets of doublets of doublets centeréd at
pathways involving complexe$—4, a series of phase-sensitive 755 and—6.32, and the HH coupling constant2]
- . - - L 1 HH!

EXSY spectra were recorded at selected temperatures with different _A5Hz Forth &7 55 th itud
mixing timest (usually 25, 50, 75, 200, 400, 600, and 800 ms). Was—4.5 Hz. Forthe resonanceat-7.55, the magnitudes

For processes involving the exchange of nuclei between two sites, Of the coupling constants to phosphoridde+|, 21.3 and 26.4
exact rate constants can be determined via analysis of the intensityHz, revealed that the hydride ligand concerned was cis to
versus the mixing time profil& The addition of a third spin,  both phosphorus atoms (and, therefore, trans to CO). For
however, complicates matters. Several methods have been appliedhe resonance & —6.32, the values dfJpH| were 21.7 and

to the determination of rate constants in multispin systems: of these73.8 Hz, indicating that this hydride ligand was cis to one
methods, a comprehensive matrix method is the most thor8ugh. phosphorus atom and trans to the other. Selective irradiation
In this work, we have employed Jeener’s simplification of the matrix 5t the frequency correspondingdd@1.5 in the>!P spectrum
method for two sited? the comprehensive matrix approtand removed the smaller of the two doublet splittings for the

direct simulation. For the studies 8and4 involving parahydrogen resonance ab —6.32 and one of the two doublet splittinas
enhancement, we have used Jeener’s approach alone. Here, integr?- h ) a —755 while irradiati pt thg
tion of the diagonal-peak and cross-peak resonance volumes or the resonance 29, While Irradiation a e

provides the data necessary for the calculation of the rate constanff€duency corresponding t 64.5 removed the larger of

for exchange according to eq 1 the two doublet splittings for the resonancejat6.32 and,
again, one doublet splitting for the other resonance. This
a, established that th&'P nucleus giving the resonance cat
a +1 71.5 was cis to both hydride ligands, whereas that responsible
In a = Keddim @) for the resonance &t 64.5 was trans to one hydride and cis
E 1 to the other. In thé3C{H}-NMR spectrum, the resonances

for the carbonyl ligands were a triplgtdpc] = 4.7 Hz) ato

. . . 201.3 and a doublet of doubletdJc = 7.1 and 79.5 Hz)
wherea, andang are respectively the integrals of diagonal-peak . ; .
and cross-peak volumk,y is the exchange rate constant, dqds at 6 203.8, placing one carb(_)nyl ligand cis to both phos-
the mixing time. This process is straightforward for the exchange phorus atoms and the other cis to one phosphorus atom and
of hydrides within theccc isomer of complexes Ru(CgiH)2L ». trans to the other. Clearly Ru(C)2(dppe)1 possesses
Since theintra—ccc interchange process occurs independently of the ccc structure shown in Figure 1.
the ccc—cctinterconversion process, rate constants for the former  Assignments of resonances for individual carbon and
process were calculated using an “effect_ive diagonal” made up of hydrogen atoms within the dppe ligand were made on the
the sum of volume elements due to ttecisomer. It should also basis of13C{H, 3P}, COSY, HMQC, and nOe spectfa.

_be noted that the equilibrium concentrations of tie¢ and ccc These studies were performed at 295 K, a temperature at
isomers of2 and 3 revealed thaksctccc < Keeeecet: TO Check the
validity of this approximation, we analyzed the data #busing : — : - -
the simplified approach and then demonstrated that the matrix 1) 1%02‘;55'4\’\" D.; Rosini, G. P.; Maguire, J. @rganometallics1999

method yielded the same solution. (22) Green, M. L. H.; Wong, L. L.; Sella, AOrganometallics1992, 11,
For the least-mean-squares method, the integrals of the diagonal  2660.

; _ : (23) (a) Aue, W. P.; Bartholdi, E.; Ernst, R. BR. Chem. Physl976 64,
peaks and corresponding exchange cross-peaks were first normal 2229, Nagayama, K.. Kumar. A.: Wuthrich, K. Erst, R.JRMagn.

Reson198Q 40, 3210. (b) Sorensen, W.; Eich, G. W.; Levitt, M. H.;

(18) Whittlesey, M. K.; Perutz, R. N.; Virrels, I. G.; George, M. W. Bodenhausen, G.; Ernst, R. Rrog. Nucl. Magn. Reson. Spectrosc
Organometallics1997, 16, 266. 1983 16, 163. Wagner, G.; Bodenhasuen, G.; Muller, N.; Rance, M.;

(19) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935. Sorensen, O. W.; Ernst, R. R.; Wuthrich, KAm. Chem. Sod 985

(20) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, RI.RChem. Phys. 107, 6440. (c) Kessler, H.; Gehrke, M.; Griesinger,Ahgew. Chem.,
1979 71, 4546. Int. Ed. Engl 1988 27, 490.
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Figure 1. Schematic view of the structure df The phenyl rings are

indicated by the labels AD, and the chemical shifts of the ortho protons N 8.1

and hydride ligands are indicated. g 2
I T

which it was clear that rotation about all the phospherus 1 T
phenyl bonds was rapid on the NMR time scale. The data 8.2 8.0 7.8 7.6 8
obtained from these spectra are listed in Table 1a. It shouldFigure 2. Two-dimensionatH—'H-nOe spectrum (positive contours) of
be noted that separate sets of proton and carbon signals wer ‘r’irsnep'gﬁé' tsoh%vr;/:enngy{ eris‘:g”?:t(;erc‘;‘;”n%eecﬁgf ;géhﬁ_othEg ZLO;‘C)QJﬁgmsmat
detected for each of the four phenyl rings (labelsin recorded with a mixing time of 1 s. Transfer of magnetization from the
Figure 1). In the nOe spectrum (measured in phase-sensitiveortho proton resonance of ring A into the corresponding resonance of ring
mode) the signal at —6.32, due to the hydride ligand trans C (see Figure 1 for ring labels) is specifically highlighted.

