Pure & Appl. Chem., Vol. 69, No. 10, pp. 2213-2220, 1997.
Printed in Great Britain.
© 1997 IUPAC

Coordination chemistry, and catalytic conversions,
of st

Brian R. James
Department of Chemistry, University of British Columbia, Vancouver, British Columbia, V6T 1Z1

Abstract: Some reactions of H,S with solutions of Pd- and Ru-phosphine complexes are described.
The Pd systems involve sulfur abstraction and generation of H,, catalytic conversions of H,S to
H,, and attempts to catalyse the (H,S — H, + ‘S’) reaction. The Ru studies have led to
crystallographic characterisation of a reversibly formed H,S complex, as well as more familiar
oxidative addition-type chemistry of H,S. This lecture/review naturally emphasises work carried
out at this University (UBC).

INTRODUCTION

Research into the interaction of H,S with transition metal complexes in solution is generally not well
developed, despite the relevance of such chemistry in the biological sulfur cycle, in the formation of ores,
in hydrodesulfurisation (HDS) catalysis, and in the conversion of H,S to a source of H, and elemental
sulfur (or organosulfur compounds). Literature dealing with these topics is plentiful and can be traced
through refs.1-6.

My research group became interested in transition metal-H,S chemistry during studies on the use of the
well known dinuclear complexes Pd,X,(u-dpm), (X = halogen, dpm = Ph,PCH,PPh,) for the separation of
syngas components by efficient reversible binding of the CO (ref. 7); tests were made for reactivity toward
the possible contaminant H,S, and we discovered serendipitously the solution reaction (1) [see also
reaction (8)], which shows quantitative reduction of H,S to H, and a bridged-sulfide within the well
known, A-frame type complex (ref. 8).

Pd,X,(u-dpm), + H,S — Pd,X,(u-S)(u-dpm), + H, ¢y
2W* + H,S + anionic site — 2W* +S* + H, )
Ru(H),(PPhy), + H,S — RuH(SH)(PPhy), + H, + PPh, 3)
2[Ru(NH,)(SH)T* — 2[Ru(SH)NH,)]*" + H, “4)

Reaction (1) was the first to demonstrate (in 1985) the 1:1 H,S:H, stoichiometry at a metal centre,
although reaction (2) had been invoked earlier to account for the filling of vacant anionic sites by sulfur in
WS, lattices (ref. 9). In earlier work also, the H, produced in reaction (3) was a consequence of the hydride
content of the reactant complex (ref. 10), while detection of some H, during decomposition of
[Ru(NH,)(SH,)]* had been tentatively attributed to reaction (4) (ref. 11). Since 1985, there have been
several more reports of H, generation from H,S with concomitant formation of bridged- or terminal-sulfide
species: e.g. via H,S reaction with carbonyl complexes of metallocenes of Ti and Zr (ref. 12), W-
phosphine complexes (ref. 13), and homo- and heterobimetallic complexes of Ir, Rh, and Re containing -
dpm ligands (ref. 2).

As we shall see later, reactions that generate H, from H,S involve oxidative addition to give
hydrido(mercapto) intermediates, and ‘simple’ examples of such chemistry have been known since the
mid-1960s, e.g. reaction (5) (ref. 14), and reactions (6) and (7) (ref. 15).

Pt(PPh,),+ H,S — Pt(H)(SH)(PPh,), + 2PPh, 5)
IrCI(CO)(PPhs), + H,S — IrCI(H)(SH)CO(PPh,), 6)
2RhCI(PPh,), + 2H,S ~> [RhCI(H)(PPh,),],(1-SH), + 2PPh, 0

Attempts to isolate and characterise a metal complex containing H,S itself (a likely, but presumably not
essential, species en route to oxidative addition) have been and remain a considerable challenge and, to my
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knowledge, only two such crystallographically characterised complexes have been reported, both recently
(refs. 5, 16; see below).

