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The unsaturated complexes [W,Cp,(u-PR,)(u-PR’,)(CO),] (Cp = #°CsHs; R = R’ = Ph, Et; R = Et, R" = Ph)
react with HBF4-OEt, at 243 K in dichloromethane solution to give the corresponding complexes [W,Cpa(H)(u-
PR)(u-PR',)(CO),]BF,4, which contain a terminal hydride ligand. The latter rearrange at room temperature to give
[W2Cpa(u-H)(u-PR2)(u-PR’,)(CO),]BF,4, which display a bridging hydride and carbonyl ligands arranged parallel to
each other (W-W = 2.7589(8) A when R = R’ = Ph). This explains why the removal of a proton from the latter
gives first the unstable isomer cis-[W,Cpa(u-PPh,)2(CO),]. The molybdenum complex [Mo,Cpa(u-PPh,),(CO),] behaves
similarly, and thus the thermally unstable new complexes [Mo,Cp(H)(«-PPh2)2(CO),]BF, and cis-[Mo,Cpa(u-PPhs),-
(CO),] could be characterized. In contrast, related dimolybdenum complexes having electron-rich phosphide ligands
behave differently. Thus, the complexes [Mo,Cp2(u-PR2)2(CO),] (R = Cy, Et) react with HBF,-OEt, to give first the
agostic type phosphine-bridged complexes [Mo,Cpa(u-PR,)(u-«?-HPR,)(CO),BF; (Mo—Mo = 2.748(4) A for R =
Cy). These complexes experience intramolecular exchange of the agostic H atom between the two inequivalent P
positions and at room-temperature reach a proton-catalyzed equilibrium with their hydride-bridged tautomers [ratio
agostic/hydride = 10 (R = Cy), 30 (R = Et)]. The mixed-phosphide complex [Mo,Cpz(u-PCy2)(u-PPh,)(CO),]
behaves similarly, except that protonation now occurs specifically at the dicyclohexylphosphide ligand [ratio agostic/
hydride = 0.5]. The reaction of the agostic complex [Mo,Cpa(u-PCy2)(u-«>HPCy,)(CO),]BF, with CN'Bu gave
mono- or disubstituted hydride derivatives [Mo,Cpa(u-H)(u-PCy2)2(CO),—(CN'Bu),]BF4 (Mo—Mo = 2.7901(7) A for
x = 1). The photochemical removal of a CO ligand from the agostic complex also gives a hydride derivative, the
triply bonded complex [MoaCpa(H)(u-PCy-)2(CO)]BF4 (Mo—Mo = 2.537(2) A). Protonation of [Mo,Cpa(u-PCys2)a(u-
CO)] gives the hydroxycarbyne derivative [Mo,Cp(«-COH)(u-PCy,),]BF4, which does not transform into its hydride
isomer.

Introduction pentadienyl or related ligand)The presence of positive
charges in this type of molecules greatly increases the
electrophilic character of the dimetal center, which leads to
enhanced reactivity and potential Lewis-acid catalysis, as
shown by our recent studies on the unsaturated cations of
type [MCpo(CO)(u-L'2)]™ (M = Mo, W; x = 2—4; L', =
diphosphine ligandn = 1, 2), prepared through chemical
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Organometallic compounds having multiple metaietal
bonds are species of interest due to their high reactivity
toward a great variety of molecules under mild conditions,
as exemplified by the wide chemistry developed around the
unsaturated binuclear complexesJJM(CO)] (L = cyclo-
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related unsaturated cations is the protonation of suitable(C,H4);]" have been described so faFurther interest in
precursors having multiple metainetal bonds. Indeed, the these species stems from the fact that coordination of the
protonation of a binuclear complex having an-Ml bond P—H bond of a phosphine ligand to a metal atom weakens
usually occurs at the dimetal center and can be consideredhat bond and is expected to result in specific reactivity. It
as a general synthetic route to hydride-bridged derivafives. also represents an intermediate step in the oxidative addition
This approach has been recently used to prepare somef P—H bonds of primary and secondary phosphines to

reactive cations having hydride bridges along Il Fe—
Fe, or Ru-Ru double bondsas well as W-W triple bonds®

unsaturated dimetal centéfs:1%|n this context, the results
here reported provide the first evidence that-Rl bonds