to phosphorus, connected strongly to the phenyl ortho proton 10

resonances ab 8.14 and 7.62, thereby identifying these 90

resonances as belonging to the rings (A and B) attached to  #°

the right-hand phosphorus atom Flgur_e 1. Since the § ZZ —.
resonance ai —7.55 connected strongly with ortho protons 5 I —
at 6 8.14 and 7.78, it was clear that tde8.14 resonance £ P
must belong to ring A and 7.78 to ring C. Data from 2 .

selectively 3'P-decoupled*C{*H} spectra confirmed that 2

rings A and B were attached to the right-hand phosphorus 4

atom (R resonance ai 71.5) and C and D to the left-hand 0 ;

phosphorus atom @Presonance ab 64.5). ° o 02 s o4 o0 06

The nOe spectra (normalfyP-decoupled) also contained Figure 3. Simulation/experimental trace showing data mapping the
positive cross-peaks connecting the two hydride resonances.8X¢hange of ring AM) into ring C (@) of 1 in tolueneds at 317 K. The

. " L . . ) ‘defined points represent experimental data, and the solid line indicates the
This observation indicated that the hydride ligands inter- simylated values obtained whég, is 3.28 s,

changed positions, and analysis according to the methods

outlined in the Experimental Section yielded the rate
constants and activation parameters listed in Table 2
(observations between 295 and 328 K). Interestingly, positive 3

cross-peaks also connected speafithophenyl protons in
different phenyl rings, as illustrated by Figure 2. It was LA 658 --7.5
evident, for example, that phenyl ring A must exchange with
ring C (responsible for the resonancesda®.14 and 7.78,
respectively). Similarly, it could be seen that ring B must —=7.0
exchange positions with ring D. At 306.5 K, the rate constant
for hydride interchange was determined to be 1.20while

that forortho-phenyl proton exchange was 1.28.sFigure g0 . 6.3
3 illustrates the match between the experimental data and 0 o
the simulated data at 317 K. 6.0

To examine the fluxional process in more detail, a high- = : ‘ [
resolution 2-D EXSY measurement was performed in which -6.5 -7.0 -7.5 &
couplings between hydride ligands aftP nuclei were  Figure 4. IH{31P}-EXSY spectrum (positive contours) of a sample
retained (Figure 4). This spectrum revealed that the four containingl in CsDsCDs at 305 K with a mixing time of 0.5 s. Exchange
components of the hydride resonancedat-6.32, which ~ Peaks connect the hydride resonancesaaf1.

correspond to the four different combinations of phosphorus pathway of Ru(CO)(HPPh)s.24 The observed connections
spin states, connected to specific components withidthe  atched those required for aimtra-molecular process
—7.55 resonance. Mann and co-workers have previously used

this approach to study the hydride ligand interchange (24) Ball, G. E.; Mann, B. EJ. Chem. Soc., Chem. Commad892 561.
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Table 1
a. NMR Data for Complex in Tolueneds at 296 K
coupling Ru(CO)- coupling
Ru(CO)}- o constant (Hz) (H)2(dppe) o] constant (Hz)
nucleus (H)2(dppe)l (multiplicity) — assignment assignment nucleus 1 (multiplicity) ~ assignment assignment
H hydride —7.55 (ddd) RuH —4.523yn, 15C dppe, C 136.3 (d) ring A 15.0%pa)c|
21.3|23pH, 137.2 (d) ring B 14.8%p ()l
26.4|23py| 137.6 (d) ring C 14.249pe)d]
—6.32 (ddd) RuH —4.5234y, 137.6 (d) ring D 14.6'p@E)d
21.7 [2Ip(apl dppe, Cand & 133.7 (d) ring A 12.5%3pa cl
73.8|2JP(B)H\ 132.2 (d) I’il’]g B 13.12JP(A)(:|
dppe, ortho 8.14 (M ringA 8.4 13 p@)H 132.3(d) ring C 12.623p)d
7.62 (rTil) ring B 8.3|3JP(B)H| 131.7 (d) I'il"lg D 11-42~]P(B)C|
7.78 (nf) ringC 8.33pH dppe, Gand G 127.8 (d) ring A 9.133pn)cl
7.71(n*  ringD 8.4133p(ayHl 128.2(d)  ring B 10.2%0p(a)c]
dppe, meta 7.14(® ring A 128.1 (d) ring C 10.8°3pE)cl
7.09 (M) ringB 128.3 (d) ring D 10.0°3p@)dl
7.12(n®) ringC dppe, € 129.8 (s) ring A
7.15(n®)  ring D 129.3 (s) ring B
dppe, para 7.10 (M ring A 129.4 (s) ring C
7.04 () ringB 129.5 (s) ring D
7.07 (n®) ringC dppe, ethane 30.5(dd) closetBg) 16.0|%)ce|
7.10 (n®  ring D bridge 27.9%cp|
dppe, ethane 2.09 (m) close¥®g) 29.5(dd) close t8'Pp) 20.8|2cel
bridge 2.24 (m) close t8'Pg, 28.31cp|
1.97 (m)  close t6'Ppu) Cco 203.8 (dd) transt¥Pn)  7.11%Jp@)d
2.26 (m)  close t§'Pp) 79.52Jpn)cl
31p 71.5 (d) dppePpy  12.7|%pdl 201.3(t) COcisto 4.72pd
64.5 (d) dppe3!Pg, 12.7|23pd both31p
b. NMR Data for Complexe2—6 in Tolueneds
coupling coupling
complex, o constant (Hz) complex, o constant (Hz)
temp nucleus (multiplicity) assignment  assignment temp nucleus (multiplicity) assignment assignment
RU(COl(H)>- H-NMR  7.64(m) GHs(0-H) RU(COl(H)- H-NMR  7.66 (m) GHs (0-H)
(PMePh) (PMey)
cct2 1.60 (t) CHg 6.5 |2JpH + 4\]le (PMezPh)
296 K -7.13() RuH 26.0|2JpH| cct5 1.58 (dd) P(®l3):Ph 8.5/23py|, 2.0(4Jpy|
3IP.NMR  12.0(s) PMePh 298 K 1.22(dd) PBa)s  9.3|2pul, 2.0|4JpH|
cce2 IH-NMR  —7.08 (ddd) RuH 27 123pHl, 21 |23pH, -7.35() RuH 27 |2
—5.920n SIP-NMR  11.3 (d) PMe;Ph 222|23pd
333K —7.66 (ddd) RuH 73123pw, 32 [2JpHl, —1.5(d) PMes 222123pd
—5.92)y cced IH-NMR  —7.33 (ddd) RuH —5.72)un
SIP.NMR  9.1(d)  PMePh 28204 isomerl —7.87 (ddd) RuH 74.3123p4), 32.5|23pH|,
0.2(d) PMePh  28]2Jpd —5.723u
RU(COX(H)>- H-NMR 1.24(t) Hs 7.0123p1 + “Jpy| 333K 3IP.NMR 1.4(d)  PMePh 22234
(PMe), —5.6(d)  PMes 22 |23pd
cct3 —7.48() RuH 26 |2Jpy cceb IH-NMR  —7.41 (ddd) RuH —6.52J4y
296 K 3IP-NMR  —2.2(s) PMe3 isomer2 —7.78 (ddd) RuH 71.8|23pH|, 33.9/2JpH|,
13C-NMR 2024 () CO 9.3)2Jcpl —6.52J4
24.8 (t) CH3 16.4|2Jcp + “Jcpl 333K 31P-NMR 9.9 (d) PMezPh 28|2Jpp|
cce3 IH-NMR  —7.51 (ddd) RuH 30 [23pul, 22 |23pHl, —15.4(d)  PMe; 2823pd
—6.0204n Ru(CO)(Hp- 'H-NMR 1.27 (m) [P(QGHa)3)2
333K —7.77 (ddd) RuH 73 12pH|, 33 |2pH, (PMey)s
—6.0204H 1.34(m) P(C3)s
3IP-NMR  —6.8 (d) PMes 20 |23pd 333K —7.77 (qdd) RuH 29.1|%pu|, — 7.3,
—-16.4 (d) PMe3 20 |ZJPF’( 20.0 |2J(;H|
cct4 1H-NMR 1.46(s) 3 —8.44 (dtd) RuH 79.5|23pH), 30.1|2JpH|,
298 K —7.42(s) RuH —7.320u4
RU(COy(H)2- H-NMR 1.20(s) Hs 3IP-NMR  0.3(d)  PMes
(AsMeyPh), —10.8 (1) PMe3
ccc4 1.17(s) s
298 K 1.16(s) Cis
1.13 (S) s
-6.86(d) RuH —5.82J4y4
-8.70(d) RuH —5.82044

