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Reactions of water with M(C0).&P€Q2 and M(C0),(P&),(q2-H2) (M = Mo, W R = Cy (cyclohexyl), 
i-Pr) have been studied in various organic solvente. Thqproducta contained reversibly bound H20, and 
infrared studies showed v(OH) modes at widely varying poeitione. IR of ‘80-labeled complexes and ‘H 
NMR gave no evidence for hydride or hydroxide ligands, indicating that oxidative addition of water did 
not occur. NMR of the aquo complexes showed rapid exchange between free and coordinated water at 
298 K. The aquo complex W(CO)&P-i-Pr 2(H20)*THF was isolated from THF and structurally char- 
acterized. A long W-O distance of 2.320 (6 3 A was observed for the reversibly bound H20 ligand, which 
also undergoes hydrogen-bonding interactions with both lattice THF and a CO on an adjacent molecule. 
Water was found to inutantaneo& displace the dihydqpn d in W(CO)s(F‘R&(+-HJ in THF solution 

msasurementa of the equilibrium W(CO)s(PRa)2(H2) + H20 e W(CO),(P€Q2(H20) + H2 in THF showed 
that the AH value for binding was 3-4 kcal/mol higher for H20. However, a higher entropy change related 
to hydrogen-bonding interactions between H20 and solvent resulted in AG favo Ha coordination at 

latter exchange are relevant to the function of Hpactivating enzymes such as hydrogenase. Crystal data 
for W(CO),(P-i-PrS)3CH2O).THF: space group R1/n,  a = 13.554 (2) & b = 16.417 (5) & c = 16.069 (4) 
A, 6 = 116.24 (2)O, 2 = 4. 

to give aquo complexes, but in hexane H2 remained boun P under a H2 atmaephere. Thermodynamic 

25 O C  by 1-2 kcal mol. Isotopic exchange of W(CO)3(P-i-Prs)2(q2-D2) with H20 7 un er a D2 atmoaphere 
took place in TH B , giving W(CO),(P-i-Prd2(D2O). Both the favored binding of H2 versus H20 and the 

Introduction 
Activation of 0-H u bonds such as those in water and 

alcohols by transition-metal complexes has not been as 
systematically studied as that of C-H and H-H bonds. 
Although the number of examples of H20 coordinated to 
18e organometallic complexes has recently become greater 
than one might have imagined,’ water as a ligand in such 
ayatems ie sti l l  viewed as unorthodox. Neutral complexes 
are actually still rare, with the predominant class of aquo 
complemes being cationic speciea, most often derived from 
complexes with weakly coordinating anions such as BF&Iy 

In many casea, the water ligand was not intentionally in- 
troduced but derived from adventitious sources (usually 
moisture is scrupulously avoided). In these species, pos- 
itive charge may be delocalized onto the hydrogens of 
H20.m With regard to oxidcrtiue addition of H20 to form 
hydrido-hydroxo complexes, well-documented examples 
are sparse,’qS and there is only one relevant crystallo- 
graphic study.hb In view of the recent discovery of H-H 
u-bond coordination: it is appropriate to consider inter- 
action of 0-H a-bonds with organometallic complexes as 
an area for increased study. 

Over a decade ago we had found that the same group 
6 transition-metal complexes M(CO)&PR& that reversibly 
bind H2& ale0 reversibly bind H20 (and alcohols) to give 
W C O ) S ( P W ~ W ~ W  (and ‘M(CO)S(PW~(ROH)”) (M 
Mo, W, R = Cy (cyclohexyl), i-Pr)? The obvious queation 

L,M-FBFB + H2O 4 [L,M-OH,][BF,] (1) 
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Table I. X-ray Data for W(CO)a(P-I-Pq),(H,O) .THF 
temp of data collecn, “C -80 

ecan type; range, deg 
F(OO0) 
no. of rflns collected 
no. of unique rflns 
no. of rflns F,2 > 3aFz 
no. of unotxl rflns 
variables 
R 
R, 
Ri 
GOF 
8, 
P 
intene etde 
no. of orientation stda 
decay, 46 
min/max a b  cor 
28 range for centering, deg 
max Ala  in the final leaat-aquam cycle 
highest and lowest peaks in final diff 

Fourier map, e/As 

P21ln 
13.664 (2) 
16.417 (6) 
16.069 (4) 
116.24 (2) 
3006.6 (2.7) 
4 
678.49 
1.499 
40.693 
0.30 X 0.36 X 0.26 
Mo Ko (A = 0.70930 A) 
w2B; 3-46 
1384 
4033 
3631 
2688 
1121 
299 
0.0357 
0.0498 
0.0806 
1.791 
14.2 (911 X lo* 
0.04 
267; -2,10,5; 8,-4,-1 
3 
none 
0.66 
26-32 
0.06 
+0.866,4.823 

arose as to whether the H20 was (1) bound as a normal 
aquo ligand (planar or pyramidal), (2) bound in some 
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Dihydrogen: A Better Ligand Than Water? 

"nonclassical" fashion analogous to q2-H2, or (3) cleaved 
to hydrido-hydroxo ligands: 

Organometallics, Vol. 11, No. 10, 1992 3391 

(CO)3(P-i-Pr&2(HJ with H20 in THF and report ita X-ray 
structure and spectral data here. The H20 appears to be 
bound intuct in an overall octahedral ds geometry and 
shows unprecedented hydrogen bonding with a CO on an 
adjacent molecule. Although v(OH) ranged widely in the 
various products of H20 reaction with M(CO),(P&),, no 
clear evidence for oxidative addition has been found in 
these systems. In this regard, infrared studies using iso- 
topic labeling (ZH and '80) were used to resolve ambwtiea 
concerning the three possible structures/moieties that 
could be present: (a) M-OH2, (b) MH(OH), and (c) hy- 
drogen-bonded lattice H20. 

Studies herein ale0 compare the binding strength of H& 
uersu~ that of 9-H2 to W(CO)3(P-i-Pr3)2 and isotopic ex- 
change between H20 and D2, relevant issues in the bio- 
logical activation of hydrogen in enzymes such as hyd- 
rogenase and nitrogenase. The fact that H2@D2 exchange 
can occur on W(CO)3(P-i-Pr3)2, which contains only a 
single open coordination site, is significant and presenta 
a mechanistic dilemma Rimilar to that for H2-D2 exchange 
to give HD, observed even over solid M(C0)3(PR3)2.s The 
possibility of deprotonation of q2-H2 by H20 in these 
systems will be discussed. 

Experimental Section 
Syntheeee and handling of the complexes were carried out under 

argon using Schlenk and glovebag techniques. Reagents were 
generally used without further purification, and solvents were 
distilled from Na/K alloy under argon. HZ1*0 (95+ % ) was ob- 
tained from the Mound Facility of Monsanto Research Corp., 
Miamisburg, OH. The complexes M(CO)g(PRs)z,~7 M(CO)s- 

i-Pr, cyclopenty17b) were prepared as previously described. In- 
frared spectra were recorded as Nujol mulls on Perkin-Elmer 883 
and 521 instruments, as well as a Bio-Rad FTS-40 FT-IR; NMR 
spectra were taken on Bruker AM200 and IBM AF250 instru- 
menta. 2H and 31P chemical shifts were assigned relative to 
natural-abundance THF-d or toluene-d and HPO,, respectively. 

Preparation of W(CO),(PCy,):(H,O).2HaO and the MO 
Analogue from Reaction of HZ0 with M(CO),(PCya)a. W- 
(CO)g(PCys)2 (0.319 g, 0.385 m o l )  in 4 mL of toluene was treated 
with 0.1 mL of HzO under argon. After 30 min of stirring, a 
yellow-orange solid precipitated, which was collected on a frit, 
washed with 1:l toluene-heptane saturated with HzO, and dried 
briefly in vacuo (or under an argon stream containing water vapor). 
The yield was 0.30 g (@%I, and elemental analysis indicated the 
presence of two molecules of 'lattice" H20. Anal. Calcd for 

53.04, H, 7.92; 0,11.00, P, 7.51. The Mo analogue was prepared 
in an identical fashion. 

E x p u r e  of the complex to dry argon or vacuum either in the 
solid state or in toluene solution gave almost an immediate 
darkening of color toward the purple color characteristic of 
W(CO)s(PCys)z. Preparation of Nujol mull IR samples was done 
in an argon-filled glovebag containing a crystallization dish 
sprinked with water. About 1 mol of HzO/mol of complex was 
released after 18 h of pumping on the solid, indicating that only 
partial loss of HzO occurred. 

Preparation of W(CO)~(P-i-Pr~)*(H~O)*THF and Its 160- 
topomers from Reaction of Ha0 with W(CO)a(P-i-Pra):(Ha) 

in 2 mL of 1:l THF-hexane in a 15-mL flask under an Hz at-  
mosphere, and 40 pL of HzO was added. The yellow solution 
immediately became deep red, accompanied by vigomus evolution 
of Hz gas. The solution was placed into a freezer in a Dewar so 
that it could be slowly quiescently cooled. A crystalline orange 

(PR&(HZ),6' and M(CO)~(PC~&(HZO)~ (M = Mo, W R = Cy, 

C&zOBp2W: C, 53.07; H, 8.22; 0, 10.88; P, 7.02. Found: C, 

in THF. W(CO)s(P-i-PrS)z(HZ) (0.50 g, 0.84 "01) WBB diesolved 

Independent infrared studies by both ou+ and Ibers' 
research group6 had indicated that the PCy3 complexes 
obtained from toluene solution might be more appropri- 
ately formulated as 7-coordinate MH(OH)(CO),(PCy3), 
resulting from oxidative addition of the H20. Because of 
inordinate difficulty in obtaining X-ray-quality crystals, 
molecular structures of these specie8 have been elusive. 
We have now obtained suitable crystals of the W-P-i-Pr, 
analogue by displacement of coordinated H2 from W- 
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mam of product formed after 1 day, and the complex was collected 
on a frit under argon, washed with 21 hexane-THF, and dried 
briefly in vacuo (the H20 ligand and lattice THF are quite labile 
and the complex must be stored and handled 80 as to avoid their 
loss). The yield of orange W(CO)3(P-i-Pr3)2(H20)*THF was - 
-70%. hframd spectra of mull samples (prepared in a glovebag 
containing water and THF vapor) showed an absorption at 1051 
cm-l due to lattice THF (confiied by X-ray crystallography). 

The isotopomers with H 2 W  and D20 were prepared in an 
identical fashion, with the latter formed from W(CO)3(P-i- 
Pr3I2(D2) under a D2 atmosphere. 

Reaction of HzO and Its Isotopes with W(CO)8(P-i- 
Pr8)z(H2) in Hexane. Preparation of W(CO)8(P-i-Pr8)z- 
(HzO).rHzO. W(C0)3(P-i-Pr3)2(H2) (0.227 g, 0.384 "01) was 
dissolved in 3 mL of hexane in a 15-mL flask under an H2 at- 
mosphere, and 40 pL of H20 was added. When the yellow solution 
was stirred for about 30 min under H2, no obvious color change 
or precipitation occurred. However, when the H2 was replaced 
by argon, the color deepened to brown and a yellow-orange 
precipitate began to form. After further stirring and cooling in 
a freezer overnight, the solid was collected and dried briefly in 
vacuo (yield 0.194 g, 83%). The mother liquor immediately 
became brown and deposited deep purple W(C0)3(P-i-Pr3)2 on 
e.poeure to vacuum or dry argon. The aquo ligand was very labile 
even in the solid state, and a reliable elemental analysis could 
not be obtained because the complex must be handled under argon 
containing water vapor. The presence of an unknown amount 
of lattice water was indicated by IR bands near 3640 cm-' on 
analogy with the PCy3 congener. 

Preparation of MO(CO)~(PC~,)~(H~O).~.STHF. A solu- 
tion-sluny of 0.5 g of MO(CO)~(PC~,), in 10 mL of THF was 
treated with about 0.2 mL of H20, giving a color change from 
purple to yellow-orange. Golden yellow cryetala slowly formed 
on standing overnight and were isolated as above (yield 0.35 g, 
60%). The presence of lattice THF was identified by IR bands 
at 1055 and 900 cm-' and also by mass spectrometric analysis of 
the volatiles evolved upon heating a solid sample (0.160 g, 0.184 
"01) in vacuo at 85 OC on a vacuum line system. H20 was also 
evolved and identified by maas spectrometry. The total volatiles 
evolved was measured by pressure-volume-temperature to be 
0.460 mmol, giving the exact volatiles/complex ratio of 2.50 ex- 
pected for the formulation Mo(CO)~(PCY~),(H~O).~.~THF. The 
H20 ligand was very labile even at room temperature, and the 
golden crystala darkened on grinding even under an argon at- 
mosphere containing water vapor. The IR of the resultant pow- 
dered solid in Nujol showed peake due to the presence of minor 
amounts of MO(CO)~(PC~,), (formed from partial H20 loss) at 
1953,1840, and 1812 cm-'. 

Preparation of Mo( CO)8(PCyz-i -Pr)z( HzO).r H20. The 
procedure was analogous to that for preparation of the PCy, 
analogue (addition of H20 to M O ( C O ) ~ ( P C ~ ~ - ~ - P ~ ) ~ ) ,  except that 
the solvent was 1:l toluene-nonane. A yellow precipitate formed 
after stirring for several hours and was collected on a frit and dried 
in vacuo. The complex did not darken significantly in vacuo, 
indicating lower lability of the H20. 