We thus decided to explore the protonation reactions of the compete efficiently with M-M bonds as protonation sites

doubly bonded organophosphide-bridged complexe€i
(u-PRy)(u-PR>)(CO)] (M = Mo, W) as a potential prepara-

tive route to unsaturated dimolybdenum or ditungsten cations.
The latter neutral complexes are well-suited substrates for

that purpose, because the groups R ahdaR be chosen so
as to modify the electronic and steric properties of the dim
center in a rational waySome time ago Mays et al. reporte

that the diphenylphosphide-bridged molybdenum compound

[Mo.Cp(u-PPh),(CO)] could be protonated to give the
expected hydride-bridged cation [Mop(u-H)(u-PPh),-
(CO)]BF,4, this being accompanied by a trans to cis
isomerization of the carbonyl ligand4With this precedent

at hand we started a prospective study aimed initially to
identify the factors (nature of M, R, and)Ryielding a more

reactive hydride cation suitable for further studies. Unexpect-
edly, we have found that these protonation reactions are more

complex than suspected, as they involve initidl &ttack at
a single metal position (to give a terminal hydride ligand)
or at the metatphosphorus bond (to give an agostic-type
u-k>-HPR, phosphine bridging ligand), as shown by the
protonation studies on the ditungsten JO,(u-PRy)(u-
PR,)(CO)] [R = R = Ph (1a), Et (1b); R = Et, R = Ph
(1d] and dimolybdenum complexes [MOp(u-PR)(u-
PR3)(CO)] (R = R = Ph @a), Et (2b), Cy (2d); R = Cy,
R’ = Ph, @e)] here reported. Phosphine-bridged complexes
exhibiting agostic M-H—P interactions are very rare species,
and only a few palladium complexes of type pRA«?*-
HPR)(u-PR)L,]* (R = Bu, Cy; L = phosphine ligand)
and the platinum complex [Rl-«?>-HPBu,)(u-PBuU,)-

(2) (a) Alvarez, M. A.; Gar@, M. E.; Riera, V.; Ruiz, M. A;; Bois, C.
Angew. Chem., Int. Ed. Engl993 32, 1156. (b) Alvarez, M. A.;
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M. E.; Riera, V.; Ruiz, M. A.Organometallics2004 23, 433. (e)
Alvarez, M. A.; Anaya, Y.; Gara, M. E.; Ruiz, M. A.Organome-
tallics 2004 23, 3950. (f) Alvarez, M. A.; Anaya, Y.; Gafa| M. E.;
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Organometallics2002 21, 3749. (c) Fujita, K.; Nakaguma, H.;
Hamada, T.; Yamaguchi, R. Am. Chem. So2003 125, 12368. (d)
Bottcher, H. C.; Graf, M.; Merzweiler, K.; Wagner, @. Organomet.
Chem.2001, 628 144.

(5) Alvarez, M. A.; Gar@a, M. E.; Riera, V.; Ruiz, M. AOrganometallics
1999 18, 634.
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Organometallics2002 21, 5515.
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in organometallic complexes. Moreover, our results provide

the first examples of stable dimolybdenum complexes

displaying agostic PH bonded bridging phosphines-?-
HPRy), which in turn exhibit some novel features: (a)
dynamic behavior in solution involving the intramolecular

etal exchange of the hydrogen atom betweer?-HPR, and
d u-PR: ligands and (b) coexistence in solution with the

corresponding hydride tautomers. Finally, our results clearly
establish that the above tautomerism between agostic and
hydride complexes is governed not only by the nature of
the metal but also by a fine balance between the electronic
and steric properties of the groups around the metal and
phosphorus atoms.