aResonance belongs to X[AE]l spin system.

involving simultaneous interchange of hydride and phosphine two carbonyl ligands interchanged positions at a rate of 1.28
positions. Phosphine interchange has also been monitoreds™ at 306.5 K. Therefore, it was clear that the processes of
directly via heteronuclear 1-B'P-EXSY spectrd® and at hydride, carbonyl, and phosphine interchange had essentially
306.5' K. the rate of this process was determined to be 1.34(25) Stott, K.: Stonehouse, J.. Keeler, J.. Hwang, T. L.. Shaka, 4. J.

s L. Similarly, 13C{'H}-EXSY spectra demonstrated that the Am. Chem. Sod 995 117, 4199.
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Table 2. Rate Constants and Activation Parameters (error) for Mutual Hydride Excharge-in-4

complex ligand process temp, K ratels AGssd, kJ mof? AH*, kJ mol? AS, J Kt mol?
1 dppe HH 327.7 8.74 73.7(0.7) 85.5 (2) 34 (7)
H<H 306.4 1.20
Ph(A)< Ph(C) 306.4 1.28
31p, < 31p 306.4 1.34
B3CO, < 13Co, 306.4 1.28
2 PMePh H< H 350.3 0.77 86.8 (1) 76 (10) —30(28)
3 PMe; H<H 350.2 0.96 86.7 (1) 68 (6) —80 (16)
4 AsMePh H< H 351.1 1.42 85.8 (0.5) 90 (5) 11 (11)

the same rate constants and were connected by a common
pathway. The exact details associated with this type of (@)
analysis can be found in the Supporting Information.

To determine the kinetic isotope effect for this process,
the interchanges of rings A and C and of the two phosphorus 70 s
atoms were monitored for both Ru(CG{D).(dppe),1-D,, 0)
and Ru(CO)H (dppe) at 310 K. Rate constants of 1.78 M A A A
(A — C, which is equivalent to G+ A) and 1.72 s (P—
P) were obtained for Ru(C&(p).(dppe), while Ru(CQ)
(H)2(dppe) yielded values of 1.84 (A C) and 1.80 &' 74 76 -7.8 ppm
(P — P). Using the average of the two rate constants for (©)
Ru(CO)(D)2(dppe) and the two rate constants for Ru(&O)
(H2)(dppe), the ratickyn/kpp Was determined to be 1.04.
Reaction of Ru(CO}(H)(dppe), 1, withp-H,: Evidence , , , , ‘
for H, Reductive Elimination. When ads-benzene solution (@ -74 -7.6 -7.8 ppm
of 1 was treated at 323 K with parahydrogen (3 atm pressure),
PHIP-enhanced hydride resonance® at6.33 and—7.55
were observed in th#H-NMR spectrum. The enhancement
decayed over a period of 10 min as tped, enrichment
was depleted, with the reappearance of the regular nonen- " 74 78 78 80 -82 -84 ppm
hanced signals ofl. This suggested thal underwent _ _ , , i
. . . L Figure 5. H-NMR spectra obtained witp-H; in CsDsCDs showing the
reductive elimination of kK at a significant rate at 323 K. hydride region only. The antiphase components arise in transitions involving
Furthermore, the fact thap-H,-enhanced signals were protons that originate fromp-Hz: (a) spectrum of at 333 K; (b) spectrum
observed required +addition to proceed in a spin-correlated ©f 3 at 333 K; (c) spectrum of*CO-labeled3 at 333 K; (d) spectrum of
. . . . Ru(CO)(H)(PMe;); observed via the warming d3 with PMe; in the
process via a diamagnetic intermediate. No enhancement, osonce of-H, at 333 K.
would be expected if the intermediate had a triplet electronic
spin state, since rapid quenching of the spin coherence wouldhydride resonanced(—7.13, |2Jpy| = 26 Hz) was initially
result due to strong interaction with the magnetic anisotropy visible. The associateP-NMR signal appeared at12.0.
associated with the presence of unpaired electrons. Theas expected, these signals matched those previously reported