Reaction of HzO with W(CO)8(PCy8)z(Hz) in THF-Hexam. 
A slurry-mlution of W(CO)3(PCy3)2(H2) (0.39 g) in THF-hexane 
under H2 was treated with 0.13 mL of water. H2 was evolved, 
and the solution became orange. Reduction of solvent volume 
to 2-3 mL and rapid cooling gave precipitation of dark orange 
microcrystals, followed by slow formation of a yellow solid. IR 
of the orange solid showed it to be a mixture of species. Ab- 
sorptions were located similar to those reported for the yellow 
product 'W(CO)3(PCy3)2(H20)" obtained from toluene,'. plus 
peaks due to W(CO)3(PCy3)2 and W(CO)4(PCy3)2 resulting from 
H20 diseociation and decompition/disproportionation reactions. 

Infrared Studies of Isotopic Exchange of Dz with HzO. 
A solution of W(C0),(P-i-PrJ2(D2) (0.37 g, 0.62 mmol) in 2 mL 
of 1:l THF-hexane was treated with 10 pL of H20 (0.56 mmol) 
in a 250-mL flask under DP. The solution was stirred for 66 h, 
a small amount of solvent was removed in vacuo, and 3 mL of 
hexane was added under argon. The fleak was placed in a freezer, 
and the orange crystals of W(CO)3(p-i-Pr3)2(H,,D,,-20-20).THF that 
formed were isolated as described above. Infrared spectroscopy 
showed that the product was approximately a statistical mixture 
of H,D,,-20 isotopomers. Similar experiments were carried out 

Kubaa et al. 

for shorter reaction periods and showed lees deuterium inoor- 
poration into the aquo ligand. 

2H NMR Studies of Isotopic Exchange of D2 with H20. 
A solution of W(CO)3(P-i-PrS)2(D2) (34 mg, 0.057 "01) in 0.65 
mL of THF containing 0.8 p L  (0.00s "01) of c& as a refmce 
for integration was placed into an NMR tube poeseeeing a Teflon 
stopcock for facile closure. A D2 atmosphere (-0.06 mmol of Dz) 
was placed over the solution in a glovebag. The ?H NMR die- 
played a single resonance at 6 -4.35 for the $-D2 ligand and peahs 
at 6 3.58 and 1.72 for THF-d (natural abundance) and 6 7.32 for 
C&,. H20 (0.5 pL, 0.028 mmol) was added, evolution of D1 gee 
occurred, and the resulting NMRspectrum showed adiminirhad 
intensity of the q2-D2 peak due to partial replacement by H20. 
The production of H,,DhO (bound plus free) was monitored with 
time (10-12-min intervals initially). About 1 h after addition, 
a singlet resonance due to the letter appeared at 6 3.06, dowly 
grew in intensity, and shifted to 6 2.91 over a 12-h period. The 
signal for the 9-4 ligand dimininhed and broadened as protium 
from the H20 replaced deuterium in the Dz (including unbound 
D2 to an extent dependent on mixing factore). The HD coupling 
in the HD complex formed was difficult to resolve. The final 
integrated intensity ratio of c& to H,,DhO was 6.9, corre- 
sponding to incorporation of 0.008 mmol of deuterium into the 
water. This is about 17% of the complete etatietical distribution 
of available deuterium, including D2 in the head gaa (21% ex- 
cluding it). The experiment wm not continued further because 
of loss of sample, but a second run using lower concentratione 
was carried out to completion (see Results). 

An experiment similar to the above was carried out in toluene 
(0.7 mL) instead of TI@ using the same amount of D2 complex 
but legs H20 (0.35 aL, 0.019 mmol). The reference waa the aryl 
deuterons of to1uene-d (0.015% D natural abundance). The signal 
for the D2 complex was at 6 -4.24, and that for the H,DhO 
produced initially appeared near 6 0.60, ehifting to 6 0.96 on 
complete scrambling. A weak peak ale0 slowly grew in at 6 5.22. 
Addition of 0.3 fiL of D20 at the end of the run increased the 
intensity of the latter, suggesting it to be due to free water and 
the upfield signal to be due to coordinated water. 

The reverse reaction of W(CO),(P-i-Pr,),(D,O) (32 mg, 0.063 

The initial spectrum showed a resonance due to DIO at 6 3.70, 
shifting to 6 3.48 on addition of c& reference (9.9 pL, 0.112 
"01) and remaining there on addition of H2 (0.060 "01). The 
initial integrated ratio of c& to D20 resonanme waa 6.1 (cal- 
culated 6.4). The latter increased with time aa protium replaced 
deuterium in the D20, reaching 6.9 after 8 h (-15% of etatie.tical 
incorporation), 8.2 after 55 h (40%),10.0 after 8 days (a%), and 
10.4 after 13 days (72%). The errors in these percentages are 
estimated to be relatively high (f20%) because of inaccuracies 
generated by the high integration ratios and the poaeible preeance 
of adventitious water. The water resonance shiftad to 6 2.79 at 
the end of the run. 

The experiment and quantities were eimilar to that d d b s d  in 
the first paragraph of the above section. Before addition of D2 
gas to the NMR tube, the integral ratio of C& (standard) to the 
W-D2 complex was 1.72 (-72% of the $-D2 diesociated). After 
D2 was added the ratio became 0.755 (37% disao&ted, 63% 
coordinated). After addition of 1.15 4 of MeOH (0.0286 m o k  
1:2 molar ratio of MeOH to complex), the above ratio did not 
chauge a p p l y  (0.7331, indicating that MeOH did not psrtially 
displace 7 -D2 as H*O did in the experiments above. After sevsral 
hours, a weak resonance grew in at 6 3.02 correeponding to the 
position for H,D2-,,0, and after 27 h inbgration indicated that 
the amount of D present was 0.0014.002 "01. Aftar 4 days, 
a second resonance had begun to grow in at  6 3.20 due to MeOD 
(-0.005 slmol), while the f i t  (now at  6 3.00,0.007 mmol) had 
reached its maximum and remained unchanged in subsequent 
spectra The exchange appeared nearly complete by 13 dap (total 

was -0.031 "01). 
FTIR Studier of Equilibrium Conrkntr  for W(CO),- 

(PR&(Hz) + HzO = W(CO),(PR.,)r(HzO) + H1. Controlled 
temperature/preeeure meaeurementa of the equilibria were 
performed in a Perkin-Elmer 1860 FTIR spectrometer uaing a 
high-pregsure cell obtained from Harrick Scientific and equipped 

"01) with H2 in 0.56 mL of THF ~ 8 8  ale0 followed by% NMR 

ZH NMR Studiee O f  Isotopic E X C ~  Of Dz with &OH. 

mount Of D i n c o ~ ~ ~ r a t d  into MeOD and d ~ t i t h ~  H,,DhO 
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Dihydrogen: A Better Ligand Than Water? 

with Ge windows. Details of this cell and ita loading have been 
reported previously! 

Calorimetric Measurements. Heata of reaction and solution 
reported here were made using either a Setaram C-80 Calvet 
Microcalorimeter or a Guild Isoperib01 calorimeter. All enthalpiea 
reported include corrections for any heata of solution/dilution 
and refex to reactions in which all s p e c k  are in the solvent system 
stated. procedures strictly analogous to those reported previously 
were used."J0 Due to the highly air-sensitive nature of the 
reactante, larger than normal sample sizes (up to 1 g) were used 
in sealed ampules when using the Guild calorimeter for the 
complexes W(CO)3(P-i-Pr3)2 and W(CO)3(PCy,)p 

X-ray Crystallography of W(CO)t(P-~-Pr~)t(HIO).THF. 
An orange crystal of the complex (0.30 mm X 0.30 mm X 0.25 mm) 
obtained from the preparative reaction was fixed in silicon grease 
on a Blase fiber and transferred directly to the cold stream of an 
Enraf-Nonius CAD-4 diffractometer. Automatic peak indexing 
procedures yielded a primitive monoclinic unit cell. Examination 
of the h01 layer revealed systematic absence unique to space group 
R1/n. Accurate cell parameters were determined by a least- 
squares fit to the setting angles of the unresolved Mo Ka com- 
ponents of 24 independent reflections with 28 between 26 and 
32O. The results are given in Table I along with the parameters 
used in data collection. The 4033 raw data were converted to 
structure factor amplitudes and their ead's by correcting for scan 
speed, background, and Lorentz-polarization effects. The 
tungsten was located through the use of a Patterson map, and 
the remaining non-hydrogen atoms were located by difference 
Fourier tachniquee. An absorption correction was then applied 
on the basis of a Fourier series with coefficienta obtained by 
minimizing the sum of the squares of the residuals to calculate 
the absorption coefficienta." All non-hydrogen atoms were 
refined anisotropically. Subsequent difference Fourier maps 
revealed the hydrogen atoms on the phosphine ligands. These 
were placed in idealized positions but were not refiied. There 
was evidence of secondary extinction in the low-angle, high-in- 
tensity data, and a secondary extinction correction was applied 
to the data. The coefficient was refiied in the least-squares 
calculations to a value of [4.2 (911 x l0-B e/A2. The final residual 
for 299 variables refiied against the 2688 data for which F: > 
3u(F:) were R = 0.0336, R, = 0.0498, and GOF = 1.791. The 
largest peak in the f i i  difference Fourier peak had an electron 
density of 0.865 e/A3 and was associated with the tungsten atom. 

Results 
Reactions of M(CO)a(PCy& with HZO. The formally 

16e complexes mer,trun~-M(CO),(~ (M = W, Mo) have 
an agoetically bound C-H from an alkyl substituent (R = 
i-R, Cy) occupying the sixth coordination site.' The latter 
can be "displaced" by virtually any two-electron-donor 
ligand (L) capable of fitting into the sterically crowded site 
(eq 2). For L = XY, oxidative addition to give species of 

R3 R3 

L I ,** I ,** .co .co 
OC-M-H - OC-M-L (2) 

oc' b+= 0 c' p I 
R' k R3 

the type M(X)(Y)(CO)&PRJ2 does not readily occur here, 
and even Hz binds molecularaly as $-H2 (equilibrium 
cleavage to the &hydride WH2(CO)3(PR3)z occurs to a 
partial extent in solution)?b*6 However, strong acids were 
recently found to oxidatively add in nonaqueous media to 
form WHX(CO)3(PCy3)2 (X = C1, BF,, trifIate).l2 Thus, 
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the question of whether H20 binds molecularly or is 
cleaved to H(OH) by M(CO),(P&), must be considered. 

The addition of excess H20 to deep purple toluene so- 
lutions of M(CO),(PCy3), (M = w ,  Mo) under argon and 
stirring of the biphasic system for 10-15 min had been 
found to yield a yellow precipitate of very low solubility.b 
The products reversibly dissociated H20 under a dry argon 
stream or in vacuo to reform M(CO),(PCy,),, a feature 
characteristic of simple adduct formation. In order to 
avoid partial H20 loee (as seen by rapid surface darkening), 
it was neceseary to handle and store these and other aquo 
complexes under argon containing water vapor (e.g. a 
glovebag containing water droplets in a dish). The re- 
versible binding, color, and low solubility of the complexes 
exactly paralleled that of the H2 and N2  analogue^."^ 
Addition of H20 to Cr(CO),(PCyJ2,14 which also contains 
an isostructural agostic C-H interaction, gave no color 
change or precipitate in toluene. This is consistent with 
ita weaker ability to bind small molecules such as N2 and 
H2 compared to the Mo and W a n a l ~ g u e s . ~ ~ J ~  

Elemental analysis of the W complex indicated the 
composition to be W(C0)3(PCy3)2(HzO)*2H20, assuming 
an aquo ligand plus two lattice H20 molecules. IR spectra 
of both the Mo and W products were virtually identical 
and showed multiple v(0H) signals in the range 3300-3700 
cm-l potentially assignable as either H20 or hydroxo ligand 
or lattice H20, which undoubtedly was hydrogen-bonded, 
adding further ambiguity to the overall structural/spec- 
troscopic problem. Attempta to grow X-ray-quality 
crystals of the complexes were singularly unsuccessful. 
Curiously, quiescent reactions of M(CO),BCyJ2 in toluene 
confaining immiscible droplets of e x m  H20 gave solution 
color changes to orange but no solid even after several 
days. Solvent removal yielded primarily M(CO)4(PCy3)2, 
a disproportionation product commonly found as a trace 
impurity in these system. Thus, solution stability may be 
a problem, as was evident in further crystal preparation 
attempts using a variety of solvents and starting materials. 
A homogeneous reaction in THF-hexane of H20 with the 
dihydrogen complex W(CO),(PCy3),(H2) as starting ma- 
terial gave displacement of the weakly bound H2 ligand 
and an orange solution. Partial solvent removal and 
cooling gave a solid identified by IR to contain a mixture 

The reaction of Mo(CO),(PCy,), with H20 in homoge- 
neous THF solution rather than biphasic toluene/H20 
slowly deposited a gold-yellow product with the compo- 
sition Mo(CO),(PCyJ2(HZO)*1.5THF. Ita u(0H) position 
were much different from those of the H20 solvates (no 
bands >3400 cm-l), reinforcing initial speculation that the 
latter might contain oxidatively added H20. Reaction of 
a mixed alkylphosphine analogue, MO(CO),(PC~~-~-P~)~,  
with H20 in toluene-nonane gave after several hours a fine 
yellow precipitate presumably of similar composition to 
the PCy3 congeners formed in toluene. 