PALLADIUM SYSTEMS
Reactions of Pd,X,(u-dpm), with H,S

Detailed kinetic and spectroscopic studies (refs. 17, 18) on the non-reversible reaction (1) in CH,Cl, from -
15 to 25°C led to the overall mechanism shown below in (8). The dinuclear hydrido(mercapto) intermediate
(I) was detected at low temperature for each of the X = Cl, Br, I, systems by 'H and *'P{'H}

PN P N

s
X BB X + HS —— N ! by SH_kL. B T H,

Toxxy W px
A4 N

(D

NMR spectroscopy. The general rate-law for such systems corresponds to typical saturation kinetics
with a rate = kpK[Pd],.,[H,S1/(1 + K[H,S]), the dependence on [H,S] going from first- to zero-order with
increasing [H,S]; standard (Lineweaver-Burk) double reciprocal plots allow for estimation of k) and K.
Qualitatively the rates measured at ambient conditions decrease in the order X = C1 > Br > I. For the Cl
system, both thermodynamic and activation parameters were determined (for K, AH® = -20 kJ mol™” and AS®
= -68 J K mol”; for k3, AH* = 61 kJ mol” and AS* = -63 J K" mol™); extrapolation of the kinetically
determined X values to -78°C gave K = 53 M, while an experimental value determined by NMR at this
temperature was 48 M, remarkably good agreement and offering strong support for the proposed
mechanism. For the X = Br system, the X value is significantly smaller, such that the kinetics unfortunately
remain first-order in [H,S] even at the highest [H,S] used (0.5 M), and only the combined constant k2K can
be determined for which AH",, = 56 kJ and AS*,, = -115 J K (where AH”,,, = AH° + AH", and AS*,, =
AS° + AS™). One rationale for the data is that the Pd-H and Pd-SH bonds are weaker when trans to Br (vs.
Cl), this resulting in a less exothermic AH’ value and a less favourable contribution for the overall forward
reaction. Attempts to extend the quantitative studies to the X = [ system were thwarted by its
photosensitivity.

®
J»\/J>

Generation of the bridged-sulfide product and H, via I is envisaged as deprotonation of coordinated SH
with subsequent protonation of the coordinated hydride. The chemistry has analogies, for example, in H,S
reactivity at a Pt(111) surface (ref. 19) and addition of H,S to Pt;(u;-CO)(u-dpm),** (ref. 20), while
reaction (9) (ref. 21, triphos = MeC(CH,PPh,),) and reaction (10) (ref. 13) provide direct evidence for
production of H, from coordinated H and SH'.

[RhH(triphos)],(u-SH), —= [Rh(triphos)};(p-S) + 2H, ®
W(PMe;),(H),(SH), —— W(PMe;),(S), + 2H, (10)

Reactions of Pd,Cl,(n-dpm), with H, X (X = Se, Te, O) and HX (X = CI, Br)

Solutions of Pd,Cl,(nu-dpm), react also with H,Se (refs. 22, 23) and H,Te (ref. 24) with formation of the
bridged-chalcogenide and liberation of H, (cf. reaction (1)), although there is accompanying replacement of
one or both of the chloride ligands, for example, by SeH, this presumably being related to the higher
acidity of H,Se compared to that of H,S. Pd,Cl,(u-dpm), in CH,Cl,/MeOH also reacts with H,O to give a
complex mixture of products, but the p-oxo species Pd,Cl,(1-O)(p-dpm), may well be formed initially (ref.
22); in related chemistry, reaction of H,O with a zirconocene species gives a p-oxo derivative with H,
evolution, and the suggested mechanism involves oxidative addition of H,O and a subsequent proton
transfer (ref. 25) (cf. eq. (8)).