Results and Discussion

The ditungsten and dimolybdenum completemd?2 are
protonated by different strong acids. The results of these
protonation reactions have been found to be strongly de-
pendent on the nature of the metal groups around phosphorus
and even the ligands coordinated to the dimetal center. The
nature of the external anion also has some influence, as
shown by comparison of the results using HEPEL with
those from selected experiments using strong acids having
noncoordinating (HBAR-20Eb, Ar' = 3,5-GH3(CFs),) or
coordinating (HCI) anions. We will discuss all these effects
separately.

Protonation of Tungsten Complexes.The ditungsten
substrateda—c react with HBR-OEt, rapidly at 243 K in
dichloromethane solution to give cleanly the corresponding
cationic derivatives [WCp,(H)(u-PR.)(u-PR2)(CO)|BF,4
(3a—c), displaying a terminal hydride ligand (Scheme 1).
Compounds3 are thermally unstable, and at room temper-
ature they rearrange to give the corresponding isomess [W
Cpo(u-H)(u-PRy)(u-PR)(CO)]BF4 (4a—c), displaying a
bridging hydride and carbonyl ligands in a cis relative
arrangement, as confirmed by spectroscopic (Table 1) and
diffractometric data to be discussed below. Separate experi-

(8) (a) Albinati, A.; Lianza, F.; Pasquali, M.; Sommovigo, M.; Leoni, P.;
Pregosin, P. S.; Ragger, H.Inorg. Chem.1991, 30, 25. (b) Leoni,
P.; Pasquali, M.; Sommovigo, M.; Laschi, F.; Zanello, P.; Albinati,
A.; Lianza, F.; Pregosin, P. S.;"Bgger, H.Organometallics1993
12, 1702. (c) Leoni, P.; Pasquali, M.; Sommovigo, M.; Albinati, A.;
Lianza, F.; Pregosin, P. S.;"Bgger, H.Organometallics1994 13,
4017. (d) Leoni, P.; Vichi, E.; Leonci, S.; Pasquali, M.; Chiarentin,
E.; Albinati, A. Organometallics200Q 19, 3062

(9) Leoni, P.; Marchetti, F.; Marchetti, L.; Passarelli, Ghem. Commun.
2004 2346.
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H. Bull. Chem. Soc. Jprl984 57, 2600. (b) Brookhart, M.; Grant,
B.; Volpe, A. F., Jr.Organometallics1992 11, 3920.
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Scheme 1 Spectroscopic data in solution for compourds-c (Table
N ‘\\g,z,“ /CO - EN \\55, g:i H|* 1 and Experimental Section) ind?cate th_at these cation_s
/M"\=/"M\ — /Mg_ﬁM\ have all the same structurg, consistent with .the .geometrlc
o R Cp -H &£ R, Cp features found in the solid state fafa, which imply
1a-c (W) 3a-c, 6 equivalent environments for the cyclopentadienyl or carbonyl
2a (Mo) R IR ligands. The almost parallel arrangement of the latter
zgaK[ a|Ph|Ph 203 K groups is denoted by the appearance of very stro.ng and
DIEE weak (in order of decreasing frequency)}-O stretching
R, R |, . banqls in_ their IR spectrg. The presence of a _bridging
Cp\M.\ P, » e W cp\MsF"lm /c:‘ hydride ligand (not located in the X-ra)_/ study) is clearly _
J \7 % - (l;\_P é denoted by the appearance of highly ;hleldgd resonances in
o R, © s RS the 'H NMR spectra (ca—15 ppm) displaying identical
Sa-c, 8 sa-c,7 (4a,b) or similar @c) couplings to both phosphorus atoms