Reactions of M(CO)a(P-i-Pra)z and W(CO)a(P-j- 
Pra)2(H2) with HzO. Isolation of Crystalline W- 
(CO)a(P-i-Pr,)2(HzO)*THF. In contrast to the above 
complexes, the products obtained for R = i-Pr from either 
hexane or THF were soluble. For the tungsten system, 
W(CO)3(P-i-Pr3)z(Hz) was used as a convenient starting 
material and, in hexane under argon, H2O displaced v2-Hz 
to give a yellow-orange precipitate. The aquo ligand is 
extremely labile and is easily displaced by N2 to give the 

of W(CO)~(PCY~)~(H~O)*~H~O and W(CO)~(PCYJ~. 

(9) Watkins, C. W.; Jaeger, T.; Kidd, C. E.; Fortier, 5.; Baird, M. C.; 
Kiee, G.; Roper, C. C.; Hoff, C. D. J. Am. Chem. SOC. 1992, 114, 907. 

(10) Gonzalez, A. A.; Zhang, K.; Nolan, S. P.; de la Vega, R. L.; 
Murkjeq S. L.; Hoff, C. D.; K u b ,  G. J. Organornetallice 1988,12,!2429. 

(11) Walker, N.; Stuart, D. Acta Cryutallogr. 1983, A D ,  159. 
(12) Van Der Slup, L. S.; KubabMartin, K. A, Kubm, G. J.; Caulton, 

K. G. Inorg. Chem. 1991,30,306. 
(13) Nakamoto, K. Infrared and Roman Spectra of Inorganic and 

Coordination Compounds, 4th ed.; Wiley New York, NY, 1988. 

(14) (a) Gonzalez, A. A.; Mukerjee, S. L.; Chou, S.-L.; Zhang, K.; Hoff, 
C. D. J. Am. Chem. Soc. 1988,110,4419. (b) Zhang, K.; G o d = ,  A. A.; 
Mukerjea, S. L.; Chou, S.J.; Hoff, C. D.; Kubat-Martin, K. A.; Bamhart, 
D.; Kubae, G. J. J.  Am. Chem. SOC. 1991,113,9170. 
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Table 111. Bond Angler (de& 
P1-W-P2 171.66 (7) WC1-01 170.8 (8) 
P1-W-04 86.8 (2) WC2-02 178.6 (9) 
P1-WC1 85.0 (3) WC3-03 171.5 (8) 
P1-WC2 95.8 (4) P l C l l - C l l l  117.7 (7) 
P1-WC3 92.6 (3) PlCll-Cl12 110.9 (8) 

P2-WC1 93.8 (4) PlC12G121 113.4 (7) 
P2-WC2 92.2 (4) PlC12C122 116.2 (8) 
P2-WC3 90.6 (4) C121412C122 109.0 (9) 
04-WC1 100.3 (3) P l4134131 113.7 (7) 

04-WC3 94.0 (3) C13141342132 110.0 (7) 
Cl-WC2 81.6 (4) P2421C211 119.5 (7) 
C1-WC3 165.4 (4) P2C216212 109.5 (9) 
C2-WC3 84.4 (4) C211-C21C212 112 (1) 
W-PlC11 112.4 (3) P2422C221 111.0 (9) 
W-PlC12 118.7 (4) P24224222 110.7 (7) 

C11-PlC12 102.9 (4) P24234231 117 (1) 

P2-W-04 85.3 (2) C111C11C112 109.1 (8) 

04-WC2 177.0 (4) PlC134132 111.2 (8) 

W-PlC13 115.3 (3) C2214224222 112 (1) 

Cll-PlC13 101.7 (5) P24236232 123 (1) 
C12-PlC13 103.8 (4) C2314234232 119 (1) 
W-P2C21 114.0 (4) C511-051C514 110.9 (8) 
W-P2422 116.5 (5) C511C5124513 106 (1) 
W-P2C23 115.5 (6) 051C511C512 106 (1) 
C21-P2-C22 101.3 (6) 0516514C513 107 (1) 
C21-P2C23 107.2 (7) C512C513C514 110 (1) 
C22-P2C23 100.7 (5) 

"Numbem in parentheses are estimated standard deviations in 
the least significant digita. 

c 2 2  
c211 

C232 

I I c212 

c122 

Figure 1. ORTEP drawing of W(CO),(P-i-Pr~2(H,0).THF (50% 
thermal ellipsoids). 

Table 11. Bond Distances (A)o 
w-P1 2.519 (3) CllC112 1.54 (1) 
w-P2 2.499 (3) C12C121 1.54 (2) 
w-04 2.320 (5) C124122 1.52 (2) 
W-cl 1.98 (1) C13C131 1.53 (1) 
WC2 1.875 (8) C13C132 1.53 (2) 
w e 3  1.99 (1) C21C211 1.53 (2) 

P lC12 1.872 (9) C224221 1.55 (1) 
P lC13 1.84 (1) C224222 1.56 (2) 
P2C21 1.88 (1) C23C231 1.50 (2) 
P2C22 1.85 (1) C234232 1.32 (2) 
P2423 1.86 (1) 0514511 1.46 (1) 
0141 1.15 (1) 0514514 1.44 (2) 
0 2 4 2  1.21 (1) C512C511 1.53 (2) 
0 3 C 3  1.17 (1) C5124513 1.47 (2) 
C l l C l l l  1.55 (2) C5144513 1.45 (2) 

P1411 1.87 (1) c214212 1.60 (2) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

knownqa orange [W(CO)3(P-i-Pr3)2]2(p-N2), making ele- 
mental analysis unreliable in determining the presence of 
lattice H20. 

Addition of a moderate ex- of H20 to a concentrated 
THF solution of W(CO)3(P-i-Pr3)2(H2) gave instant, vig- 
orous effervescence of H2, even under Hp Because of 
miscibility, the concentration of water in THF is much 
higher than that of dissolved H2, favoring H20 binding (see 
below). Addition of hexane to the deep red-orange solu- 
tion, followed by slow cooling in a freezer, gave well-formed 
orange prismatic crystals. X-ray diffraction, IR, and NMR 
(see below) showed that they were W(CO)3(P-i-Pr3)2- 
(H20)-THF, containing an H20 ligand replacing v2-H2. 
Solutions of the complex in THF did not react with NEt, 
or Proton Sponge in efforts to deprotonate the H20 ligand. 

X-ray 8 tructure of W ( CO)8(P-i -Pr3)2( H20)-THF. 
An ORTEP drawing of the molecule with atomic labels is 

Table IV. Positional Parameters and Their Eltimated 
Standard Deviations 

atom X Y z B: ha 
W 0.00251 (3) 0.21848 (2) 0.19947 (2) 1.091 (8) 
P1 0.0543 (2) 0.2650 (2) 0.0663 (2) 1.31 (6) 
P2 -0.0699 (2) 0.1602 (2) 0.3123 (2) 1.79 (6) 
01 0.1573 (6) 0.0712 (5) 0.2207 (5) 3.3 (2) 
0 2  0.2172 (6) 0.2745 (5) 0.3750 (5) 2.7 (2) 
0 3  -0.0692 (7) 0.3953 (5) 0.2283 (6) 4.0 (2) 
0 4  -0.1647 (5) 0.1788 (4) 0.0726 (4) 1.8 (2) 
C1 0.0930 (9) 0.1212 (6) 0.2079 (6) 2.0 (3) 
C2 0.1338 (8) 0.2517 (6) 0.3061 (6) 1.5 (2) 
C3 -0.0512 (8) 0.3287 (6) 0.2123 (7) 1.7 (2) 
C11 0.0856 (8) 0.1779 (6) 0.0028 (7) 1.7 (2) 
C12 -0.0475 (8) 0.3260 (6) -0.0396 (7) 1.9 (3) 
C13 0.1814 (8) 0.3250 (6) 0.1097 (6) 1.8 (2) 
C21 -0.2235 (9) 0.1494 (8) 0.2541 (7) 3.0 (3) 
C22 -0.0260 (9) 0.0556 (8) 0.3574 (8) 3.1 (3) 
C23 -0.029 (1) 0.2152 (9) 0.4317 (7) 6.8 (3) 
C l l l  0.1238 (9) 0.1982 (7) -0.0776 (7) 2.6 (3) 
C112 -0.0115 (9) 0.1182 (7) -0.0402 (7) 2.4 (3) 
C121 -0.1253 (9) 0.3771 (7) -0,0120 (8) 2.6 (3) 
C122 -0.OOO (1) 0.3801 (7) -0,0937 (8) 3.3 (3) 
C131 0.2848 (8) 0.2767 (7) 0.1741 (7) 2.2 (3) 
C132 0.1744 (9) 0.4018 (7) 0.1646 (7) 2.6 (3) 
C211 -0.277 (1) 0.0954 (9) 0.3035 (9) 4.2 (4) 
C212 -0,279 (1) 0.238 (1) 0.229 (1) 6.4 (5) 
C221 0.100 (1) 0.0516 (8) 0.4228 (9) 4.1 (3) 
C222 -0.065 (1) -0.0057 (8) 0.2690 (9) 3.9 (4) 
C231 -0.058 (1) 0.1770 (9) 0.5070 (8) 4.3 (3) 
C232 0.014 (2) 0.289 (1) 0.448 (1) 13.8 (5) 
051 0.2549 (7) 0.4758 (5) 0.5194 (5) 3.1 (2) 
(2.512 0.138 (1) 0.5380 (8) 0.3669 (9) 3.3 (3) 
C511 0.2385 (9) 0.4829 (7) 0.4172 (7) 2.8 (3) 
C514 0.1603 (9) 0.5052 (8) 0.5294 (9) 4.0 (3) 
C513 0.089 (1) 0.543 (1) 0.436 (1) 10.0 (5) 

Anisotropically refined atom are given in the form of the bo- 
tropic equivalent displacement parameter defined as '/a[a2B11 + 

given in Figure 1. Data collection parameters may be 
found in Table I. Bond distances and angles are given in 
Tables I1 and III and positional parameters in Table IV. 
The tungsten lies in an octahedral coordination environ- 
ment formed by two mutually trans phosphine ligands, 

b2Ba + C'BU + ab(c- Y)BI:, + OC(CW @)B,, + bc(- a)Bn]. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 3

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

04
6a

04
4



Dihydrogen: A Better Ligand Than Water? 

three mer CO group, and oxygen of the coordinated H20. 
This overall geometry is identical with that for W(CO),- 
(P-i-Pr$,($-HJ, making poesible an excellent comparison 
of ligand influences on bond distances and angles in this 
system. The angles about tungsten for the HzO complex 
are actually more similar to those found in the agostic 
five-coordinate precursor complexq" than to those in the 
H2 complex,3a which are nearly perfectly octahedral (as- 
suming Hz occupies one site). The addition of water to 
the coordination sphere of W (CO)3(P-i-Pr3)2 expands all 
angles about the sixth (agostic) coordination site; the 
Cl-WG3 angles is compressed to 165.4 (4)' from ita value 
of 167.8 (4)O in the five-coordinate species, whie the P1- 
W-P2 angle opens significantly from 162.78 (7) to 171.66 
(7)O. Both cis carbonyl groups are bent back from the 
coordinated water molcule (04-W-Cl and 04-W-C3 are 
100.3 (3) and 94.0 (3)O, respectively), while the 04-W-C2 
angle is nearly linear at 177.0 (4)O. This bending does not 
occur in the H2 complex. 

The W-P1,2 distances are 2.519 (3) and 2.499 (3) A, 
respectively. These tungsten-phosphine distances are 
longer than in the five-coordhte complex (2.458 (2),2.493 
(2) A), reflecting both the higher formal coordination 
number and the lack of an agostic interaction between W 
and a phosphine alkyl group. They are similar to those 
in the H2 complex (2.503 (4), 2.487 (4) A). The tung- 
sten-carbonyl W-C distance trans to the coordinated water 
molecule is 1.875 (8) A, com ared to the much longer 

of the weak trans influence of the H20. These three dis- 
tances are slightly longer in the agostic species and much 
longer (1.977 (16), 2.036 (171, and 2.025 (19) A) in the H2 
analogue, consistent with the weak a-donor capability of 
Hz coupled with W+Hz u* back-bonding that competes 
with W-40 back-bonding. As also seen in the CO IR 
frequencies, H20 is clearly the superior u-donor ligand, 
strengthening the W-C bonds and weakening the C-0 
bonds. 