Reactions of Pd,X,(u-dpm), species with HX (X = Cl, Br) in CH,Cl, generate H,, and these also proceed
via initial oxidative addition with subsequent protonation of the coordinated hydride as shown in eq. 11
(ref. 26); both intermediate species were detected spectroscopically (refs. 26, 27).
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Related chemistry using Pd, dimers containing p-dpmMe (dpmMe = methylated dpm ; i.e.
1,1-bis(diphenylphosphino)ethane)

We initially used dpmMe with the aim of modelling a supported -CH,CH(PPh,), group for immobilizing
Pd,X,(n-dpm),-type moieties for use in separation of gases, and we synthesised the mixed (u-dpm)(u-
dpmMe) complex and the syn- and anti-isomers of the bis(u-dpmMe) complex (refs. 28, 29) [syn and anti
refer to the disposition of the Me groups with respect to the Pd-C-Pd plane - see below]. Reactivity of
solutions of the complexes toward H,S and H,Se (and CO which gives the corresponding u-CO product)

C(Me)

H Me M H
NI N
N N clo
Ph,p” “PPh, Php” PPh,
Cl—Pd—Pd—Cl  Cl—Pd—Pd—Cl
thp\c PPh, Ph,P_ PP,
1 Me 1 Me

syn-PdyCly(u-dpmMe),  anti-PdoCly(u-dpmMe),

anti-Pd,Cl,(u-Se)(u-dpmMe),

decreases in the order: Pd,Cl,(u-dpm), > Pd,CL(p-dpm)(u-dpmMe) > syn-Pd,Cl,(u-dpmMe), > > anti-
Pd,ClL(u-dpmMe),, and this is attributed to steric effects within the corresponding A-frame products (cf.
eq. (1)) (refs. 8, 23, 28, 29). In the anti-form of the reactant complex, the Me groups occupy the less
sterically crowded pseudoequatorial positions of the fused five-membered chelate rings that are both in a
chair conformation, while the A-frame products adopt boat conformations for both rings and one Me group
will be inside a boat, a sterically unfavoured location; nevertheless, such A-frame adducts do exist as
demonstrated by the synthesis of anti-Pd,ClL(1-Se)(u-dpmMe), (see above), prepared directly from anti-
Pd,Cl,(u-dpmMe), and elemental Se (ref. 23).

Catalytic conversions of H,S to H,

The recovery of H, from H,S (especially from anthropogenic sources) within a catalytic process is
attractive. The two main industrial sources of the obnoxious and poisonous pollutant are from the Kraft
wood pulping process (ref. 30), in which the H,S is recycled as NaSH required in a ‘cooking’ step, and
from HDS in the refinement of petroleum (refs. 9, 31), where the H,S is usually oxidised to elemental
sulfur (‘S = 1/8 S,), via the ‘two-stage’ Claus process (see (12), ref. 32); in this process, the energy value
of the H, is lost.

H,S +3/2 0, = SO,+ H,0 ; SO, + 2H,S — 2H,0 + 3’S’ (12)

Reaction (13) is thus a preferred process, but is not practical under purely thermal conditions because it
is thermodynamically unfavourable (e.g. at 298 K, AH® = 20 kJ, AS® = -43 J K", ref. 33); however, the
forward reaction has been accomplished thermally at high temperatures (~ 1000°C), and by various photo-,
plasma- and electrochemical-decomposition methods (refs. 34-37).

HS - H,+S° (13)

Any catalytic process based on the chemistry of reaction (1) requires removal of the bridged-S and
regeneration of the Pd,X,(u-PP), species, where PP = dpm or dpmMe. The p-S species are readily oxidised
in solution by H,0, or m-chloroperbenzoic acid (but not O,) to give successively the u-SO (with unusual
pyramidal geometry at the S) and u-SO, derivatives (eq. (14) where Pd) = Pd,X,(u-PP),, ref. 8), the latter
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readily losing SO, reversibly (ref. 38). Thus a two-stage process effecting catalysis of reaction (15) could
be realised.

Pd(u-S) = Pdy(n-SO) = Pd(u-80,) . Pdz+ SO, (14)
H,S+2‘0’ - H, + SO, (15)

Of a range of other reagents tested for removal of the p-S and regeneration of Pd,X,(u-PP), species, only
dpm or dpmMe is effective (ref. 1); the sulfur is removed as the monosulfide dpm(S), i.e. Ph,PCH,P(S)Ph,,
reaction (16), and thus reaction (17) can be accomplished catalytically using the Pd,X,(u-PP), species.