and “satellite” lines due to the coupling with two equiv-
ments on the bis(diphenylphosphide) complexes proved thatalent'®3W nuclei. Finally, the phosphide ligands give rise
the isomerizatiorBa/4a was substantially accelerated in the to quite shielded’P NMR resonances (ca. 45 ppm upfield
presence of an excess of acid, so as to be completed in &rom those in the neutral complexeka—c) exhibiting
few minutes instead of a few hours. Thus we conclude that reduced one-bond coupling to the tungsten nuclei (ca. 220
the above isomerization is not an intramolecular process butHz, to be compared with values of ca. 300 Hz in the neutral
involves a doubly protonated species, which however could complexes). The latter effect is consistent with the increase
not be detected by IR or NMR spectroscopy. As it will be in the coordination number of the tungsten atoms upon
seen later on, similar effects have been found in the protonation® The origin of the strong'P shielding is not
protonation reactions of the dimolybdenum substrates clear, but it seems to be characteristic of binucleas ko
The different arrangement of the carbonyl ligands in the W2 cyclopentadieny! cations displaying flat ® cores.
hydrides3 and 4 causes that their deprotonation lead ini- The latter are also characterized by unusually3dwvalues,
tially to different neutral isomers. Thus, addition of a strong @ feature previously found for neutral complexes related to
base such us DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene) to compoundd and2.5*4Indeed, this is the case for compound
dichloromethane solutions of compounda—c gave the  4c (Jpp = 18 Hz) and the dimolybdenum hydridée (see
corresponding starting trans-dicarbongts-c as expected.  later).
In contrast, the hydride-bridgedia gives cleanly the cis- The spectroscopic properties of the hydrids-c are
dicarbonyl cis-[W,Cpx(u-PPh),(CO),] (5a). This complex completely different from those of their more stable isomers
has only a moderate thermal stability and rearranges slowlyjust discussed. Their IR spectra display strong and very strong
in dichloromethane solution to yield the more stable trans- (in order of decreasing frequency)-@© stretching bands,
isomerlain ca. 20 h at room temperature. The complexes thus revealing a transoid arrangement of the carbonyl
having diethylphosphide bridgds,c, however, gave directly  ligands'? Besides, the hydride ligand is now bonded to just
the corresponding trans derivativiis,c upon reaction with one tungsten atom, as revealed by the intensities oftité
DBU at room temperature, thus suggesting a strong influence“satellite” lines of the corresponding resonances in‘tHe
of the substituents at phosphorus on the rate of cis/transNMR spectra and their relatively low shielding (214 ppm
isomerization in the neutral dicarbonyls. downfield from their bridged isomers). The terminal coor-
Structural Characterization of Compounds 3—4. The dination of the hydride ligand causes the metal and phos-
structure of4a has been determined through an X-ray phorus atoms to be inequivalent, as denoted by the presence
diffraction study. A view of the cation is shown in Figure 1, of two distinct resonances in tif#&> NMR spectra. Each of
while the most relevant bond distances and angles arethese resonances displays two quite differéf—8wv
collected in Table 2. The cation exhibits two CpW(CO) couplings, consistent with the different coordination numbers
fragments in an almost eclipsed conformation and bridged of the metal centers. Finally, the hydride ligand in compounds
through two quite symmetric diphenylphosphide ligands, 3 also displays substantially different# couplings to the
which define a flat WP, skeleton. The carbonyl ligands are  inequivalent phosphorus nuclei, in agreement with its
almost parallel to each other and essentially perpendicularterminal coordination, which implies different relative posi-
to the WP, plane. Although the hydride ligand could not tions (cis and trans) of the hydride and phosphorus atoms.
be located in this study, its position can be safely inferred By considering the general trends fky in complexes of
(see below) to be symmetrically bridging the dimetal center the type [MCpXYLy],****we can assign the large absolute
on the “empty” side of the \QPZ plane, that is, opposite th_e (12) Braterman, P. Svietal Carbonyl SpectraAcademic Press: London,
carbonyl ligands, thus completing the usual four-legged piano U.K., 1975.
stool environment around the tungsten atoms. We note finally (13) Jameson, C. J. Rhosphorus-31 NMR Spectroscopy in Stereochemical
that the intermetallic separation is very short, 2.7589(8) A, éﬂ?lfggygﬁ(:&i}%_e” Quin, L. D., Eds.; VCH: Deerfield Beach,
only slightly longer than that measured in the isoelectronic (14) Davies, J. E.; Feeder, N.; Gray, C. A.; Mays, M. J.; Woods, AJ.D.
neutral complex2a [2.713(1) A]7 and therefore consistent (15) Svhrg?kmsé’;er%a"gﬂLraggoﬁglsljea B. Organomet, Chen1990
with a formal W—W bond of order 2. 399 125.
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Table 1. Selected IR and NMR Data for New Compounds
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compound v(CO) OH, (HP), [Inw] op, [Jpw] Jpp