The W-O(water) distance is 2.320 (5) k For comparison 
purposes, there are relatively few crystallographically 
characterized H20 complexes containing phosphine and 
carbonyl ligands of either tungsten or ds organometallic 
species. The only tungsten example is [W(PMe3)4H2- 
(OHZ)F]F,ld a tetravalent complex with a W-O distance 
of 2.084 (9) A. Even when adjustment is made for the 
oxidation-state difference, the tungaten-water distance in 
W(C0),(P-i-PrJ2(H2O) is long by comparions. The Ru-O 
distance in octahedral de [RuH(H,O)(CO)~(PP~,),]BF,. 
EtOH is 2.15 (1) A, which is also long when compared to 
the value of 1.99 A predicted from the sum of covalent 
radii.ln Other reported metal-oxygen distances in 
"organometBllic" H20 complexes vary from 1.99 to 2.316 
A (Table VI), and thus the distance in W(CO),(P-G 
Pr,),(H,O) lies at the uppermost end of this range, con- 
sistent with the reversibility of the H20 binding. Sur- 
prisingly long M-OH2 distances (2.44-2.56 A) are observed 
in complexea of the type [TcN2C4(H20)]" (X = C1, Br, CN 
n = 1, 2) containing the very strong trans-influencing 
nitrido ligand.ls 

We were unable to locate the protons associated with 
the water ligand in the final difference Fourier map, pre- 
cluding unambiguous structural assignment of the coor- 
dination mode. The relatively long W-04 bond and lack 
of significant asymmetry in the angles about 04, however, 
suggest that the water is coordinated through u donation 
of oxygen lone pairs and is not activated to form a hydroxyl 

values of 1.99 (1) and 1.98 (1) 51 for the cis CO, indicative 

(15) Baldae, J.; Colmanet, S. F.; Williams, G. A. Inorg. Chim. Acta 
1991,179,189 and referencee therein. 
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Figure 2. X-ray structure of W(CO)S(P-i-PrS)z(HzO).THF, 
showing hydrogen-bonding interactions between HzO, THF, and 
CO on an adjacent molecule, which repeat to give chainlike 
linkages. 

group or a side-bonded (v2-OH) water ligand analogous to 
t2-Hp Importantly, hydrogen-bonding interactions (dis- 
cussed below) indicate that two hydrogens are attached 
to 04. 
Hydrogen Bonding between H20, THF, and CO in 

the Structure of W(CO)S(P-i-Pr3)2(H20)-THF. Two 
close intermolecular separations between the aquo ligand 
o m e n  (04) and nearby oxygen atoms are observed, as can 
be seen in Figure 2. The distance between 0 4  and the 
lattice THF oxygen (051, in an adjoining asymmetric unit) 
is 2.739 A (cf. 2.70 (2) A in [IrH2(PPh3),(THF)(H20)]- 
SbFgTHF'?, which is near the average 0-0 distance in 
nonsymmetrical O-H-0 hydrogen bonds (2.72 &.le 
Hydrogen bonding is quite common in aquo complexes, 
and several examples are known for interactions of the HzO 
with oxygen-donor lattice molecules,tW fluoroanions (e.g. 
BF4),lb*bb@3Jj or even both types in the same complex.lfPo 
Not so common is the interaction of 0 4  with 02, the 
carbonyl oxygen trans to HzO in an adjacent molecule 
(0-0 distance 2.792 A). This appears to be the initial 
example of hydrogen bonding between HzO and CO lig- 
ands and a rare example of any form of H-bonding in- 
volving the oxygen of metal-bound carbonyl. Although 
Lokshin et a1.l' claimed to be the fiit to report this type 
of phenomenon in 1986 in an IR study of the interaction 
of CpMn(CO)z(P-i-Pr3) with (CF3),COH in liquid Xe, an 
earlier paper', gave crystallographic evidence for an in- 
termolecular NH-OC interaction in M0(cO)~(di-2- 
pyridylamine). IR of complexes of the type [CpFe(CO)z]z 
in hydroxylic solvents indicated H-bonding involving p- 
CO.lg Consistent with hydrogen-bonding ability, the 
basicity of the oxygen of carbonyl ligands has been dem- 
onstrated by Shiver, specifically in a complex related to 
ours, M~(CO)~(PPh,)~(phenanthroline).~ 

Because the hydrogens were not located, the exact ge- 
ometries of the H-bonding interactions could not be as- 

(16) Joeaten, M. D.; Schaad, L. J. Hydrogen Bonding; Marcel Dekker: 

(17) L O U ,  B. V.; w a n ,  S. G.; Ginzburg, A. G. Izv. Akad. Nauk 

(18) Howie, R. A.; Izquierdo, G.; McQuillan, G. P. Inorg. Chim. Acta 

(19) McArdle, P.; Manning, A. R. J.  Chem. SOC. A 1970, 2133. 
(20) Shiver, D. F.; Alich, A. Inorg. Chem. 1972,11, 2984. 

New York, 1974. 

SSSR., Ser. Khim. 1986,2605; 1988,333,562. 

1989, 72,165. 
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Table V. Infrared Datao for Molybdenum and Tungsten Complem 
complex 4OH) v(C0) Q(H0H) 

Mo(CO)S(PCY~Z(HZO).~H~O 3660,3616,3420,3306 1933,1806,1710 1674 
MO(CO)S(PCY,)Z(DZ~).~DZ~ 2718,2683,2610,2439 1933,1806,1702 1236 
W(CO)S(PCY,)~(HZ~).~H~O 3665,3643,3610,3396,3297 1927,1800,1708 1677 
W(CO),(PCY,)Z(DZ~).~DZO 2716,2700, 2670,2600,2426 1927,1799,1698 1238 
W(CO)B(PCY,)~(H~'BO).~H~~~~ 3660,3632,3602,3390,3289 1926,1800,1706 1672 
Mo(CO),(PCy,),(H,O).l.STHF 3390,3285 1938,1802,1767 1670 
W (CO)B(P-i-Pr3)2(Hz0).THF 3460,3210 1929,1807, 1726 1664,1622 
W (CO),(P-i-Pr3)2(Dz0).THF 2674,2385 1931,1808,1726 1226c 
W(CO),(P-i-Prs),(H1'80).THF 3436,3205 1929,1807,1726 1667,1617 
W(CO)B(P-i-PrS)z(H20)~%HzOb 3648,3630,3362,3298,3214 1927,1804,1719 1622 
W(CO)~(P-~-Pr3)2(DzO).xD~Ob 2693, 2681,2466,2386 1928,1806,1712 1203 
W (CO)3(P- i -PrS)z (Hz ' s ) .~H~~b  3636,3617,3362,3296,3208 1927,1804,1719 1617 
MO(CO),(P-~-P~~)~(H~O).~HZO~ 3636,3390,3330,3220 1936,1816,1726 1621 
Mo(CO)~(PCy,-i-Pr~2~HzO~~~Hz0 3646,3563,3410,3280 1923,1804,1760 1658,1616 

* Nuiol m d  samDles. cm-l. bFrom reaction in hexane solution. 'A peak at 1240 cm-' is ale0 present but is coincident with a phoephine 
peak ohserved at li42 cm-l in the H20 complex. 

certained. The packing diagram did show that the 0.- 
He-OC linkages repeated to give an infinite chain. As was 
done in the structure of [IrH2(THF)(H20)(PPh8)21- 
SbFgTHF," one might make inferences about the geom- 
etry of the bound H20 from the 0--0 vectors in Figure 2. 
Assuming that the hydrogens lie along them, the W-OH2 
bonding appears to be pyramidal. 

Infrared Studies of HzO Complexes and Their 
Deuterium- and 180-Labeled Isotopomers. IR spec- 
troscopy has been heavily relied upon for characterizing 
the products of H20 reaction and determining whether or 
not oxidative addition to hydrido-hydroxo species occurs. 
IR initially indicated that the latter had occurred in the 
PCy, complexes, for which no other structural information 
could be obtained.'~~ However, the structure of W(CO),- 
(P-i-PrJ2(H20)-THF showed that the H20 does not split 
(at least in thii congener) and that hydrogen bonding of 
lattice molecules and carbonyl oxygen8 to the water pro- 
tons could potentially be present in all of the water com- 
plexes. Hydrogen-bonding effecte could give complex IR 
band structures and shifts in both the v(OH) and NOH) 
regions, especially if lattice H20 was present in addition 
to coordinated H20. Ambiguity in frequency assignments 
could result, as wil l  be discussed below. Thus, extensive 
use of isotopic labeling has been made to clarify assign- 
menta and obtain structural information. 
The IR spectra of H20 molecules are highly sensitive to 

their surroundinge,ls and the v(OH) region of aquo com- 
plexes especially reflecte this, both in our system (Table 
V) and in other complexes (Table VI). For coordinated 
H20, two broad OH stretches (antisymmetric and sym- 
metric, sometimes overlapping) are expected in the region 
3200-3550 cm-', along with the HOH bend near 1600 
cm-l.13 Lower energy H20 modes (<800 cm-') are likely 
to be obscured by extensive phosphine and M 4 0  modes. 
For hydroxo ligands, 40H) should be present at 3000-3760 
cm-' and 6(MOH) at 700-1200 cm-' (potentially ob- 
~cured).'~ Clearly there is overlap in the u(0H) region 
between aquo and hydroxo ligands, but from Table VI, it 
appears that in organometallic systems v(OH) generally 
is below 3600 cm-' for M-OH2 and above this for M-OH. 

The IR spectrum in a Nujol mull of W(CO)s(PCy8)2- 
(H20)*2H20 showed a strong split band at 3666/3643 cm-' 
(Figure 3, Table V), which is in the M-OH region, giving 
riee to the initial belieP that the water oxidatively added 
to give WH(OH)(CO)s(PCy8)2~2H20. This band shifted 
as expected on deuteration (synthesis of the complex from 
D20) to 2716/2700 cm-' and ale0 upon l80 labeling to 
3650/3632 cm-' (bands due to coordinated or lattice H20 
would also shift in this manner). Several other broader 
OH stretches were preeent at lower frequencies (3300-3500 

4Ooo 3500 3000 
Figure 3. Nujol mull IR of W(CO)B(PCy )z(Hz0)-2Hz0 in the 
v(OH) region. Sharp weak peake are v ( C b  overtones. 

- 
3500 3000 

Figure 4. Nujol mull IR in the v(0H) region of (A) Mo(C0) - 
(PCy i-Pr)&HzO).xH 0, (B) M o ( C O ) ~ ( p c y ~ z ( H z O ) ~ l . S ~ ,  (8) 
W(C~)B(P-i-PrB)z(Hzb).xHzO from hexane, and (D) W(CO)B(p- 
i-PrB)z(HzO).THF. Asterisks denote v ( C 0 )  overtones. 

cm-'), which were attributed to lattice H20 modes. It 
should next be noted that even minor variations of 
phosphine and reaction solvents (but not metal) gave 
producta with radically differing OH ban& (Figure 4). 
None of the P-i-Prs species exhibited strong OH IR bands 
higher than 3400 cm-', except for a weak band near 3640 
cm-' for the complexea obtained from hexane. IFt of 
W(CO)S(P-i-Prs)2(H20).THF revealed yet a different 
splitting pattern in the 3200-3500-cm-' region (only two 
bands versus the three in the hexanderived analogue; 
Figure 4). This spectral region of the other THF solvate 
isolated, MO(CO)~(PC~J~(H~O)~~.~THF, was much more 
similar to that of the latter complex than to that of the 
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f7 

Figure 5. Nujol mull IR of (A) Mo(CO)s(PCy3)2(H20).2H20 in 
the v(OH) region and (B) MO(CO)S(PCY~)~(D~O).~D~O m both 
the v(0D) region and the v(0H) region (showing reaidual prohum 
Peaks). 

193311 n I' 

h /V 
I I v 
II 

rr 
Mo(CO),(PCy,), 

F4fure16. Nujol mull IR of (A) Mo(C0) (PCyJ (H20).2H20 and 

The peak near 1870 cm-I is the extremely intense mode of the 

H20 solvate, Mo(CO),(PC~&~(H~O)*~H~O. All of the above 
support the notion that the presence of lattice Ha andlor 
hydrogen-bonding interactions influences the u ( 0 H )  re- 
gion more than changes in phosphinelmetal and makes 
IR distinction between aquo and hydroxo ligands risky 
if not impossible. 

Deuteration studies on Mo(CO),(PC~,)~(H~O)*~H~O as 
ehown in Figure 5 revealed that the residual protium band 
at 3633 cm-' had shifted to about 30 cm-' lower energy 
than the band in the fully protium complex. This shifted 
band could be due to ieotopically mixed species such as 
Mo(CO),(PC~&~(HDO)*~D~O, and the weak peak at 2622 
cm-' could also be due to a mixed species. 

In addition to the highly variable OH frequencies, all 
of the complexea from the H20 reactions displayed at least 
four strong bands in the 160Cb19M)-cm-' region (Figures 
6 and 7 and Table V). A u(C0) band near 1870 cm-' due 
to trace impuritiea of M(CO),(PFQ2 was usually also 
present, along with those of [W(CO),(P-i-Pr3),l2(r-N2)'. 
in the case of W(CO)3(P-i-Pr3)2(H20).THF (these bands 

(B) w c O ~ m & w ) * 2 D 2 0  in the U&o, and6WOH) region& 

Mo(CO)S(PCy& impurity. 