validity of this deduction was tested by irradiatingD for the cct-P isomer of2.? When the data accumulation was
solutions of Ru(COyippe and*CO-labeled Fe(CQunder  continued for a period of several hours, however, an
p-H. directly in the NMR probe while recording thi- additional pair of hydride resonances was detectéd-at.16
NMR spectra. The sample containing Ru(G@dppe yielded  and —7.77. These signals were assigned to ¢heisomer
p-Hz-enhanced signals for the hydride resonances while  of 2. Integration of the hydride resonances gave a value of
the signal for FEECO)(H). showed no enhancement. 24 for the equilibrium constark = [cctP)/[ccd. When a

Reductive elimination of Hfrom 1 was monitored over  dg-toluene solution o2 was exposed tp-H, (3 atm) at 333
the temperature range 34373 K via the mapping of K, the two hydride resonances for thecisomer, now at
hydride/dihydrogen connections using the 1-D nOe sequence—7.08 and—7.66, were detected as enhanced signals (Figure
of Keeler?® Subsequent analysis provided values\éf* = 5a). AIH—H-COSY experiment confirmed their connectiv-
97 &+ 10 kJ mof* andAS" = 2 &+ 2 J K* mol for this ity. The resonance ab —7.08 showed splitting by two
reaction. At 369 K the rate of reductive elimination of H  inequivalenf'P nuclei of 27 and 21 Hz, values characteristic
from 1 was 0.253 s', while the corresponding rate of of a hydride ligand cis to botBP nuclei. In contrast, the
elimination of D, from 1-D, was 0.56 s'. The ratiokin/kop hydride resonance & —7.66 showed splittings of 73 and
for reductive elimination of hydrogen frorhis, therefore, 32 Hz, indicating that the hydride ligand associated with this
approximately 0.5. resonance was trans to of#® nucleus and cis to the other.

NMR Examination of Ru(CO) »(H)2(PMe,Ph),, 2. When The spectral characteristics @fare summarized in Table
the 'H-NMR spectrum of2 in ds-toluene was recorded at 1b. Comparison of the spectral characteristicsl agind 2
296 K under an atmosphere of normal hydrogen, only one reveals fairly similar chemical shifts)(—7.55 and—7.16,
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Table 3. Rate Constants and Activation Parameters (error) for Isomer Intercharfgediand Reductive Elimination of #Hfor 1

complex ligand process temp, K ratels AGssd’, kJ mol?t AH*, kJ mol? AS, JKtmol?
2 PMePh ccc— cctP 350.3 0.70 87.4(1) 112 (10) 70 (25)
3 PMe; ccc— cotP 350.2 0.32 89.4 (1) 107 (6) 50 (18)
4 AsMe;Ph ccc— Cot-As 351.1 0.39 86.8 (1) 92 (4) 15 (10)
4 AsMe,Ph cct-As — ccc 351.1 0.39 85.8 (1) 88 (5) —-3(13)
1 dppe reductive elimination 350 0.022 97.7 (1) 97 (10) 2(2)

respectively) for the hydride ligand trans to CO but a bigger drogen, it was possible to obtain EXSY spectra of the

gap 0 —6.32 and—7.77) between the values for the hydride
ligand trans to phosphorus.

NMR Examination of Ru(CO) z(H)2(PMes)z, 3. TheH-
NMR spectrum of3 in a ds-benzene solution at 296 K

isomers of2 and 3. For each complex, the two hydride
resonances for thecc isomer showed cross-peaks to one
another and to the hydride resonances forcttteP isomers.
However, since theccisomer in these complexes could only

indicated the presence of only one isomer which was be detected by virtue of the parahydrogen enhancement, the

characterized by a triplet resonancedat 7.48 (?Jpr| = 26
Hz) for the hydride ligands and a virtual triptetaat 6 1.24
for the PMg ligand. The*'P-NMR spectrum o8 consisted
of a singlet at6 —2.2, and the™®C{*H}-NMR spectrum

signals for thecct-P isomer failed in each case to yield cross-
peaks to hydrides of theccisomer, and consequently, the
spectra were not symmetrical about the diagonal. Rate
constants for the interchange of hydride ligands inc¢he

contained only one resonance in the region characteristic ofisomers o2 and3 and for the conversion of theecisomers

carbonyl ligands, a triplet|{cp = 9.3 Hz) atd 202.4%7
Even after overnight accumulation of thd-NMR spectra,
no signal attributable to another isomer 8fcould be
detected. However, when theH, experiment described
above was repeated f8ragain at 333 K), two new hydride
signals, with splitting patterns similar to those for the hydride
resonances afcc2, were seen ai —7.51 and—7.77 (Figure
5b) and were assigned to tkkecisomer of3. The spectral
characteristics ofcc3 are listed in Table 1b. Since the two
hydride signals of this isomer of Ru(C&h).(PMe;), were

to the correspondingct-P isomers are given in Table 2. The
associated enthalpies and entropies of activation, determined
from 16 rate constants fd& and 25 values foB between