Pd,X, (u-S)(n-dpm), + dpm —» Pd,X,(pt-dpm), + dpm(S) (16)
H,S + dpm — H, + dpm(S) amn

Of note, reaction (17), the reverse of an HDS process, is the first reported homogeneous catalytic process
utilising H,S (ref. 1). Detailed kinetic and mechanistic studies on reaction (16) reveal second-order rate
constants, that decrease (from 0.09 to ~ 0.01 M s™) in the order X = Cl > Br > I. Activation parameters
show that the differences in reactivity are reflected mainly in differences in the AS” values for formation of

the suggested ‘symmetrical’ transition state (A) shown below; this formulation resulted from studies using
Ph,PCD,PPh, and monitoring the product ratios of dpm(S) and d2-dpm(S) (ref. 1).

P._/>PP./>P p /\/P - P/I\P -
X—P4—S—Pd—X /Pd/ N R7aN
' | I / / \I I Pq /lrd I
P P \/ 1
~ (- NP
(A) (B) (C)

The dpm(S) product, synthesised previously from Ph,P(S) in a two-stage process (ref. 39), can
coordinate at metal centres and form five-membered (P-S) chelate ring systems (ref. 40) and, relevant to
the catalytic Pd chemistry, the complexes PdCl,(dpm(S)) and [Pd(dpm(S)),]Cl, have been characterised
crystallographically (ref. 41); during the conditions of the catalysis of reaction (17), however, ‘poisoning’
of the catalyst by the dpm(S) product only becomes significant at higher conversions and low dpm :
dpm(S) ratios (ref. 41).

Of interest, it is possible to remove the p-S as precipitated elemental sulfur from solutions of Pd,X,(u-
S)(u-dpm), by treatment with X, (X = Br, I)), the metal-containing co-products now being mononuclear
PdX,(dpm) (ref. 41). The overall process is exemplified in (18) (cf. eq. (11)); the initial second-order
process, and subsequent first-order conversion of the tetrahalo species, are readily monitored by stopped-
flow techniques. The activation parameters have been determined for the Pd,I,(u-S)(u-dpm),/I, system and
discussed in terms of mechanisms involving transition states (B) and (C) shown above (ref. 41).

P/\P /\ I
X
X/i{ \idxx Eihe /i{ /i( — P>P{X (17)

Of note, we have discovered that reaction (19) occurs in the presence of y-alumina (ref. 41); in the
absence of alumina, the mononuclear species reacts with H,S only in the presence of base to yield
Pd,(SH),(u-S)(u-dpm), (ref. 8).
2PdX,(dpm), + H,S (alumina) — Pd,X,(u-S)(u-dpm), + 2 HX,grtea (19)

If conditions can be found to give effective photoconversion of, for example, the adsorbed HI (from the
X =1 system) to give H, and 1, then together with the component equations (18 and 19), the overall net
reaction (20) is realised.

HS+hv > H,+S (20)
An alternative and conceptually more direct approach to effect reaction (20), and considered during the
pursuit of the above Pd chemistry following the discovery of reaction (1), is to optimise and ‘make

©® 1997 IUPAC, Pure and Applied Chemistry 69, 2213-2220
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compatible’ the known chemistries shown in equation (21), although the HI photochemical reaction has
been little studied in solution.

H,S+1,—> 2 HI+°S’ (ref. 42) ; 2HI+hv - H,+1, (ref. 43) 1)

REACTIONS OF RUTHENIUM COMPLEXES WITH H.S

About 10 years ago, we initiated research on the interaction of Ru(0) complexes and/or their dihydride
derivatives with a range of S-containing compounds, including H,S; the choice of Ru was dictated partly
by the known, high HDS activity of Ru sulfides (ref. 44), and we were also encouraged by our discovery of
the conversion of H,S to H, via the net oxidative addition process at the Pd,' centres discussed above (eq.