[WCpa(H) (u-PPh)2(CO)]BF, (33) 2016 (s), 1923 (vs) —0.42 (19, 12) [28] 126.6 [387, 185] 8
101.1[360.181

[W2Cpo(H) (u-PEb)2(CO)]BF,4 (3b) 1980 (s), 1931 (vs) —3.72 (24, 16) [2A 103.0[339, 180] <10°
61.4[317,178]

[W2Cpa(H) (u-PER) (u-PPR)(COXIBF4 (3¢) 1994 (s), 1828 (vs) —1.26 (24, 16) [24] 110.4 [367, 198] <10¢
71.8[319, 168]

[WCpa(u-H) (u-PPh)(COY]BF, (4a) 1995 (vs), 1960 (w) —14.59 (50) [49] —10.0 [225]

[W2Cpa(u-H)(u-PEb)2(CO)] BF 4 (4b) 1979 (vs), 1936 (w) —15.50 (52) [52 —27.0 [215)

[W2Cpo(u-H)(u-PER)(COXR]BAr 4 (41') 1982 (vs), 1939 (w) —16.03 (50) [50] —23.6 [213]

[W2Cpa(u-H) (u-PEb)(u-PPh)(CO)]BF . (40) 1984 (vs), 1948 (w) —14.88 (54, 48) [59 —8.3 (PPh) [228] 18
—28.5 (PE#) [209]¢

Cis-[W2Cpa(u-PPh)o(COY,] (5a) 1926 (vs), 1872 (w) 74.3[335]

[Mo2Cpu(H) (u-PPh)2(CO)]BF4 (6) 2003 (s), 1928 (vs) —1.88 (32, 30) 158.5, 152.7 56

[Mo2Cpa(u-H)(u-PPh)2(COY]BF4 (7) 2010 (sh —13.35 (56) 68.7

Cis-[Mo2Cpa(u-PPh)2(CO)] (8) 1935 (vs), 1883 (w) 145.6

[Mo2Cpy(u-PEb) (u-k2-HPER)(CO)]BF4 (9b) 1956 (m, sh), 1915 (vs)  —4.22 (103) 145.0 (br), <55
91.4 (br, HP)

[M02Cps(u-PCy:) (1-2-HPCy,) (CO)]BF 4 (9d) 1931 (m, sh), 1895 (vs)  —4.80 (134,—5)¢ 161.4, 89.7 (HP) <20°

[Mo2Cpu(u-PCys)(u-x?-HPCy,)(COY]BAr 4 (9d') 1931 (m, sh), 1896 (vs) —4.78 (127) 163.2 (br), 90.2(br)

[Mo2Cpa(u-PPB) (u-k?-HP Cy,) (CO)]BF 4 (9€) 1959 (m, sh), 1906 (vs)  —4.33 (132,-5) 145.5, 100.4 (HPGyY <3

[M02Cpa(u-PPh)(u-12-HPCy,) (COYBATr 4 (9€) 1907 (vs) —4.68 (132,-5)¢ 141.1, 103.5 (HPGY® <10¢

[Mo2Cps(u-H)(u-PEb)(CO)]BF, (10b) 1990 (vs) —14.54 (68) 61.4 12

[Mo2Cpa(u-H) (u-PCy)2(CO)]BF4 (10d) 1982 (vs) —13.54 (58) 78.4

[Mo2Cpo(u-H) (u-PCy)2(COY]BAY 4 (10d) 1983 (vs) —13.57 (58) 78.5

[Mo2Cps(u-H) (u-PCys)(u-PPh)(CO)]BF, (108 1997 (vs) —13.34 (57,5® 84.4 (PCy), 66.3 12