350 and 366 K, are listed in Table 3. Interchange of hydride
ligands incce-3 was also monitored by means®P-coupled
IH—1H-EXSY spectra (as described above for complex
Figure 4 shows a typical spectrum obtained ir The
pattern of connections again matched that required for an
intra-molecular process in which exchanges of the two
hydride ligands and of the two phosphorus ligands occurred

only detected at and above 333 K, we concluded that concurrently. The exact details of the analysis of the spectra

reductive elimination of kfrom Ru(CO)}(H).(PMe;), was
relatively slow at lower temperatures. In g1, experiment,
it was also noticed that the hydride resonance forcitteP

can be found in the Supporting Information.
To determine whether ligand exchange within tee
isomer involved CO dissociation, a sample3afas dissolved

isomer was distorted, with both emission and absorption in CO-saturatedls-toluene before being treated wifhH,

features clearly visible in thé'P-decoupledH spectrum,

in the normal way. The ratios of the exchange-peak to

despite the fact that the two hydride ligands in this isomer diagonal-peak volumes in the associated EXSY spectrum

are equivalent® An elegant explanation of this effect has
been reported by Aime et.&° who studied the addition of
p-H2 to the cluster O£CO)(NCCHs),. Enhanced hydride
signals were observed for §€0)(H)2, a species which,
like cct-P-3, contains magnetically equivalent hydrides and,

(recorded at 358.6 K) were not altered by the presence of
the CO. This ruled out CO loss at any stage up to, and
including, the rate-limiting step. When the process was
repeated with PMginstead of CO, the aim of the experiment
was defeated by the appearance of two new and enhanced

therefore, should not show enhancement. This reaction,hydride resonances at—7.77 and—8.44 (Figure 4d). The

however, proceeds by way of the unsymmetrical;-Os

former was a quartet of antiphase doubldidp( = 29.1

(CO)oH(u-H)(NCCHg), and the enhancement is passed on Hz,2Jyy = —7.3 Hz), and the latter was a doublet of triplets

from the intermediate to the product. Similarly, the enhance-

ment of the hydride signal farct-P-3 is partially due to the
fact that it can be formed viecc-3. A similar parahydrogen
experiment with3CO-enriched Ru(CQJH),(PMes), showed

of antiphase doublet4?0py| = 79.5 Hz,|2Jpy| = 30.1 Hz,
and 2Jyy = —7.3 Hz). Evidently the two hydride ligands
were in the same complex, the former trans to CO and the
latter trans to PMg When the correspondingCO-labeled

a more substantial enhancement of the hydride resonancesomplex was examined, the resonancé at7.77 exhibited

for the cctP isomer, as shown in Figure 5c. The additional

an additional 20.0 Hz doublet splitting, confirming that it

enhancement is due to the formation of a second-order spinrepresented the hydride ligand trans to CO. The complex

system containing the hydride ligands.
Exchange Studies Facilitated by ParahydrogenThanks

was identified asner-cisRu(CO)(Hp(PMe)s, 6.%°
Unambiguous confirmation of the retention of the phos-

to the signal enhancement provided by the use of parahy-phine ligands within the metal’s coordination sphere during

(26) Jenkins, J. M.; Shaw, B. IProc. Chem. Soc., LonddiP63 279.

(27) Gill, D. F.; Mann, B. E.; Shaw, B. LJ. Chem. Soc., Dalton Trans
1973 311.

(28) We note that similar, weaker, distortions were visible in the corre-
sponding resonances af

(29) Aime, S.; Gobetto, R.; Canet, D. Am. Chem. Sod998 120, 6770.
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hydride interchange came from thd—!H-EXSY observa-
tion of a mixture of Ru(COYH)-(PMe;)(PMePh) 5, Ru-
(COX(H)2(PMe3), 3, and Ru(CO)H).(PMePh) 2. No

(30) Kohlmann, W.; Werner, HZ. Naturfosch., B: Chem. Sd993 48,
1499.



Ruthenium Dihydride Complexes

Scheme 2 0.0027 0.0028 0.0029 0.003 0.0031
AsMeyPh
CO
H\ | e
Ru .
152 ¢! e | o 0.01s
/ AsMe,Ph \ 5
-1 = -
0.04s cis-cis-trans-As  0.01 st E
CcO cO
AsMe,Ph H | AsMe,Ph
N | R 044s" ~NJ ™
/Ru\ /Ru\
H | AsMe,Ph ) H | co
co 0.01s" AsMe,Ph T
cis-cis-trans-CO cis-cis-cis Figure 6. Eyring plot for cccinterchange withird. Experimental points

indicated withll correspond to measurements using normgahtl the least-

_ . . _mean squares simulatioa, correspond to points determined usipgy,
Ccross peaks connecting the different complexes were ob and® correspond to points determined using normahHd the full matrix

served, whereas the expected connections for hydrideanalysis.
exchange within theccisomers and for the interconversion
of cccandcct-P isomers of the individual complexes were above 323 K, the hydride resonances ¢oc4 at 6 —6.86
visible. For cctP-5, the hydride resonance was a triplet and —8.70 showed emission-absorption characteristics in-
(I23reis| = 26.5 Hz) ato —7.35, a chemical shift between dicating that the hydride ligands were exchanging with free
those forcct-P-3 andcct-P-2. The3P{1H}-NMR spectrum p-H.. At 343 K, the enhanced antiphase character indicated
of cctP-5 consisted of doublet resonancesdat1.3 and a 1035-fold increase in signal strength for tiee-4 hydride
—1.5, both with |2Jpl = 222 Hz which is indicative of resonances over those observed in the absene¢lafRate
mutually trans phosphine ligands. constants for the hydride exchange within tee isomer
Characterization and Dynamic Behavior of Ru(CO)- and interconversion afcc and cct-As isomers were deter-
(H)2(AsMeyPh),, 4. When atH-NMR spectrum of Ru(CQ) mined at temperatures between 323 and 369 K using both
(H)2(AsMeyPh), 4, was recorded irdg-toluene at 296 K, normal andp-H, according to the methods outlined in the
three hydride resonances were detected af7.60,—6.86, Experimental Section. The valuesAH* andAS' for these
and—8.70. These have been shown to arise fromctiteAs processes were calculated and are summarized in Tables 2
andcccisomers of4; both have been previously character- and 3. Figure 6 illustrates the Eyring plot for the exchange
ized? It has also been reported previously that these two of hydride ligands withincce4, showing the excellent
isomers exist in equilibrium in solution, and that thet-As agreement between data obtained by the different methods.
isomer reacts preferentially with the alkyne MET=CCO;- . )
Me; subsequent reequilibration of thecandcct-As isomers ~ Discussion