1)

Oxidative addition chemistry

At -35°C, H,S oxidatively adds to Ru(CO),(PPh;); in solution to give cis, cis, trans (cct)-
RuH(SH)(CO),(PPh;),, which can react with further H,S at ambient temperatures (via a presumed
protonation of the coordinated hydride, cf. ref. 10) to generate the structurally characterised ccr-
Ru(SH),(CO),(PPh,), species and H,, eq. (22); the same chemistry ensues using cct-Ru(H),(CO),(PPh,), as
precursor, following initial loss of H, (refs. 3, 45, 46).

co P P
P S oC SH S ocC SH
“NRu._P L \1&( L \J{( + Hy (22)
P— (j: oc” } ~H oc” ] ~SH

0

P=PPh,

Similarly, a solution mixture of cis- and trans-Ru(H),(dpm), reacts with H,S to give solely trans-
RuH(SH)(dpm),, which then reacts more slowly with further. H,S to give cis- and trans-Ru(SH),(dpm),
(refs. 3, 47). Kinetic and mechanistic studies on the cct-Ru(H),(CO),(PPh,), precursor system for its
addition reactions in general (including H,S, thiols, CO and PPh,) imply that the rate-determining step is
the initial dissociation of H,, while with the reactant Ru(H),(dpm), mixture, loss of H, follows a initial
protonation step that likely gives the [RuH(n?-H,)(dpm),]" intermediate (ref. 47); the differences in
mechanisms atise because of the more basic character of the hydrides in Ru(H),(dpm), as demonstrated by
rapid exchange of the coordinated hydride in these species with CD;OD. Such exchange is not observed
with cct-Ru(H),(CO),(PPh,), (refs. 3, 47). The mercapto protons of the cct-RuX(SH)(CO),(PPh,), species
(X =H, SH) also undergo rapid exchange with CD,0D, and the mechanism suggested is shown in eq. (23);
the exchange at the hydride of RuH(SH)(CO),(PPh;), occurs much more slowly than that at the SH moiety,

X pr { . H++ X
RE —= D - R (23)
NSH Yy \SD

and an intramolecular process, as suggested previously for RuH(SH)(PPh;), (ref.10), was favoured (eq.
(24)) (ref. 3).
H H SH
RE RueS” RE (24)
\sp D “p

Oxidative addition of H,S at a metal centre is a common reaction (see Introduction and refs. 48-50), but
formation of a monomeric mercapto complex is relatively uncommon (refs. 3, 51), in part because of the
instability with respect to deprotonation and conversion to yi- or terminal-sulfide species (see above). Other
Ru™-hydrido-phosphine complexes reported to react with H,S yield dimeric products with u-SH ligands
(refs. 51-53).

® 1997 IUPAC, Pure and Applied Chemistry 69, 2213-2220
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Ru complexes containing H,S

As alluded to in the Introduction, the number of reported, isolated transition metal-H,S complexes is small,
probably about a dozen (refs. 5, 6, 11, 14, 16, 51, 54-58), and in some cases their existence is equivocal
(e.g. refs. 55, 56); indeed, only two structurally characterised H,S complexes exist, both of Ru (refs. 5, 6,
16). The first structure was that reported by Sellmann et al. for the Ru" complex Ru(*S,”)(PPh,)(SH,) THF,
where ‘S,” = the dianionic, macrocyclic S-ligand, 1,2-bis{(2-mercaptophenol)thio}ethane (see below); the
species was formed by reaction of the [Ru(PPh,)(‘S,’)]x polymer with liquid H,S at -70°C (refs. 5, 6). The
crystal stability results from intermolecular H-bonding involving the THF solvate and strong S-H--S
bridging, the solvate-free complex being labile and not characterised crystallographically. At ~20°C, the
H,S reaction gives a mixture of the bridged-sulfide complex [Ru(PPh,)(‘S,)],(u-S,) and other
uncharacterised products. The H,S complex is stable at ambient conditions in the absence of air, but loses
H,S slowly when stored in vacuo.