[Mo2Cpa(u-H) (u-PCys)(u-PPh)(CO)]BAr 4 (10€) 1998 (vs), 1962 (w) —13.47 (57, 57) 84.6 (PCy), 64. <12

[Mo2Cpa(u-H) (u-PCys)2(CO)(CNBU)|BF,4 (11) 2113 (s),1942 (vs) —14.74 (43) 82.5

[M0o2Cpa(u-H)(1-PCys)2(CNBU)]BF 4 (12) 2093 (s),2042 (W) —16.64 (53) 100.9

[M02Cps(H)(u-PCy)2(CO)|BF4 (13) 1838 (s) —1.60 (45§ 305.2

[Mo2Cpa(u-COH) (u-PCys)2]BF 4 (14) 278.3

aRecorded in dichloromethane solution, unless otherwise statedem™1. ® Recorded in CBCl, solutions at 290 K and 300.13H) or 121.50 $P)
MHz, unless otherwise stated,in ppm relative to internal TMSH) or external 85% aqueouszPIO; (3'P); J in Hz. ¢ Recorded at 223 kd Recorded at
243 K. ¢ Upper limit estimated from the half-width of the lindsRecorded at 203 K¥ Recorded in CDGlsolution." Data from ref 7. False triplet|Jup +
JHP| = 103.i ’V(C*N).

Chart 1
N c/,T‘ NI “,oo—‘
NG\ NN
& Pn, OP & Pn,
3c (A) 3c (B)
Chart 2
pr2 CPYZ
N P Co Lo\ Cp
M/=AM/W \M/ M
Figure 1. ORTEP diagram (30% probability) of the cation in compound c|: P Cl: (|: p/(|:
43, with H atoms and Ph groups (except theaBoms) omitted for clarity. N %28 N O:2R
'‘Bu 'Bu ‘Bu
Table 2. Selected Bond Lengths (A) and Angles (deg) for Compound 11 12
4a
W(1)-W(2) 27589(8)  W(2)}P(1) 2.422(4) Chart 3 o o
W(1)—P(1) 2.425(4) W(2)P(2) 2.433(4) S u ]+ P2 B +
W(1)-P(2) 2.421(4) W(2FC(2) 2.01(2) N g,
W(1)—C(1) 2.02(2) C(2¥0(2) 1.11(2) /M°\=/M°\ CP-MO\s/MO—Cp
C(1)-0(1) 1.09(2) W(1)-P(2-W(2) 69.3(1) c (P: Cp C
W(L)-PL)-W(2)  69.4(1) CYXW(R2)-W(1)  90.8(4) 0 & 3
CA)-W(1)-W(2)  96.8(5) C(2rW(2)—P(1) 86.2(5) “H
COWD PE) 8926  WAHCH 0@ 17650 13 14
w((l))—cﬁlg—o((l)) 17é,§;()15) (&re-oe) S09) complex. We can identify it as isomét on the basis of

selectively3'P-decoupledH NMR experiments. Thus, ir-
coupling (26-30 Hz) to that one between the hydride and radiation of the 71.8 ppm resonance (P@bup) caused the
the P atom arranged in cis. collapse of the smallerPH splitting (16 Hz) in the hydride
In the case of the mixed compl&k there are two possible  resonance, thus suggesting that these ligands are arranged
isomers differing in the relative arrangement of the hydride in a relative trans position. The reverse (collapse of the larger
and phosphide group#(andB in Chart 1), but only one of  splitting) is observed when irradiating the 110.4 ppm

them is present in the dichloromethane solutions of this resonance (PRIgroup), thus suggesting that the hydride and