** - 
2000 1500 

Figure 7. Nujol mull IR of W(C0),(P-i-prJ2(H2le) .~ in the 
v(C0) and 6(HOH) regions. Asterisk denote peaks due to minor 
impurites: [W(CO)3(P-i-Prd212(r-N2) at 1948, 1872, and 1836 
cm-11 and W(CO)4(P-t-Pr3)2 at 1870 cm-'. 

are much more intense than those for the H20 complexes). 
Assignments of the bands due to the water complexea are 
ambiguous in this region also, especially 160+1700 cm-l, 
where u(CO), u(MH), and 6(HOH) modes are all possible. 
The two highest frequency bands are clearly u(C0) and do 
not shift on substituting D20 or H2'W for H20 reactant. 
The two intense, closely spaced bands at 1708 and 1677 
em-' in the complex originally thought to be WH(0H)- 
(C0),(PCy3),-2H20 are more difficult to assign. The 
spectrum of the deuterium analogue shows a strong peak 
at 1698 cm-' and a new peak at 1238 cm-l which is now 
much weaker: 

1708 1677 

1698 1238 

The isotopic shift ratio (167711238 = 1.35) is consistent 
with the 1238-cm-' band being either u ( M D )  or b(DOD), 
with the 1698-cm-' peak being due to u(C0). The 1708- 
cm-' band in the protium complex is then most likely 
u(CO), which shifta down 10 cm-' on deuteration, probably 
because of the effecta of coupling with the nearby mode 
at 1677 cm-'. The dramatic decrease in intensity of the 
latter when shifted to 1238 cm-1 on deuteration is con- 
sistent with loss of coupling to the CO band (hydrogen- 
bonding effects could also contribute to the u(C0) shifts 
and intensity changes). In order to resolve ambiguity aa 
to whether the band at  1677 cm-' is due to a 6(HOH) 
bending mode or u ( M H )  (if the H20 oxidatively added), 
the &'a0 isotopomer was studied. This band should shift 
if due to 6(HOH) and not shift if due to an M-H stretch 
(initial experiment& had showed that it did not shift; see 
Bimmeion). As a check to determine whether an '80 shift 
should actually be resolvable for 6(HOH), the IR spectra 
of both the known aquo complex W(CO)B(P-i-Pr&2- 
(H2180)THF and the H2'W (96+%) used to synthesize it 
were studied Using an FT-IR instrument. A 2 96 solution 
of H2'W in I&bie(2-methosyethosy)ethane bel" CeBr 
windows gave 6(HOH) at 1639 cm-' versus 1646 cm-' for 
a 2% solution of H20 (u(0H) shift: 3662, 3614 cm-' to 

at 1664 and 1622 cm-' shifted to 1667 and 1617 cm-' in the 
'80 species (Figure 7), confirming that they are both due 
to 6(HOH) and that a shift of 5 cm-' is reaolvable for aquo 

3681,3622 In W(CO)~(P-i-Prs)2(H~8o).THF, bands 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 3

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

04
6a

04
4



3398 Organometallics, Vol. 11, No. 10, 1992 Kubcrs et al. 

Table VI. Spectroscopic Data end Metal-Oxygen Distances for Organometallic H20 and H(0H) Complexer 
HzO complex 4OH) b(HOH) M-O, A ref 

[ CpzTi(HzO)z] (C104)z-3THF 1.99, 2.01 l i  
[CP~Z~(H~O)~I  (CFBSO~)Z.THF 3500 1670 2.232 (7) (av) l h  
[CPZZ~(C~H~SO~)(HZO)ZI (C,H,SO3) 3200-3600 1670 2.232 le 

[CP~Z~(P-OH)~(H~O)~I (C104)4.8THF 2500-3600 1650 2.186 (av) le 

[MO(~C~~)(~~'-C,H~)(HZO)IBF~ 3373,3263 1640 2.202 (5) l b  

[Cp*ZrClz(r-OH)(HzO)Iz 3533: 3354 1609 2.246 (3) (av) h3 

mer-[ Cr(CO)3(PMeS)(CCH~)(HzO)lBF, 3435 1640 1P 

[CPMO(CO)S(HZO)IBF~ 3370 Iff 
[CPMO(CO)Z(PP~~)(HZO)IBFI 3390 1670 lx 
[CpW(CO)3(HzO)IhFe 3480,3435 1613 1s 
[CPW(CO)Z(PP~S)(H~~)IBF, 1645 1. 
[WHZF(PM~S)~HZO)IF 27506 1740b 2.084 (9) Id 
[Mn(C0)6(HzO)]BPh,.nHzO 3386 1610 l w  
cis-[Mn(CO),(PPhJ(H~O)]BF, 3385 It 
mer-[Mn(CO)3(P(OPh)~l~(H~0)lBF4 3520 1585 lm 
fa~-[Re(CO)~(tmen)(H~O)lAsF,' 3410 1595 2.268 (8) lm 
fa~-[Re(CO)~(tmen)(H~O)lBF~ 3520 1597 2.239 (14) lm 
[Re(CO)6(HzO)]hFs 3400 1600 2.206 (8) lm 
[RU(~~-C~HB)(HZO)~ISO~ 2.108 (11) (av) ldd 
[RuH(CO)~(PP~&(H~O)]BF~*H~O 3350 1620 2.15 (l)d lo 
[ RuH(C0) (PPh,) &HzO)] BF,*HzO 3600 1625 lo 
R~Cl~(CO)~(H~O)]~diglyme 2.105 (4) In 
Ru(~.~-F-C~I~COZ)Z(CO)~(HZO) 3580,3320 1605 2.299 (6) l k  
[CPOS(CO)Z(HZO)~BF~ 1645 lu  
RhC1[C4(CF~)41(hMet)~(H~O) 3550,3350 1580 2.243 (11) l a  
RhCl(C,02ClZ)(PMezPh)z(HzO) 3550,3350 2.280 (6) I C  
[RhC1z(PMezPh)S(HzO)lPF~ 3580,3480 1590 l r  
RhCl,(PPhJ [ONN(C6H4Me-p)O](HzO) 2.202 (3) lhh 
[Rh(PPh,)(CO)(HzO)]BF,.O.BHzO 3599: 3355 2.115 (5) lbb 
[RMPP~,)z(CO)(HZO)ICFBSO~ 3300 2.316 (12) 1gg 
[RYPP')z(CO)(HzO)lPFQ 2.107 (6) lee 
[Rh(triphoe)(C~H4)(HP)IBC 3588,3368 2.215 (5) lii 
[IrHCl(HzO)(CO)(PPh3)zlBF4 3405,3340 2.252 (7) 11 
[IrHz(PPhS)z(THF)(Hz0)1SbF6~THF 2.258 (8) If 
[IrH(bq)(PPh3)~(H~O)lSbFBB 3550 2.26 (2) 1j 
[Ir(PPh3)z(CO)(H~O)lCF3S03 3373 1gg 
[Ni(C6C16)(PPhMez)z(HzO)]C104 3260 1625 12  
[P~H(PCY~)Z(HZO)IBFI 3530, 3440 1630 2.206 (5) lcc 
[P~C~(PBU~)Z(HZ~)IBF, 3050 18 
[P~(C~F,)(PE~S)Z(HZO)]C~~~ 3200-3400 1 Y  

H(OH) complex 4OH) 4MI-I) M-H, bh M-OH, bh ref 
[c~~-I~H(OH)(PM~~)~]PF,  3620 2068 -11.19 -1.40 2a 
PtH(OH)(P-i-Pr& 3600 2140 -21.4 2c 
RuH(OH)(PPh,)z(HzO) 3600' 2100 -24.1 0.09 1q 
[RuH(OH)(PP~S)Z(M~ZCO)IZ 3600,3580 1980 -17.7 -1.30 1q 

O~SH(OH)(CO)IO 3595 -12.58 2f,g 

IrH(OH)C1(PCy3)z(CH3CN) 3490 -24.3 2d 
cis-OSH(OH)(PMe3)4 -8.0 2.73 2e 

Assigned to hydroxide. and and fluoride anion is preaent. The band at 1740 om-' is poeeibly due to 
W-H. 'tmen = NJVJV'JV'-tetramethylethane-1,2-diamine. yFor the EtOH solvate. eAssigned to lattice HzO. fPP' = 1,ll-bis(dipheny1- 
phoephino)-3,6,9-trioxaundecane-P,F". %q = 7,8benzoquinolato. Proton NMR shift, ppm. I u(OH) for HzO not given. J For hydroxide; 
signal for HzO was at 1.5 ppm. 

Hydrogen bonding to fluoride 

complexes and similar to that for free H20. For the D20 
analogue, these bands shifted to 1226 and -1240 cm-' 
(partially obscured). For hexane-derived W (CO),(P-i- 
Pr3)2(H20)-xH20, an unsplit S(H0H) mode at 1622 cm-' 
shifted to 1617 and 1203 cm-' on H2"Q and D20 substi- 
tution, respectively. 

For the complex of most interest, W(CO)3(PCy3)2- 
(H20)*2H20, the ambiguous 1677-cm-' band also shifted 
5 cm-' to lower energy, demonstrating that the mode here 
is most probably 6(HOH) and that the water has not ox- 
idatively added in the PCy, derivative. 

NMR Spectral Studies of W-H,O Complexes and 
HzO Dissociation. The 'H NMR spectrum of crystals 
of W(CO)3(P-i-Pr3)2(H20).THF dissolved in dry THF-de 
under argon at 22 OC displayed resonances at 6 1.32 (d of 
d, -CH3), 2.42 (9, -0, and 3.03 (broad H20 resonance; 
wlI2 = 39 Hz). 31P(1H) NMR in toluene-d, showed a major 
singlet peak at 6 41.6 with satellites (Jpw = 323 Hz) 
and minor peaks due to impurities. There were no ob- 

servable 'H resonances due to H or OH ligands in the 
region 6 +11 to -48 either at 25 OC or as low aa -84 O C  (see 
Table VI for reported chemical shifts for H(0H) com- 
plexes). At 40 "C, the water sharpened, moving 
unfield to 6 2.71, and, a t  6 "C, separated into two very 
broad reaomcea at 6 3.68 and 2.87. The latter resonancea 
"wed and ehifted to 6 4.43 and 3.01 (- 1:2 ratio) at -50 
OC. In order to determine if one of these peaks was due 
to free water (dissociated plus adventitious), 5 pL of D20 
(>&-fold ex-) was added to a fresh sample of W(CO)3- 
(P-i-Pr,J2(&O)THF in THF-d, displaying the remmcea 
at 6 4.26 and 2.77. The spectrum at -30 O C  showed the 
peak at 6 4.26 to nearly vanish, leaving a single major 
resonance at 6 2.96. Thus, we assign the resonance at 6 
4.26 to coordinated water (replacement of protium by 
deuterium would greatly diminirh ita 'H signal with reapect 
to that for free water). The presence of dissociated, ex- 
changing water indicates that an equilibrium exists in 
solution between the aquo complex and the agoetic com- 
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Dihydrogen: A Better Ligand Than Water? 

plex W(C0)s(P-i-Pr3)2 (eq 3). THF is known to bind 
W(CO)~(P-~-P~~)~(HZO)  W(CO)3(P-i-Pr3)2 + HpO (3) 

W(C0)3( P-r-Pr3)?(fHF) 

relatively weakly in these systems (see below)," and some 
THF adduct is probably ale0 present in equilibrium here. 
As a further check, a sample of 2 pL of water in THF-de 
gave a resonance at 6 2.72 at 25 OC. The chemical shift 
of free water in THF is both concentration and tempera- 
ture dependant; thus, this is merely an approximate value 
for the chemical shift of uncoordinated water in THF-de. 
In the stopped-exchange spectra of the sample containing 
W(CO)s(P-i-Prs)2(H20), the resonance assigned to nonco- 
ordinatd water ranged from 0.2 to 0.5 ppm upfield of the 
observed resonances of pure free water in THF-d8 at the 
same temperatures. Raported valuea of chemical shifts for 
coordinated water in organometallic complexea range from 
6 0.4 for [RuC1(OH)(PPhJ2(H2O)], in CPe1q to 6 11.30 for 
[W(PMe3)4H2(OH2)F]F in CD2C12.1d 

Readion of H20 and W(CO)3[P(cyclopentyl)3]2 in tolu- 
ene gave a color change to gold-yellow, but attempta to 
isolate a solid led to decomposition to the tetracarbonyl. 
An NMRtube reaction in CJle showed the appearance of 
signale at 6 5.70 and 5.20 presumably due to coordinated 
and free water. 

NMR Studies of H20 Addition to W(CO)8(PR&- 
($-H2) To Give $-H2 Substitution. In an NMR tube, 
2 pL of H20 (-0.1 m o l )  was added to W(CO),(P-i- 
Pr3)z(~2-Hz) (-0.2 "01) in THF-ds. The solution ef- 
f e r v d  as H2 was displaced by H20. The 'H NMR (250 
MHe, 25 "C) spectrum before addition showed resonances 
due to $-H2 at 6 -4.30, dihydride* in equilibrium at 6 -3.60 
(triplet), and free H2 at 6 4.72. After addition, these di- 
minished and a new broad resonance appeared at 6 3.83. 
Two more succmive additions of 2 pL of water shifted the 
latter signal upfield to 6 3.70 and then 6 3.61. When the 
temperature was lowered to 2 "C, the latter separated into 
two very broad resonances (coalesced) at 6 4.13 and 3.30 
and at -50 "C narrowed and shifted to 6 4.64 (wl = 7.8 
Hz) and 3.80 (4.1 Hz). Only a very small amount ok bound 
H2 remained. 

Addition of water aa above to a solution of W(CO)3- 
(PCyd2(H2) in THF-d8 under argon in an NMR tube gave 
a color change from yellow to red, similar to the case for 
the P-i-Pq analogue. At -54 OC the NMR showed two new 
peake, singlets at 6 4.39 (weak) and 3.00 (strong), similar 
to thoee observed for W(CO)3(P-i-Pr3)2(H20). They 
merged into one at 6 2.51 at 25 OC and were assigned to 
coordinated and free water, respectively. No evidence for 
a hydride or OH resonance was observed. 