i s” o IMez
<s> 4 \Hx PhP__ (ﬂm
Py

&P "

Sellmann’s complex The Ru(P-N)/H,S complex
(Ru-S=2.399,av.S-H=1.204; (Ru-S=2.330,S-H=1.254;
Ru-S-H =102, 121°) Ru-S-H = 124.2°)

Studies at UBC on the design of systems to form n*-H, complexes led to isolation of the extremely
reactive, five-coordinate species RuCL(P-N)(PR,), where P-N = o-diphenylphosphino-N, N-
dimethylaniline and R = p-tolyl (ref. 59); this complex binds at ambient conditions a range of small
molecules including H, (as an n*-moiety), N,, CO, O,, SO,, MeOH, MeSH, H,0 (refs. 59, 60) and, of
interest here, H,S (ref. 16). The RuCL(P-N)(PR,)}(SH,) complex (illustrated above) is formed reversibly in
solution at ~20°C using 1 atm H,S, and is isolated as an air-sensitive, yellow material. The crystal structure
reveals a partially occupied H,O site on a two-fold axis, and a THF solvent disordered about a two-fold
axis but, in contrast to the Sellmann complex, no ‘stabilising’ H-bonding interactions to the coordinated
H,S are apparent. The H,;S adduct is also formed quantitatively by reacting the five-coordinate precursor in
the solid state with 1 atm H,S, and under vacuum does not lose H,S over 24 h at ~20°C. This Ru(P-N)
system and Sellmann’s complex provide an opportunity to investigate and develop for the first time the
chemistry of coordinated H,S.

Systems that with H,S give oxidative addition products, such as hydrido(mercapto) species, are
sometimes considered to proceed via initial H,S-adduct formation, whether mono- or dinuclear metal
complex precursors are involved (e.g. refs. 2, 14, 17), but no entirely convincing evidence for such a
transformation has yet been published.
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DEDICATION

The lecture on which this paper was based was dedicated to Professor Colin F. J. Lock, who passed away
on May 1, 1996; Colin, who had been Chairman of the 18th ICCC meeting held in Toronto, Canada
(1972), was a close friend and the most enjoyable of colleagues. He did solve several structures relevant to
the Ru systems discussed here (e.g. ref. 3). I dedicate also this review to him.

REFERENCES

L.
2

N e R

10.

11

15.
16.
17.
18.
19.

20.
21.
22,
23.
24,

25.
26.
27.
28.
29.

T. Y. H. Wong, A. F. Barnabas, D. Sallin and B. R. James. Inorg. Chem. 34, 2278 (1995).

R. McDonald and M. Cowie. Inorg. Chem. 32, 1671 (1993) ; D. M. Antonelli and M. Cowie. Inorg. Chem. 29,
3339 (1990).

P. G. Jessop, C-L. Lee, G. Rastar, B. R. James, C. J. L. Lock and R. Faggiani. Inorg. Chem. 31, 4601 (1992).
K-Y. Shih, P. E. Fanwick and R. A. Walton. Inorg. Chem. 31, 3663 (1992).

D. Sellmann, P. Lechner, F. Knoch and M. Moll. Angew. Chem. Int. Ed. Engl. 30, 552 (1991).

D. Sellmann, P. Lechner, F. Knoch and M. Moll. J. Am. Chem. Soc. 114, 922 (1992).

S. E. Lyke, M. A. Lilga, D. A. Nelson, B. R. James and C-L. Lee. Ind. Eng. Chem. Prod. Res. Dev. 25, 517
(1986).

C-L Lee, G. Besenyei, B. R. James, D. A. Nelson and M. A. Lilga. J. Chem. Soc. Chem. Commun. 1175 (1985) ;
G. Besenyei, C-L. Lee, J. Gulinski, S. J. Rettig, B. R. James, D. A. Nelson and M. A. Lilga. Inorg. Chem. 26,
3622 (1987).