takes around 15 min at room temperattirgVe examingd Our studies of the three complexes of Ru(@@)L (3,
this system by both 1- and 2-D EXSY methods in conjunc- | = pme; 2, L = PMePh; 4, L = AsMe;Ph) have revealed
tion with the use of both normal ameH.. No NMR evidence 3 strong dependence of the relative stabilities of dbiel
was obtained for isomer interconversion at room temperature, andcccisomers on the nature of the ligand. ForLPMe;,
confirming the slowness of the reequilibration at this the cct-L isomer is the more stable of the two by such a
temperature. However, a new hydride resonance was detectediide margin that theccisomer cannot be detected without
ato —9.35 in the'H-NMR spectrum, and exchange peaks the use ofp-H,. The gap narrows for = PMePh, where
were observed between this resonance anddhas isomer both isomers can be detected without resorting-té,. At

of 4 at 318 K. The SpeCieS reSponSible for the additional 295 K the bct_l_]:[ccq ratio is 24, Corresponding to a free

hydride resonance is believed to be tutCO isomer of4. energy difference of 7.8 kJ mdlin favor of thecctL form.
Analysis of the exchange-peak intensity as a function of This difference is further reduced to only 0.7 kJ midlor
mixing time yielded values for the rate constants ¢ot- AsMe,Ph, but here matters are complicated by the presence

As-4 — cct-CO-4 and the reverse process of 0.02 and 1.31 of the third ct-CO) isomer. All three isomers can be

s, respectively. At this temperature the solution was found getected at 295 K in actL:ccccctCO ratio of 56.4:42.7:

to contain thecctAs andcccandcctCO isomers ina53.9: .9, Evidently, the change of donor atom in L has a major

45.2:0.9 ratio. At 327 K, EXSY analysis indicated that all effect on the isomer equi"brium_ This can be read”y

three isomers oft were interconverting. The rate constants ationalized since the donor ability of the phosphines

for the interconversion between isomers at 327 K are given gescribed here can be ranked as RMePMePh > dppe

in Scheme 2 (estimated errarl in last significant figure).  on the basis of Tolman’s study.The greater ther-donor
Detailed study of the isomerization process was hamperedapjjity of the phosphine, the greater the preference of the

by the fact that at temperatures above 3274Kkhegins to  hydride (which can only make @bond with a metal) for a

slowly decompose. Nonetheless, it was possible to obtainposition trans to ther-acceptor CO rather than trans to

values of AH? and AS” for the conversion ofct-As into phosphine. Thanks to this electronic effect, tiseL isomer,
cccas 1.6+ 0.7 kJ mof! and 4.1+ 2.0 J K1 mol7,

respectively. Whed was treated witlp-H, at temperatures  (31) Tolman, C. AChem. Re. 1977, 77, 313.
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in which both hydrides are trans to CO, is increasingly
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formation of an intermediate formyl complex by combination

favored. Steric effects can be deduced to play a lessof carbonyl and hydride ligands; however, this appears to

significant role in controlling the equilibrium position, since

be uncommon for rutheniuif; 3 and we saw no evidence

increasing the size of either the donor atom or the substituentsin our p-H; studies for the formation of a species containing

would be expected to favor thect-L isomer. This is the
opposite of what is observed experimentally.

The cccisomers of2—4 and cccRu(CO)(H).(dppe), 1,
all undergo intramolecular exchange of their two hydride
ligands, withl having the fastest rate; Table 2 contains the
corresponding values afG*sso, AH*, andAS'. The values
of AH* fall across the series AsMeh > dppe > PMePh
> PMe; from 90 to 85.5 to 76 to 68 kJ mdl. This decrease

a formyl ligand. We believe that the most likely pathway
involves the reversible formation of a transition state
featuring significant shortening of the-HH distance or a
thermally accessible;>-H, intermediate with a trigonal
bipyramidal shape. Species containijfgbonded H ligands
have featured extensively in the literature as intermediates
in the reverse process of;Haddition to transition metal
centers to give dihydride complex&<-or the dihydride Re-

signifies that the activation enthalpy is reduced by an increase(CO)(H)(PRs)2(NO), an intramolecular exchange mechanism
in the electron density at the metal in accordance with the involving a trigonal bipyramidalk>H, complex has been
electron donating ability of L (see later). The corresponding proposed?! The observation that the activation enthalpies

values ofAS" at 11 (11), 34 (7);/-30 (28), and—80 (16) J

decrease with increased electron donating ability of L,

K~! mol, respectively, reveal that the enhanced rate of requires special comment, therefore, because such a trend
exchange in the dppe system arises from a favorable entropywould be expected to parallel an increase in the stability of
change on moving to the transition state. This difference the dihydride form over it? counterpart. Such a constraint
might, therefore, signify that the ethane bridge connecting can, however, be readily rationalized as a ground-state effect

the phosphorus centers ih modifies the ground-state

where the inherent instability of thecc form or the

geometry in a way which reduces the activation barrier to associated lengthening of the RH distance due to the trans
exchange. This theory receives support from the fact thatinfluence of the phosphine ligands controls the overall
the couplings between the hydride ligand that is trans to L activation enthalpy. The process of hydride exchange is,

and the®'P nucleus that is cis to it vary from 21.7 Hz In
to 32 and 33 Hz i2 and 3, respectively. A narrowing of
the P-Ru—P bond angle to 84°7 as a consequence of the