Qualitative Observation of Preferential H2 over 
H 2 0  Binding on W(CO)8(P-I-Pr8)2 in Hexane. Inter- 
estingly, if addition of H20 to a solution of W(CO)s(P-i- 
PrJ2(H2) under an H2 atsnosphere was done in hexane, the 
aquo complex did not precipitate even after stirring for 
30 min with a large excw of water present as an h i s -  
cible phaea As Boon aa the H2 atmosphere waa replaced 
by argon, the yellow solution darkened and the much lesa 
soluble yellow-orange H20 complex began to precipitate. 
If th ia  system was then exposed to flowing dry argon or 
vacuum, immediate diesociation of H20 and precipitation 
of insoluble W(CO)3(P-i-Pr3)2 as purple-black crystale 
OccURBcI. H20 recoordinated on stirring aa Boon as (1) the 
w o n  flow or vacuum exposure was terminated and (2) the 
solution and head gas became resaturated with the H20 
present as a second phaee in the veaseL This demonstrates 

11, No. 10,1992 3399 

Figure 8. Variable-pressure FTIR study of W(CO)3(P-i-Prs)z in 
1% Hz0/99% THF at 22 OC from 8 to 918 psi of Hp 

1 x 8  cil-i me 1958 1988 1858 18ee 

Figure 9. Variable-temperature FTIR study of W(CO)3(p-i-Pr& 
(12.8 mM) in 1% H20/99% THF under 200 psi of H2 from -60 
to +22 OC. The peaks near 1850 cm-I are due to the Hz complex 
and decrease upon lowering the temperature. The peaks near 
1800 cm-I are due to the water complex and increase with de- 
creasing temperature. A small residual peak near 1864 cm-' is 
due to a small amount of W(C0),(P-i-Prs)2 formed while the cell 
is loaded. 

the extremely delicate nature of the water and H20 binding 
and indicates that in hexane H2 is preferred over H 2 0  
binding. Undoubtedly the major factor here is mass action 
effects, ie. relative concentrations of free ligand in solution. 
In hexane the low solubility of H20 (-5 mW1*) limita ita 
maximum concentration to the same order aa that of 
dissolved H2 (4.64 mM at 20 OC21b), aa opposed to the 
situation in THF, where the concentration of miscible H20 
overwhelms that of H2. The thermodynamic studies de- 
scribed below were performed to resolve whether di- 
hydrogen is truly a better ligand than water here. 

Quantitative Investigation of the Equilibrium be- 
tween Dihydrogen and Water Complexes. The above 
observations suggested that one factor controlling whether 
water or hydrogen complexes formed was the relative 
solubilities of hydrogen and water in the solvent. The 
equilibrium nature of competitive binding between H20 
and H2 was therefore investigated quantitatively in THF 
solution. Variable-pressure IR spectra of a solution of 
W(C0)3(P-i-Prs)2 in 1% H20/THF are shown in Figure 
8. H2 prwwea in excess of loo0 psi were needed to effect 
quantitative formation of W(CO)3(P-i-Pr3)2(H2) at room 
temperature, aa monitored by the relative intensities of 
the v(C0)  frequencies due to the latter and the H20 com- 
plex. The equilibria were fully reversible and rapidly es- 
tablished even at  low temperatures. 

The equilibrium constants for displacement of di- 
hydrogen by water were investigated at several H2 pTes- 
sure8 in the temperature range +25 to -70 "C. Typical 

(21) (a) Seidell, A.; Links, W. F. Solubilities of Inorganic and Met- 
al-Organic Compounds, 4th ed.; Van Nostrand New York, 1958, Vol. 1, 
p 1136. (b) Gerrard, W. Gas Solubilities Widespread Applications; 
Pergnmon Prew: New York, 1980; p 28. 
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spectral data as a function of temperature are shown in 
Figure 9. As the temperature was lowered, the peaks due 
to the H2 complex decrease and new peaks due to the H20 
complex appear. From van't Hoff plots the thermody- 
namic parameters shown in eq 4 were readily obtained. 
W(CO)&PR&(H2) + H2O * W(CO)&P&)2(H20) + H2 

(4) 
R = Cy: AH = -2.8 f 0.1 kcal/mol; 

AS = -16.5 f 2.0 cal/(mol K) 
R = i-Pr: AH = -4.5 f 0.2 kcal/mol; 

AS = -18.8 f2.0 cal/(mol K) 
For both phosphines, displacement of H2 by water is 
exothermic by 3-4 kcal/mol. As will be discussed later, 
hydrogen bonding between coordinated water and solvent 
appears to play a role in the thermodynamics of binding 
of H20 in these systems. The surprisingly high negative 
entzopy change in eq 4 is no doubt a reflection of this. The 
unfavorable entropy of binding of water is largely re- 
sponsible for the fact that the equilibrium fauors H2 
binding at room temperature and H20 binding at  low 
temperature. AGm for eq 4 can be calculated to be 1.1 
kcal/mol for R = i-Pr and 2.1 kcal/mol for R = Cy, i.e. 
favoring the left side of the equation. 

Enthalpy of Binding of H2 by W(CO)a(P-i-Prs)2. 
The enthalpies of binding of H20 determined in eq 4 were 
relative to H2. It was therefore of interest to determine 
the enthalpy of binding of H2 to W(CO)3(P-i-Pr&. Direct 
measurement of the enthalpy of reaction 5 yielded AH = 
W(CO)3(P-i-Pr3)2 + H2 - W(C0),(P-i-PrJ2(H2) (5) 
-11.2 f 0.5 kcal/mol in toluene at 20 OC. Indirect mea- 
surement of this value based on reactions with pyridinen 
yielded a value of 10.4 f 0.8 kcal/mol. We adopt the 
average value of 10.8 f 1.0 kcal/mol for net binding of H2 
in this system. This value compares with the value of -10.0 
f 1.0 kcal/mol reported by us earlier for W(C0)&PCy&.lo 
These values reflect the enthalpy for net reaction with H2 
and do not incorporate enthalpies of tautomerization be- 
tween molecular hydrogen and dihydride species: 

Kubm et al. 

exothermic enthalpy of binding to H2 to W(CO)3(P-i-Prs)2 
compared to W(CO)3(PCyJ2 is decreased steric repulsion 
and lower 'steric threshold"u for the i-Pr complex. It 
should also be pointed out that the net difference in en- 
thalpies of binding, 0.8 f 2.0 kcal/mol, is small compared 
to experimental errors. 

The~rmodynamics of Binding of THF: Model for an 
Oxygen Donor in the Abeence of Secondary Hydro- 
gen Bonding. The fact that the enthdpy of displacement 
of H2 by H20 was exothermic by 3-4 kcal/mol wae sur- 
prising since the 0 atom donor THF waa known to form 
complexes only at low temperature!b In order to develop 
a benchmark for binding of oxygen donor ligands in this 
syatem, we investigated quantitatively the binding of THF 
to the complexes W(CO)3(P-i-Pr3)2 and W(CO),(PCy,),, 
as shown in eq 8. The equilibria in eq 8 were investigated 

W(C0)3(PR& + THF * W(CO),(PR&(THF) (8) 
R = Cy: AH = -8.6 f 0.7 kcal/mol; 

AS = -31.0 f 2.5 &/(mol K) 
R = i-Pr: AH = -10.3 f 0.3 kcal/mol; 

AS = -34.0 f 2.0 cal/(mol K) 
by FITR spectrmpyin the temperature range +mto -80 
"C. Plots of In K versus 1/T gave straight lines over the 
entire temperature range and yielded the thermodynamic 
data for eq 8. The entropies of binding are in keeping with 
statistical mechanical estimates% and also with data re- 
ported earlier for binding of N2 to Cr(CO)3(PCy&.4b The 
more exothermic binding of THF by the i-Pr congener is 
probably due to reduced steric repulsion for uptake of an 
additional ligand, as found for H2 binding. As would be 
expected, the difference in enthalpies of binding of the 
smaller H2 ligand (0.8 kcal/mol) was lower than that for 
thf (1.7 kcal/mol). 

It should be pointed out that the enthalpies of binding 
include displacement of the agoetic bond, and the differing 
enthalpies of binding could be due to Merent egoetic bond 
strengthe in the two phosphine systems. Gas-phase data= 
for binding of alkanes to the W(CO)6 fragment indicate 
that the order of bond strength is CHI << C2H, < C&p 
On that basis, the i-Pr and Cy groups might be expected 
to have different values for the agoatic bond, since P-i-Pr, 
bonds with a terminal methyl and PCy, with a methylene 
group. Additional calorimetric work is in progreee to clarify 
whether the increased enthalpy of binding of THF is due 
to decreased steric repulsion in W(CO),(P-i-Pr,),(THF) 
or to a weaker agoetic bond in W(CO)&P-i-Pr& However, 
preliminary results indicate that the gap in enthalpies for 
the two systems increases as the ligand size increases, 
supporting steric preasure aa the main factor in controlling 
differences in complex stability for these systems.n 

Data for enthalpies and entropies of binding of the weak 
ligand set THF, H2, and H20 can be constructed on the 
bash of the data obtained for reactions 4,6, and 8. En- 
tropies of binding of H2 could not be determined for the 
W complexes, but earlier work on the analogous Cr and 
Mo complexes4b allows estimation of the entropy of binding 
of H2 to be 25 f 3.0 cal/(mol K). Combined data are 
shown in Table VII. For both phosphines, the bond to 
THF is some 8-10 kcal/mol stronger than the agcmtic bond. 

R3 R3 

NMR studiea have shown that the major species present 
in toluene solution is the H2 complex and that the enthalpy 
of reaction 6 in the forward direction is +1.2 f 0.6 kcal/mol 
for R = i-Pr.3b*4b*6*23 Thus, the observed enthalpy of re- 
action 5 includes very little contribution (ca. 0.3 kcal/mol) 
from eq 6 (Kw = 0.25 at  25 "C). 

The calorimetric measurements described above pre- 
dicted that binding of H2 to W(C0)3(P-i-Pr3)2 should be 
0.8 f 2.0 kcal/mol more exothermic than bmding to W- 
(CO)3(PCy&. In order to test this, the equilibrium shown 
in eq 7 was investigated using FTIR under conditions 
W(CO)~(PCY~)Z(H~) + W(CO)~(P-~-P~~)Z = 

W(CO)~(PCY~)Z + W W ) ~ ( P - ~ - P ~ ~ ) Z ( H ~  (7) 

where a 1:2 ratio of H2 to total W complexes was used. 
Preferred binding to the i-Pr derivative was observed. As 
diacussed later, the most likely explanation for the more 

(22) Hoff, C. D.; Km, G. Unpublished reaulta. 
(23) Khalea, G. R. K.; K u h ,  G. J.; Unkefer, C. J.; Van Der Sluys, L. 

S.; Kubat-Martin, K. A. J .  Am. Chem. SOC. 1990, 112, 3855. 

(24) The idea of 'eteric threshold" has been widely um$ me, for ex- 
ample: Liu, H. Y.; Erika, K.; Prock, A,; Giering, W. P. Organometallics 
1990,9,1758. 

(25) Stull, D. R.; Weat", E. F.; Sinke, G. C. The Chemical Ther- 
modynamics of Organic Compounds, Wiley: New York, 1989. 

(26) Brown, C. E.; Iehikawa, Y.; Hackett, P. A.; Rayner, D. M. d. Am. 
Chem. SOC. 1990,112,2530. 

(27) Lang, R. L.; K k ,  G.; Hoff, C. D.; Kubas, G. J. Work in p m g "  
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displacement of bound H20 by THF. 
It seems moet likely to us that the source of the stability 

of the aquo complex relative to the THF complex derives 
largely from the secondary hydrogen bonding. Hydro- 
gen-bond strengths on the order of 4 4  kcal/mol between 
THF and the coordinated hydrazine, diazene, and am- 
monia complexes Mo(CO),(N,HJ*-(THF) have been ob- 
served on the basis of direct calorimetric measurements 
of heats of solution.s0 Burkey has reported H-bonding 
effects on the order of 5 kcal/mol for secondary interac- 
tions in similar organometallic complexes.31 The high 
negative entropy of binding of H20 to W(CO)&PR& is also 
supportive of association of solvent with the water complex 
after it is formed. More detailed comparison of these 
effects and extension to studies of binding of alcohols, 
amines, and hydrazines is in progress. 

Isotopic Exchange of Ha0 and Dz on W(CO)a(P-I- 
Pr&. In order to test whether isotopic exchange occurs 
between H20 and H2 on these complexes, solutions of 
W(CO)&P-i-P&@.J under 1 atm of D2 were stirred with 
a slightly deficient amount of H20 (to avoid complete 
displacement of D2). IR analysis was then performed on 
the isolated aquo complexes to monitor incorporation of 
D into the aquo ligand. The product from a 45-min re- 
action in hexane showed no observable D. However, longer 
reactions in 1:l THF-hexane did produce, on cooling, 
orange crystals of an isotopomeric mixture, W(CO)a(P-i- 
Pr3)2(H,,D2-,,0)-THF ( n  = 0-2). From qualitative ratios 
of v(OD)/v(OH) IR intensities, about 50% scrambling 
occurred after 3 days. A weak peak at 1226 cm-' due to 
6(DOD) of the fully deuterated isotopomer W(CO)3(P-i- 
Pr3)2(D20)*THF was seen, along with comparably weak 
6(HOH) bands of the fully protium species. Thus, the 
major species was undoublbdly the HDO complex (ob- 
eervation of 6(HOD) was obscured). After an I sh  reaction, 
weak v(OD) peaks were observed, indicative of some ex- 
change. 