B. C. Gates, J. R. Katzer and G. C. A. Schuit. Chemistry of Catalytic Processes, Ch.5. McGraw-Hill, New York
(1979).

K. Osakada, T. Yamamoto and A. Yamamoto. Inorg. Chim. Acta 90, LS5 (1984).

. G. C. Kuehn and H. Taube. J. Am. Chem. Soc. 98, 689 (1976).
12.
13.
14.

W. A. Howard and G. Parkin. Organometallics 12, 2363 (1993).
D. Rabinovich and G. Parkin. J. Am. Chem. Soc. 113, 5904 (1991).

D. Morelli, A. Segre, R. Ugo, S, Cenini, F. Conti and F. Bonati. Chem. Commun. 524 (1967) ; R. Ugo, G. La
Monica, S. Cenini, A. Segre and F. Conti. J. Chem. Soc. 4. 522 (1971).

A. M. Mueting, P. D. Boyle.and L. H. Pignolet. Inorg. Chem. 23, 44 (1981).

D. C. Mudalige, S. J. Rettig, B. R. James and W. R. Cullen. J. Am. Chem. Soc. Submitted.
A.F. Barnabas, D. Sallin and B. R. James. Can. J. Chem. 67, 2009 (1989).

W. Weng, D. Sallin, A. F. Barnabas and B. R. James. To be published.

K. Hayek, H. Glassl, A. Gutman, H. Leonlard, M. Prutton, S. P.Tear and M. R. Welton-Cook. Surf Sci.
152/153, 419 (1985).

M. C. Jennings, N. C. Payne and R. J. Puddephatt, J. Chem. Soc. Chem. Commun. 1809 (1089).
C. Bianchini, C. Mealli, A. Meli and M. Sabat. Inorg. Chem. 25, 4618 (1986).

G. Besenyei, C-L. Lee and B. R. James. J. Chem. Soc. Chem. Commun. 1750 (1987).

G. Besenyei, L. Parkanyi, L. I. Simandi and B. R. James. Inorg. Chem. 34, 6118 (1995).

G. Besenyei, L. I. Simandi and B. R. James. Proc. 315t Intern. Conf. Coord. Chem. Vancouver, 1996, Abstract
8P3.

G. L. Hillhouse and J. E. Bercaw. J. Am. Chem. Soc. 106, 5472 (1984).

A. F. Barnabas. M. Sc. Dissertation. University of British Columbia, 1989.

C. H. Lindsay and A. L. Balch. Inorg. Chem. 20, 2767 (1981).

C-L. Lee, Y. P. Yang, S. J. Rettig, B. R. James, D. A. Nelson and M. A. Lilga. Organometallics. 5, 2220 (1986).
G. Besenyei, C-L. Lee, Y. Xie and B. R. James. Inorg. Chem. 30, 2446 (1991).

© 1997 IUPAC, Pure and Applied Chemistry 69, 2213-2220



2220 B. R. JAMES

30.

31
32.

33.

34.

35.

36.

37.

38.
39.
40.
41.
42.

43.
44,
45.
46.
47.
48.

49.

50
51
52
53
54
55
56
57
58
59
60

In Kirk-Othmer Encyclopedia of Chemical Technology ( H. F. Mark, J. J. McKetta Jr. and D. F. Othmer, eds.),
3rd edn. Vol. 19, p. 395. John Wiley & Sons, Inc., Toronto (1983).

R. A. Sanchez-Delgado. J. Mol. Catal. 86, 287 (1994).

In Kirk-Othmer Encyclopedia of Chemical Technology ( H. F. Mark, J. J. McKetta Jr. and D. F. Othmer, eds),
3rd edn. Vol.22, p. 267. John Wiley & Sons, Inc. Toronto (1983).

K. B. Harvey and G. B. Porter. Introduction to Physical Inorganic Chemistry, p.296. Addison-Wesley, Reading,
MA (1962).

V. E. Kaloidas and N. G. Papayannakos. Chem. Eng. Sci. 44, 2493 (1989) ; Int. J. Hydrogen Energy. 12, 403
(1987).

H. Okabe. Photochemistry of Small Molecules, p. 204. Wiley-Interscience, Toronto (1978) ; C. A. Linkous, T.
E. Mingo and N. Z. Muradov. Int. J. Hydrogen Energy. 19, 203 (1994).