however, further complicated by the fact that Init is
accompanied by simultaneous exchange of the L and CO
pairs. Therefore, rotation about the resultanttibond must

ethane bridge connecting the two phosphorus centers of thebe restricted. A barrier to rotation about the-¥, axis can

dppe ligand in the related complex Ru(dppe)(&OB0-
CR),, has been reported.In contrast, the corresponding
P—Ru—P bond angles imerRu(CO)(Hy(PMePh) are
100.8 and 98.8.3% These data, therefore, support conclu-
sively that dppe complexl undergoes the most rapid

arise from electronic interactions between teébonded H

and the transition metal center and nonbonded interactions
between the hydrogen atoms and the ancillary ligands.
Barriers to rotation for octahedraFf aomplexes, such as
W(CO)(PRs)2(17%-H>), are generally low because the-d

exchange as a direct consequence of the steric influence ob™* interaction does not change significantly with rotation.
the bulky chelating phosphine. However, despite the fairly However, higher barriers have been observed for complexes

wide variation, none of these values A§ are sufficiently

such as OsfNH=C(Ph)GHg} (H)(PiPr). (X = CI, Br, and

positive to suggest a dissociative mechanism for the exchangd), where the formation of an elongated dihydrogen ligand

process.
In addition to theAS’ changes, evidence was presented

has been proposed to account for the baffidrhe direct
correlation between increased rotational barriers and longer

earlier which demonstrated that the exchange does notH—H distance has been discussed for [Q$CH(H.PCH-

involve the loss of CO or ligand L. Various pathways have

CH,PH,),]*, where an elongated +HH bond has been

been suggested for intramolecular exchange of hydride predicted!® Our observation that the ratlgu/kpp was 1.04

ligands. Rearrangement by a tunneling mechanris,
originally described by Muetterties for complexes Fe(H)
and Ru(H)L, (where L is a phosphorus ligand), and the
related trigonal twist mechanism described by Mé&hnere

for the dppe complex could be interpreted to indicate that
the exchange il proceeds with limited HH bonding in
reaching the transition state (see later). If this situation
corresponds to an elongated-H bond, the degree of bond

both candidates; however, both can be ruled out because thenaking and breaking during the approach from the ground
exchanges of all three pairs of ligands (hydrides, carbonyls, state must be about equal.

and the ligands L) occur simultaneously and have the same

rate constant. Another potential route would involve the

(32) Mahon, M. F.; Whittlesey, M. K.; Wood, P. Q@rganometallics1 999

18, 4068.

(33) Bruno, J. W.; Huffman, J. C.; Caulton, K. ®org. Chim. Actal984
89, 167.

(34) Meakin, P.; Muetterties, E. L.; Jesson, JJPAmM. Chem. S0d.973
95, 75.

(35) Meakin, P.; Muetterties, E. L.; Tebbe, F. N.; Jesson, J.Am.
Chem. Soc1971 93, 4701.

(36) Jesson, J. P.; Muetterties, E. L.; MeakinJPAm. Chem. Sod.971,
93, 5261.

2968 Inorganic Chemistry, Vol. 41, No. 11, 2002

(37) Pearson, R. G.; Walker, H. W.; Mauermann, H.; Ford, PInGrg.
Chem.1981, 20, 2743.

(38) Brougham, D. F.; Brown, D. A.; Fitzpatrick, N. J.; Glass, W. K.
Organometallics1995 14, 151.

(39) Dedieu, A.; Nakamura, S. Organomet. Cheni984 260, C63.

(40) Heinekey, D. M.; Oldham, W. £hem. Re. 1993 93, 913. Maseras,

F.; Lledos, A.; Clot, E.; Eisenstein, @hem. Re. 2000 100, 601.

Bakhmutov, V.; Burgi, T.; Burger, P.; Ruppli, U.; Berke, H.

Organometallics1994 13, 4203.

(42) Barea, G.; Esteruelas, M. A.; Lledos, A.; Lopez, A.; Onate, E.; Tolosa,
J. I. Organometallics1998 17, 4065.

(43) Gelabert, R.; Moreno, M.; Lluch, J. M.; Lledos, A. Am. Chem.
Soc 1998 120, 8168.
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Scheme 3 Interconversion of theccc and thecctL isomers of
- L H—"H H=—"H complexe2—4 was also observed, but on a slower time scale
L ,_/”“ 0G|, than ligand interchange within thecc isomers. This is
L"'///,,Ru/\*i - . '”’/’/Ru g At L,/R“ o consistent with the higheaH* values for this process2,
o | H ocr C\O oc *‘CO L’ 112 (10) kJ mot® 3, 107 (6) kJ mot®; and 4, 92 (4) kJ

mol-%. Unfortunately, the large errors for th&®S values
make them unreliable as an indicator of the molecularity of
the inter-isomer rearrangement process, but there is other
evidence to rule out the loss of a carbonyl ligand or a
phosphine ligand. Structure B in Scheme 3 would allow the
cccisomer to equilibrate with thect-L isomer if they?-H,

Furthermore, there is evidence that, sinceidda single-
facem-acceptor, its rotation couples with the movement of
other single-facer-acceptor ligands during the isomerization

process. The complexes Ri(H2)(PHs). and [Os(NH).- ligand completed an anticlockwise rotation to place the-H
(H2)(CH)]* provide examples of such coupled rotatidhs. o0 along the RuCO bond before reestablishing the two
Such a linking has also been observed for the more closelyr,,_H ponds. Neither structure A nor B, however, allows
related iron(0) system Fe(Cglkene), where NMR obser-  ccass to a form with trans CO’s. Significantly, access to
vations require synchronous Berry pseudorotation (exchang-sircture C would enable interconversion of e isomer

ing the carbonyl ligands) and alkene rotati®ithe similarity into both thecctCO andcctL without hydride interchange