NMR-tube reactions of W(CO),(P-i-Pr3),(D& (0.05-0.1 
M) and H20 in THF or toluene under 1 atm of D2 were 
also carried out, using 2H NMR (38.40 Mhz) to monitor 
incorporation of D into H20. The c l o d  systems contained 
a >rCfold excess of D as coordinated and free D2 (-1:l 
ratio) in relation to the amount of protium in the H20 
reactant. The NMR signal for the D2 complex in THF 
before H20 addition showed a singlet at 6 -4.35 due to 
q2-D2 with a broad shoulder (unresolved multiplet) at ca. 
-3.6 ppm probably due to the dideuteride in equilibrium. 
A resonance for free D2 was not observed. Some THF 
complex (eq 3) was probably present, as suggested by lower 
than calculated integration ratios of q2-D2 to reference 
compounds. The q2-D2 signal weakened and broadened 
on H20 addition, consistent with partial displacement of 
D2 ligand and exchange equilibria. Production of HnDhO 
(coordinated plus free, rapidly exchanging) was shown by 
the appearance of a single peak near 3 ppm. The rate of 
D incorporation appeared to be relatively constant in this 
study and in similar experiments. For a ratio of H20 to 
complex of 1:2, about 17-21% of statistical scrambling 
oc"d over 12 h, depending on the amount of head gas 
D2 entering into the exchange (and how much adventitious 
water was present). Although imprecise, this slow rate 
qualitatively agrees with that found in the above IR- 
monitored experimente. 

A similar experiment using about half the concentxations 
of D2 complex and water (intensities referenced to THF-d 

Table VII. Enthalpies and Entropies of Binding for 
Ligands to W(CO),(P-I-Pt), and W(CO)dPCy,), 

agontic 0 0 0 0 
THF -10.3 h 0.3 -34.0 h 2.0 -8.6 h 0.7 -31.0 * 2.5 
H2 -10.8 * 1.0 -26.0 h 3.0 -10.0 * 1.0 -25.0 * 3.0 
H20e -15.3 * 1.2 -43.8 h 5.0 -12.8 1.1 -41.5 * 5.0 
a Enthalpies of reaction (kcal/mol) in toluene solution. 

*Entropies of reaction (cal/(mol K)). Value for entropy of binding 
of H2 ie an estimate baeed on measurements of the entropies of 
binding of HZ for the d o g o u e  Cr and Mo complexes." cValues 
for H20 are baeed on values for & and measurement of the en- 
thalpies and entropies of reaction 4 as described in the text. 

3267 

Figure 10. FT-IR spectra of H20 in THF before and after 
W(CO)&P-i-P& was added. 

This can be compared to photoacoustic calorimetry data% 
which show that THF binds 12.4 f 1.2 kcal/mol stronger 
than heptane to Cr(COI6: 
Cr(CO)6(heptane) + THF - Cr(CO),(THF) + heptane 

(9) 
Differences in binding for these two types of complexes 
cannot be attributed to steric factors alone, since the 
electronic requirements of the M(COI6 and M(CO)sP2 
fragments would not be expected to be the same. 

Role of Hydrogen Bonding in Ha0 Complex Sta- 
bility. The data in Table W show that H20 has a more 
favorable enthalpy of binding of 4-5 kcal/mol than does 
THF. On the basii of electronic factors alone, one would 
expect THF to be the better donor and thus have a higher 
enthalpy of binding. The crystal structure of W(CO)3(P- 
i-Prs)2(H20)31'HF, which showed hydrogen bonding to be 
involved in the solid state, prompted us to investigated 
whether or not hydmgen bonding of the coordinated water 
was retained in solution. Hydrogen-bond strengths of up 
to 14 kcal/mol have been reported between rhodium alk- 
oxide complexes and phenolsm and thus can make con- 
siderable contxibutions to observed enthalpies of reaction. 
FTIR studies supported formulation of the complex in 
solution as W(CO),(P-i-Prd2(H2O)-*(THF). As shown in 
Figure 10, the OH region of the FTlR of a dilute solution 
of W(CO)3(P-i-Prs)2(H20) in THF indicated the presence 
of hydrogen bonding between solvent and bound water. 
A spectrum of H20 (at the same concentration as that for 
the spectrum of the complex) showed bands at 3573 and 
3506 cm-l which can be attributed to the OH stretches of 
H20 aseociated with THF solvent. When an equimolar 
amount of W(C0)a(P-i-Pra)2 is added, new bands appear 
at 3383 and 3267 cm-l, in surprisingly good agreement with 
the Nujol mull spectrum of W(CO)3(P-i-Pr3)2(H20).THF 
in Figure 4D. Small shoulder peaks due to free water can 
be seen in the spectrum, indicating that there is some 

(28) Yang, C. K.; Vaida, V.; Peters, K. 5. Polyhedron 1988,7,1619. 
(29) Kegley, S. E.; Schaverien, C. J.; Freudenberger, J. H.; Bergman, 

R. G.; Nolan, S. P.; Hoff, C. D. J.  Am. Chem. SOC. 1987, 109, 6683. 

(30) W,  K. Doctoral Dissertation, University of Miami, Coral Ca- 
bles, n, 199-0. 
(31) Burkey, T. J. Polyhedron 1989,8, 2681. 
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using an lV-IR instrument with higher reaolution. Initial 
spectra of "W(C0),(PCy&,(H2O)" and ita HJ80 ieotopomer 
did not show a shift in a band then measured to be at 1674 

leading to speculation that this mode might be due 
to v(WH) in a hydrido-hydroxo formulation. This became 
more doubtful when the X-ray structure of the P-i-Pr3 
analogue showed an aquo ligand and when IR bands near 
1620 cm-' analogous to the 1674-cm-' band showed '*O 
shifts of -5 cm-l resolvable by FT-IR, proving the bands 
to be S(H0H). A new '80-labeling experiment for the PCy3 
species now showed a similar 5-cm-' shift in the 1674cm-' 
peak (more accurately measured to be at 1677 cm3. Thus, 
all the solid complexea reported here appear to contain an 
unsplit aquo ligand, and NMR measurementa are con- 
sistent with this in solution. The low solubility of M- 
(C0)3(PCy3)2(H20)*2H20 precluded direct NMR studies, 
but NMR-tube reactions of H20 and W(CO)3(PCy3)2(H2) 
in THF were carried out. Hydrogen was displaced, and 
the spectrum of the resultant product was similar to that 
of W(C0)3(P-i-Pr3)2(H20)-THF, indicating H20 coordi- 
nation is present in solution for the PCy, system. 

Hydrogen bonding between metal-bound H20 and 
"lattice" H20 or solvent is an important factor in both IR 
studies and thermodynamica of H20 binding. v(OH) ban& 
could undergo large unpredictable shifts, as shown in 
Figure 10 for H20 hydrogen-bound to THF. The initial 
evidence that W(CO)3(PCy3)2(H20)*2H20 might contain 
hydroxo ligand was observation of v(OH) bands above 3600 
cm-l, but it is likely that thew are due to hydrogen-bonded 
lattice water. Bands of this type (e.g. for the "free" OH 
of hydrogen-bonded water in Fe(Saen)C1*H20 (v(0H) = 
3620 cm-' 32) have been described to be sharp (ul12 = 20 
cm-'), and the high-frequency bands in the spectra of the 
solid PCy, and Mo-PCy2(i-Pr) complexes were relatively 
sharp (vlI2 = 20-60 cm-', Figurea 3-5). Also, a band at 3599 
cm-' was recently assigned to lattice water in [Rh- 
(PPh3)2(CO)(H20)]BFr-0.5H20.1bb Finally, it should be 
noted that the complexes with lattice THF rather than 
H20 do not show bands >3600 cm-' (Figure 4B,D). 

Clearly, one cannot safely diagnose whether or not H20 
oxidatively adds to metal complexes using v(OH) data 
alone. In the complexes here, v(C0) data support formu- 
lation as six-coordinate aquo species because of similarity 
to the bands for other oxygen donor adducts of M(C0)3- 
(PCy,),)(L), e.g. L = acetone, acetaldehydeek The sev- 
en-coordinate oxidative-addition product WHCl(CO),- 
(PCy,),, on the other hand, showed three closely spaced 
v(C0) bands at much higher frequenciea (1907,1885,1856 
cm-l).12 The lowest energy v(C0) band for the water 
complexes appeared at quite low frequency (1705-1757 
cm-'; cf. 1776 cm-' for L = acetone) and was more variable 
in position than the two higher frequency modes. These 
effecte could be the result of involvement of one of the CO 
ligands in hydrogen bonding similar to that found in 
W(C0)3(P-i-Pr3)2(H20).THF. Shifts of v ( C 0 )  to lower 
energy of up to 40 cm-' were observed for interaction of 
carbonyl ligands with (CF3)3COH in liquid xenon and 

Very little descriptive IR detail has been reported in the 
literature for other organometallic H20 complexes except 
for positions of v(OH) and 6(HOH). In our systems, the 
apparent splitting of the 6(HOH) band in W(CO),(P-i- 
Pr3)2(H20).THF is a matter of concern, especially since 
only one such band was present for W(CO)3(PR3)2- 
(H20)aH20 (and all other reported H20 complexes). A 
possible explanation is that the hydrogen-bonding inter- 

cc4.17 

, " ' I  I I b - , ' I  , ' I '  

5 0 -5 
Figure 11. 2H NMR spectrum (38.40 MHz, 25 "C) of the W- 
(C0)3(P-i-Pr3)2(D2)-H20 reaction mixture in toluene under D2 
after 2 days, showing the resonance of the HDO/D20 product 
at 0.66 ppm and overlapping 72-D2/72-HD signals near -4 ppm. 
The shoulder on the latter may be due to a deuteride ligand in 
equilibrium. 

peaks) was also carried out. The incorporation of D2 into 
H20 was unexpectedly faster here, requiring only about 
3 h rather than 12 h for the same amount of exchange. The 
scrambling was complete in 46 h but was somewhat slower 
in toluene, requiring 2 days for -43-50% scrambling and 
ca. 4 days for complete exchange (H,Ocomplex = 1:3). 
The H,D2-,0 peak appeared at 6 0.60-0.95 (Figure 11). 
The reverse experiment was also performed i.e. reaction 

of W(C0)3(P-i-Pr3)2(D20) with H2 in THF, monitored by 
2H NMR as above. The ratios of D20 to both metal com- 
plex and H2 were -1:l here, and most of the D20 re- 
mained coordinated even after H2 addition. Nevertheless, 
H/D scrambling did occur, although at an overall rate 
slower than that of D2 complex plus H20 in THF (the 
presence of adventitious H20, inefficient gas/solution 
mixing, and low solubility of H2 precluded attainment of 
quantitative kinetic information, especially in this ex- 
periment). The "loss" of deuterium from the D20 signal 
was followed and reached a plateau by 8 days at ca. 70% 
of the calculated protium incorporation. The factors listed 
above undoubtedly were responsible for a final value less 
than 100%. A resolvable signal for coordinated HD or D2 
was not observed at any time during the exchange process, 
supporting the contention that in THF H2 does not com- 
pete favorably with H20 for the tungsten binding site 
because of the much higher concentration of water than 
that of dissolved H2 present here (>2O-fold). 

Isotopic Exchange of MeOH with W(CO),(P-I- 
Pr&(D2). An exchange experiment using MeOH in place 
of H20 was conducted in THF as above. Whereas H20 
had displaced a large fraction of the bound D2, MeOH did 
not not. Two resonances appeared in the OD region, the 
first (6 3.02) within hours and the second (6 3.20) after 1-4 
days. After 4 days, the latter grew while the former re- 
mained unchanged in intensity, indicating that they were 
due to MeOD and, presumably, adventitious H,D2-,0, 
respectively. Full scrambling required >2 weeks, much 
slower than for the H20 case. 

Discussion 
Infrared Studies as a Diagnostic of the Structure 

and Hydrogen-Bonding Interactions of Water Com- 
plexes. Determination of the s h c t u r e a  and interpretation 
of IR spectra of the products of H20 addition to M- 
(CO),(PR,), has been a decidedly nontrivial problem. It 
was not completely resolved until a crucial isotopielabeling 
experiment carried out over 10 years ago was repeated 

(32) Summerton, A. P.; Diamautie, A. A.; Snow, M. R. Znorg. Chim. 
Acta 1978, 27, 123 and references therein. 
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Dihydrogen: A Better Ligand Than Water? 

actions with lattice THF and carbonyl ligand cause the 
splitting (hydrogen bonding is known to raise the value 
of 6(HOH)16). However, it is puzzling that there is only 
one 6(HOH) signal in the H20 solvates, which contain at 
least two types of H20 (metal-bound and lattice). Hy- 
drogen bonding may shift or eliminate these modes: a 
complex containing lattice water hydrogen-bonded to co- 
ordinated anions, Re(C0),(bpy)(FAsF&H2O, was reported 
to not display G(HOH)." 

Relative Binding Abilities of H20 and Hh Isotopic 
Exchange Reactions, and Relevance to Enzymatic 
Reactions of Hydrogen. Thermodynamic studies of 
direct competitive binding indicated that H2 is a slightly 
better ligand than H20 on W(CO)s(PR& Although the 
enthalpy of binding favored H20 by 3-4 kcal/mol, de- 
pending on R, an unfavorable entropic term due to hy- 
drogen-bonding effects swung the equilibrium in favor of 
the H2 complex at room temperature. It is perhaps sur- 
prising that dihydrogen, which binds nonclassically to a 
metal via ita bonding pair of electrons, can even come close 
to the binding ability of water, which donates a non- 
bonding electron pair and is the classical ligand in coor- 
dination chemistry. Because H20 is purely a u-donor with 
little capability for back-bonding, one might conclude that 
the M-H2 interaction must be enhanced by back-bonding 
from metal to H2 u*, as supported by theoretical calcula- 
tions and studies of the rotational barrier of He. Provided 
that the metal center is not exceedingly electron-poor, e.g. 
as in M(CO)6 fragments, this back-donation thus brings 
q2-H2 out of the realm of a weak "token" ligand. Another 
viewpoint is that water is a poorer ligand here than might 
be expected, and indeed the solid-state structure of W- 
(CO)3(P-i-Prs)2(H20).THF showed one of the longest 
known metal-0H2 bonds. Possibly this is because H20 
is a hard donor and the organometallic tungsten center is 
relatively soft. 