A. Z. Bagautdinov, V. K. Jivotov, J. J. Eremenko, I. A. Kalachev, S. A. Musinov, A. M. Pampushka, V. D.
Rusanov and V. A. Zoller. Front. Sci. Ser. 7, 123 (1993) ; 1. Traus and H. Suhr. Plasma Chem. Plasma Process.
12,275 (1992).

S. R. Alexander and J. Winnick. AIChE Journal. 40, 613 (1994) ; Z. Mao, A. A. Anani, R. E. White, S.
Srinivasan and A. J. Appleby. J. Electrochem. Soc. 137, 1299 (1991).

A. L. Balch, L. S. Benner and M. M. Olmstead. Inorg. Chem. 18, 2996 (1979).

S. O. Grim and E. D. Walton. Jnorg. Chem. 19, 1982 (1980).

M. J. Baker, M. F. Giles, A. G. Orpen, M. J. Taylor and R. J. Watt. J. Chem. Soc. Chem. Commun. 197(1995).
T.Y. H. Wong. Ph. D. Dissertation. University of British Columbia, 1996.

W. C. Chen. U. S. Patent 4,066,739 (1978) ; Y. Osawa, S. Murata and K. Tanaka. Japan. Patent 87 12 601
(1987).

R. D. Clear, 8. J. Riley and K. R. Wilson. J. Chem. Phys. 63, 1340 (1975).

R. R. Chianelli. Catal. Rev. 26,361 (1984).

C-L. Lee, J. Chisholm, B. R. James, D. A. Nelson and M. A. Lilga. /norg. Chim Acta, 121, L7 (1986)
P. G. Jessop, S. J. Rettig, C-L. Lee and B. R. James. Inorg. Chem. 30, 4617 (1991).

P. G. Jessop, G. Rastar and B. R. James. Inorg. Chim Acta. 250, 351 (1996).

A. Miiller and E. Diemann. In Comprehensive Coordination Chemistry (G. Wilkinson, R. D. Gillard, J. A.
McCleverty eds.), Vol. 2, Ch. 16.1.3. Pergamon, Oxford, 1987.

F. Cecconi, P. Innocenti, S. Midollini, S. Moneti, A. Vacca and J. A. Ramirez. J. Chem. Soc. Dalton Trans.
1129 (1991).

.D. P.Klein, G. M. Kloster and R. G. Bergman. J. Am. Chem. Soc. 112, 2022 (1990).

. J. Amareskera and T. B. Rauchfuss. Inorg. Chem. 28,3875 (1989).

. T. V. Ashworth, M. J. Nolte and E. Singleton. J. Chem. Soc. Chem. Commun. 936 (1977).

. K. Osakada, T. Yamamoto, A. Yamamoto, A. Takenada and Y. Sasada. Inorg. Chim. Acta 105, L9 (1985).
. M. Herberhold and G. Suss. Angew. Chem. Int. Ed. Engl. 15, 366 (1976).

. P.]. Harris, S. A. R. Knox, R. J. Mckinney and F. G. A. Stone. J. Chem. Soc. Dalton Trans. 1009 (1978).
. R. H. Crabtree, M. W, Davis, M. F. Mellea and J. M. Mihelcic. Inorg. Chim. Acta 72,223 (1983).

. G. Urban, K. Suenkel and W. Beck. J. Organometal. Chem. 290, 329 (1985).

. K. Raab and W. Beck. Chem. Ber. 118, 3830 (1985).

. D. C. Mudalige, S. J. Rettig, B. R. James and W. R. Cullen. J. Chem. Soc. Chem. Commun. 830 (1993).

. D. C. Mudalige. Ph. D. Dissertation. University of British Columbia, 1994.

© 1997 IUPAC, Pure and Applied Chemistry 69, 2213-2220