in bonding between the single-fageacceptor ligand band  yithin the ccc form. The rates and activation parameters
an alkene is, therefore, especially relevant in this regard. | aasured for these processes indicate that these three
~ Albright et al. have modeled the hydride exchit?ge pathway exchange pathways have substantially different barriers. We
in the complexes Ru(HPMe;)s and Fe(H)(COL.*® In their also note that structure B would serve as an intermediate
scheme, structures containingH; ligands with both square (o transition state) that, via clockwise rotation of tfeH,
pyramidal and trigonal bipyramidal ligand arrangements are ligand and reestablishment of the two-Rd bonds, would
considered as possible transition states for the interchanggeaq to interchange of the hydrides, carbonyls, and phos-
process. Therefore, it woulq seem se_nsible to sugge_st thabhines within thesccisomer. We suggest for Ru(CQ3).L»,

the three structures containing’-H ligands shown in  containing 27-acceptor ligands, that the trigonal bipyramidal
Scheme 3 might be featured as either the transition state fOI’form' corresponding to situation A where th&H, ligand
hydride exchange in Ru(CeiH).L> or intermediates in- s |ocated in the equatorial plane, accounts for the lower-
volved in the pathway. Their studies reveal that structure A energy pathway, while access to the higher-energy form B
in Scheme 3 is likely to be higher in energy than either B or accounts for the slowerce—cct isomer interconversion.

C when the four additional ligands are stramglonors, but Values of AH* = 97 + 10 kJ mof? andASF = 2 + 2 J

that this difference_is reduced by the addi_tiormacceptor K~ mol~* obtained for the reductive elimination o ftom
carbonyls so that in Fe(C@H). form A yields the most 1 indicated that there is a substantially higher barrier to

stabile. transition state. 5 . . reductive elimination. The observed kinetic isotope effect,
If it is assumed that thg*H: ligand occupies one of the i for this process of 0.5 requires a substantial amount

equatorial sites, as shown in structure A, a Berry pseudoro- ¢ gihvdrogen bond formation in the associated transition
tation achieves the required interchange of both the pair of state: this contrasts with the evidence that the amount of

carbonyl ligands and the pair of ligands L for this-Cis-Cis  _ hond formation in the transition state for a simple
isomer (Scheme 4). Since the exchanges of hydride ligands,,y qrige ligand exchange is relatively small. The value of
carbonyl ligands, phosphorus atoms, and the pairs of phenyly 5 5150 contrasts with the kinetic isotope effects for the
rings within the dppe ligand all occur at the same ratelfor oqyctive elimination of hydrogen from the eight-coordinate
the Berry pseudorotation must be linked to the rotation of W(H)-(1)(PMey)s, which has been estimated to be 2 at 333,
the dihydrogen ligand. Such a situation is well-known for and from Ir(H)(H),CI(PBU,Me),, which is 1.8 at 293 K#
Fe(CO)(alkene) and has been predicted for Fe(®)-“*  joever, H elimination from the classical dihydride
Interestingly, the direction of the rotation of the ijand (fulvalene)Cs(COX(H), has been found to be 1.1 times
must also be controlled, because only one direction (that gigwer than the corresponding elimination 05.49 Given
shown in Scheme 4) achieves interchange of the identitieSihe enhanced stability of thgD, form over the corre-
of the hydride ligands. A random choice of direction would sponding;?H. isotopomer reported for W(CGPCys)2(17%-
resultin a hydride ligand exchange rate only half that of the ) the observation of an inverse kinetic isotope effect for
carbonyl ligands and phosphorus centers. It seems likely thatyequctive elimination frond suggests that access to the more
the interactions between the, kgand with the substituents  gtaple;2-D, state surpasses the increased stability associated
on the L ligands determine the preferred direction of rotation. yith M—D versus M~H bonds in the initial dihydride

complexes.
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Scheme 4
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These studies also reveal information about the spin statesnvolve rearrangements of the ligand sphere. Interchange of

of the associated 16-electron intermediates RugCO)n the hydride positions withirl, which exists solely as the
view of the observation that we can monitor the exchange cccisomer, has been shown to be accompanied by synchro-
process inl—4 by NMR and that the formation df from nized exchange of the two carbonyl ligands and the dppe
Ru(CO)(dppe) proceeds with the observation pfH,- phosphorus atoms. We suggest that this process involves the

enhanced NMR signals fdt, we can state unequivocally accessing of a five-coordinate complex containing&i,
that Ru(CO)(dppe) is diamagnetic in nature. Theoretical and ligand which, in view of the small normal kinetic isotope
experimental studies of the reaction of Mith Fe(CO) effect and restricted rotation, must have only a weaktH
suggest that the latter has a triplet ground state in agreemeninteraction. The associated transition state is most likely to
with the failure to obtainp-Hy-enhanced signals for Fe- place they?-H; ligand equatorial as shown in structure A in
(33CON(H), at 296 K351 Singlet ground states have, Scheme 3. Access to this intermediate is facilitated by an

however, been suggested for Ru(G&)RuU(COL3 (L = increase in the electron density available to the metal center
PBU,Me), and Ru(PH),,#in agreement with our observation in accordance with a ground-state effect where placing the
of p-Hzx-enhancedccRu(COY(H).L,. Studies withp-H, hydride trans to a good-donor is less favored.
therefore, provide a ready means of studying spin state effects |n contrast to the dihydride exchange pathway, the kinetic
in reaction mechanisms. isotope effectkqn/kop, of 0.5 observed for the reductive
Conclusions elimination of dihydrogen from Ru(C@H).dppe suggests
that substantial HH bond formation occurs before the
Our NMR studies of complexes Ru(C{Hl).L. (L = dihydrogen is released. Our studies also indicate that the key
PMe;, PMePh, and AsMgPh) enable us to conclude that intermediates Ru(CQl), involved in the elimination and
they can have three possible geometrogs, cct-L, andcct addition of hydrogen must have singlet electron configura-

CO. The equilibrium ratio of these three isomers is dramati- tions, in agreement with previous studié4243

cally influenced by the electronic properties of L, with better
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