Our demonstration that H2 can actually be favored over 
water for the same binding site is clearly relevant to bio- 
logical activation of H2 by enzymes such as hydrogenase 
and nitrogenaee, where water is potentially a competing 
ligand. H2 binding to W(CO)3(P-i-Pr3)2 was preferred over 
H20 in both polar and nonpolar solvents such as hexane, 
a situation that could be mimicked in the hydrophobic 
protein site known for Ni hydrogenase, which catalyzea eq 
10. Agostic interactions such as shown in eq 2 or weak 

H2 * 2H+ + 2e- (10) 

M-0H2 binding may play a role in enzyme systems in 
preserving a lightly occupied coordination site for small- 
molecule activation (H2, NJ.53 Crabtree and others have 
propoeed that 9-H2 binding possibly may occur at Mo or 
Ni metal centers in the enzyme ~ y s t e m s . ~  He also found 
that q2-H2 can replace H20 in [IrH(L)(bq)(PR,),]+, but 
only if water is removed from the system, eq. by molecular 
sievea (competition experiments were not reported).% H2 
binding can also be preferred over N2 on M(CO),(PCys),, 
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where entropic factors again are important. H2 is favored 
at higher temperatures (above -70, +28, and +46 "C for 
M = Cr, Mo, and W respectively) because it has a sub- 
stantially lower absolute entropy than N2.% 

Isotopic exchange between H20 and D2 occurs in solu- 
tions of W(CO)s(P-i-Pr3)2(D2) over several days, and the 
enzyme systems are also known to exhibit this exchange. 
Catalysis of H20/D2 exchange has previously been dem- 
onstrated in systems which heterolytically split H2 to metal 
hydride complexess7 and in the Ir-bq system which also 
catalyzes ROH/D2 exchange.% The latter complex con- 
tains a hydride cis to H20 or ROH which participates in 
the exchange. However, in our system the mechanism of 
exchange and role of q2-H2 are not obvious, similar to the 
situation for H2 + D2 - 2HD exchange observed6 on these 
M(CO)s(PRJ2 systems. The bonds of two separate mol- 
ecules are being broken and re-formed, but how can this 
occur on a metal complex with ostensibly only one 
available binding site? Formation of higher coordinate 
species with two weakly bound exchanging ligands is very 
unlikely, especially because of the steric bulk of the 
phosphines. With regard to mechanisms involving tran- 
sient ligand dissociation, clearly the CO ligands are non- 
labile in solution, the phosphines are not very labile, and 
HD formation was observed even on solid M(CO)3(P&)2, 
where ligand dissociation is even less likely (light was also 
excluded to prevent photochemical reaction)? In the case 
of scrambling involving water, however, the latter is of 
course a weak base and could function as a deprotonating 
agent. A mechanism involving proton removal from an 
q2-H2 ligand and readdition could occur: 

R3 R3 
.co I .cO D H20 I -HM) I d H 

OC-W-1 - OC-W-D HzDO+-OC-W-l 
O P  c'l D O P  c' I oc'6 

R3 R3 

This would be similar to an exchange process proposed by 
Collmanm involving a Ru prophyrin system which binds 
q2-H2 and catalyzes D20/H2 exchange in THF. However, 
their system required the presence of a strong base, KODam 
Our tungsten-H2 complexes can be stoichiometrically 
deprotonated by strong bases (KH and CuO-t-Bu) but not 
observably by weaker ones such as EkNe4O Deprotonation 
by H20 could operate on an equilibrium scale, however, 
and this would be consistent with the observed slow rate 
of scrambling of D2 with H20. The even slower rate of 
exchange observed when we use nonpolar solvents and 
when we start  with the aquo complex and add D2 (where 
the concentration of D2 complex was low, giving fewer 
opportunities for deprotonation) would agree with a de- 
protonation mechanism. Exchange was also considerably 
slower between D2 and MeOH, a poorer base than H20. 
Similar exchange experiments carried out by Crabtree on 
his Ir-bq system gave very much faster ratagsb A de- 
protonation mechanism similar to the above was also in- 

~~ ~~ 

(33) X i  agoetic C ~ - H C  interaction ima twn recently reported to exist 
euen in aqueow solution in the sterically constrained macrocyclic com- 
plex K[Co( l , b d i a z s c r c l o o d a n e ' - ~ ~ ~ t o ) ( S O ~ ] . S H * O  Broderick, 
W. E.; Kanamori, K.; Willett, R. D.; Legg, J. I. Inorg. Chem. 1991,30, 
3876. 

(34) (a) Crabtree, R H. Inorg. Chim. Acta 1988,125, L7. (b) Van der 
Zwaau, J. W.; Albracht, 9. P. J.; Fontijn, R D.; Mul, P. Eur. J. Biochem. 
1987, 169, 377. (c) Teixeira, M.; Moura, I.; Xavier, A. X.; Moura, J. J. 
G.; Mall, J.; DerVartaaian, D. V.; Peck, H. D., Jr.; Huynh, B.-H. J. Biol. 
Chem. 1989,264,16435. (d) Teixeira, M.; Moura, J.; Moura, I.; Huynh, 
B.-H.; Mall, J.; Peck, H. D., Jr.; Hoffman, B. M. J. Am. Chem. SOC. 
1991, 119, 20. 

(38) (a) Crabtree, R H.; Lavin, M.; Bonneviot, L. J. J. Am. Chem. SOC. 
1088,108, 4032. (b) Albeniz, A. C.; Heinekey, D. M.; Crabtree, R. H. 
Inorg. Chem. 1991, SO, 3632. 

(36) Gonzalez, A. A.; Hoff, C. D. Inorg. Chem. 1989,28,4296. 
(37) (a) Mille, G. A.; Weller, S.; Wheeler, A. J. Phys. Chem. 1959,63, 

403. (b) Halpem, J.; James, B. R. Can. J .  Chem. 1966, 44, 671. (c) 
Strathdee, G. G.; Quinn, M. J. Can. J. Chem. 1972,50, 3144. (d) von 
Hahn, H. E. A.; Peters, E. J. Phys. Chem. 1971, 75,571. 

(38) Collman, J. P.; Wagenknecht, P. S.; Hembre, R. T.; Lewis, N. S. 
J. Am. Chem. SOC. 1990,112, 1294. 

(39) Strong bases alone catalyze exchange between D2 and H20 and 
between D2 and MeOH in aqueous solution: Strathdee, G. G.; Gamer, 
D. M.; Given, R. M. Can. J.  Chem. 1977,55,3615 and referen- therein. 
However, the presence of both baee and the Oe complex was required for 
exchange in the THF system in ref 38. 

(40) Van Der Sluys, L. S.; Miller, M. M.; Kubae, G. J.; Caulton, K. G. 
J. Am. Chem. SOC. 1991,113,2513. 
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voked to explain exchange in a sterically hindered alcohol. 
The dihydrogen ligand in IrH(H2)(bq)(PR3),+ is more 
acidic than in the tungsten complex and more easily de- 
protonated. 

It has been suggested* that adventitious water mediates 
the enigmatic H/D scrambling observed on our dihydmgen 
complexes, poesibly by a deprotonation mechanism similar 
to the above. However, the relatively slow rate (days) of 
D2/H20 exchange determined in solutions containing 
W(C0)3(P-i-Pr3)2(D2) would argue against this. Even 
though the M-t12-D2 + H2 - M-r12-HD + HD statistical 
scrambling occurs over a similar time frame (ca. 1-2 days 
for bulk reaction, solution or solid state), a very fast rate 
of D2/H20 reaction would be required for a trace amount 
of water to actively exchange with a much larger amount 
(up to 10 "01) of hydrogen. Furthermore, we have found 
that H2/D2 scrambling occurs over catalytic amounts of 

solid W(CO)3(PCy3)2 thoroughly dried in uacuo, which 
surely would preclude deprotonation by HzO." Additional 
studies of these isotopic exchange processes are planned 
to obtain mechanistic information. 
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Organometallic Oxides: Oxidation of [ (r)-C,Me,)Mo( CO)2]2 with 
O2 To Form syn-[ (r)-C,Me,)M0Ci],(p-C1)~(p-0), 
S Y ~  -[ (q-C,Me,)MoCl],(p-CI) (1.1-C0,H) (p-0),  and 

C,Me,Ol[ (vC,Me,) MO,O, *I 
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Oxidation of [(&&¶edMo(CO)& by air in CHC13 gave [ c , M e 6 o ] [ ( ~ c ~ e d M ~ o l ~ ] ,  in an unprecedented 
reaction in which an oxygen atom was inserted into a Cs ring. The previously reported complexes [(q- 
C,M~,)MO(O)~]~(~-O) and (r&,Me,)M0C1(0)~ were also obtained from the oxidation. The structure of 
[C,MeaO][(tpC Me&fO&,] has been determined by X-ray diffraction (orthorhombic, a = 15.971 (1) A, 
b = 16.825 (1) 1, c = 23.597 (1) A, space group Pcab, 2 = 8, R'= 0.051). The anion is a derivative of the 
classic I[MO(0)01-o)2]e01e-o))2-, in which a terminal oxygen has been replaced by tpC&fep The strong 
trans effect of M d  manifests itself a m  the Moe(rC90) octahedron to the Mo-(~pC&ld unit Irradiation 
of [(~pC~Me~)Mo(C0)~1~ in the presence of O2 gave syn-[(~-C,Me,)M0C1]~01-Cl)~~-O) and syn-[ (7- 
C,M~,)MOC~]~~~-C~)O~-CO,H)G~-O), whose structures have been determined by X-ra dlffraction. syn- 
[(rl-C,Me,)MoCl],(cc-Cl)z(r-O) is orthorhombic, with a = 8.581 (7) A, b = 39.610 (6) 4 c = 56.650 (8) A, 
space group F2dd, 2 = 32, and R = 0.195. [(rl-C6Me6)MoC1]2(cc-C1)01-C03H)01-O) is monochic, with a 
= 8.451 (8) A, b = 28.771 (16) A, c = 10.925 (14) A, /3 = 107.2 ( l O ) O ,  space group P21/c, Z = 4, and R = 
0.073. Thew diamagnetic dinuclear compounds have long Mo-Mo dietancea (2.72 and 2.80 A, respectively). 
Extended Hackel calculations show that there is very little Mo-Mo bonding, and the formal Mo-Mo 
description required by the 18-electron rule is incorrect. 

Introduction 
Cubanes of general formula [(s-C6R6)M(cc3-A)I4 (M = 

d-block element; A = pblock element, usually from group 
16) have interesting electronic and magnetic properties. 
In the cases where M = Mo, Fe and A = S, they may also 
be models for the active sites of ferridoxins and nitroge- 
nase.l As part of ow research into cyclopentadienylmetal 
oxides, we have discussed the molecular and electronic 
structures of [ (V-C~R~)C~(P~-O) ]~  (R = H,2 Me;3 R, = 
H4Me4). An extremely desirable cubane for comparison 
purposes would be [ (~-C,R,)Mo(r,-O) 1,. However, this 

(1) Holm, R. H. Chem. SOC. Reo. 1981,10,455. 
(2) Bottomley, F.; Paez, D. E.; Sutin, L.; White, P. S.; Kbhler, F. H.; 

Thompson, R. C.; Westwood, N. P. C. Organometallics 1990, 9, 2443. 
(3) Bottomley, F.; Chen, J.; MacIntoeh, S. M.; Thompson, R. C. Or- 

ganometallics 1991,10,906. 
(4) Eremenko, I. L.; Nefedov, S. E.; Pasynskii, A. A.; Orezeakhatov, 

B.; Ellert, 0. G.; Struchkov, Yu. T.; Yanovsky, A. I.; Zngorevsky, D. V. 
J .  Organomet. Chem. 1989,368, 185. 

02~6-1333/92/23~~-3404$03.oo/o 

molecule presents a considerable synthetic challenge. The 
route used to prepare [(~pC&)Cr(p~-0)]~, namely oxida- 
tion of (7-C&J2Cr with N20t cannot be used for molyb 
denum since (11-C,Rs)2M0 compounds are unknown. The 
routes used to prepare [(q-C&,)Mo(p,-S)], (the reaction 
between [ (~-C,R,)MO(CO)~]~ and [ (~&R~)Mo(p-q~- 
SC3&S)]$ or between [ (~pC,R,)Mo(p-C1)~1~ and LiSH7) 
are also not available because the starting materials do not 
exist or because they do not react in an analogous manner 
when oxygen replaces sulfur. 

In the absence of (7&&)&o, the carbonyl dimers 
[(T~C,R,)MO(CO),]~ (n = 2, 3) are attractive candidates 
for oxidation to [ (q-C&)MO(p,-O)],. The oxidation of 
[(tpCd-idM~(CO)~]~ by O2 was first investigated by Green 

(5) Bottomley, F.; Paez, D. E.; White, P. 5. J. Am. Chem. SOC. 1882, 
104, 5651. 
(6) Wfiama, P. D.; Curtis, M. D. Znorg. Chem. lSW,25,4562. 
( 7 )  Bandy, J. A.; Daviee, C. E.; Green, J. C.; Green, M. L. H.; h u t ,  

K.; Rodgers, D. P. S. J.  Chem. SOC., Chem. Commun. 1988,1395. 
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