6968 Inorganic Chemistry, Vol. 45, No. 17, 2006
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PPh ligands are arranged in cis and, therefore, relatively Scheme 2

close to each other. The latter is in agreement with a standard co sz d ) o, MR O+
NOESYH—H experiment performed d8c at 243 K, which Nagiren, g 248K PN L,
revealed a positive NOE enhancement between the hydride < > e -H* J \F{ “ep
atom and the@rtho hydrogens of one phenyl ring{ = 6.73 © R’ ° R
ppm) but not between the hydride and any of the ethyl 2 Sb-e
protons. N yos K

A Revision of the Protonation of Compound 2a.As IR IR
stated above, some time ago Mays et al. reported that the 3 (E;ty Ety R
dimolybdenum compoun@a could be protonated to give elCylPh N ?H\ oot
the hydride bridged cation [ME&p(u-H)(u-PPh)(CO)IBF,4 lvllb\ 'N;o
(7) having the same structure as the ditungsten compounds o E'zc
4a—c just discussed.In light of our results on the latter ° 10beo

ditungsten substrates, however, we examined the possibility

that the protonation dfa could involve intermediate species [M02Cpa(u-PPh)(u-PBU;)(CO)]® and need then no further
related to the terminal hydride complexga—c, and this comment. We note however, that the latter is the only

proved to be the case. Indeed, HBBE® reacts with2a at :

X previous group 6 complex of type [MBp:(u-PR)(u-PR2)-
253 K to give cleanly [MeCpy(H)(u-PPh)(CO)IBF4 (6), (CO),] reported to have a cis-dicarbonyl geometry, although
which at room temperature rearranges to give the hydride- related complexes are thought to be intermediate species in

bridged isomer7. '!'his isomerization is supstantially fa;ter the carbonylation reactions of the triply bonded compounds
than that for the ditungsten analogg@and is completed in 1 2Cpx(u-PR)(u-PR2)(u-CO)] to give the corresponding
ca. 20 min when using roughly stoichiometric amounts of trans-dicarbony! derivatives and 2.5
acid (more rapidly when using excess of acid). Protonation of Molybdenum Complexes with Electron-
The spectroscopic data} férare very glmllar to those for  Rich Phosphide Bridges.The dimolybdenum complexes
3a (Table 1 and Experlmenta}l Section) except for the [M0.Cpa(u-PR:)2(CO)] [R = Et (2b), Cy (2d)] react with
expected changes when repl_acmg tungsten by m°|ybde”“”]—|BF4-OEtz in dichloromethane solutions at 243 K to give,
atoms and need then no deta|_led comment. The only unusuaj, 5 quantitative and reversible way, the corresponding
feature concerns the-H couplings of the hydride resonance  ygrivatives [MaCpu(u-PRy) (u-«?-HPRy)(CO)]BF, (9b,d)
with the.phosphide Iigands,which. are rc_)ughly the same (ca. yhich contain an agostic type,—M bonded phosphine
30 Hz), instead of being substantially different, as expected bridging ligand. These complexes rearrange at room tem-

for cis and trans two-bond-FH couplings (ca. 65 and 25 peratyre so as to reach an equilibrium with the corresponding
Hz for cis and trans PH couplmgs in mononuclear [Mon— hydride-bridged tautomers [MBp:(-H)(1-PRy)2(CO)]BF4
(H)(PRy)(CO),] complexes}* This unusual result might be (10p d) which are isostructural to the ditungsten complexes
due to specific reinforcement or cancellation effects resulting 45 ¢ discussed above (Scheme 2). The agostic isomers were
from the algebraic sum of two- and three-bond contributions e major species in both cases, with the agostic/hydride ratio
(i.e. H-Mo—P and H-Mo—Mo—P pathways) to the HP being ca. 10 (R= Cy) and 30 (R= Et), according to NMR
coupling®® On the other hand, our spectroscopic data7for  ,aasurements.
are consistent with those reported originally by Mays etal. ¢ mixed-phosphide complex [MOp(u-PCys)(u-PPh)-
except for thé'P chemical shift, reported to be 71.7 ppm in (CO)J] (20 reacts with HBE-OEt in a similar way, to give
CDCl; relative to P(OMej(equivalent to 212.7 ppm relative  frst the agostic type derivative§ which at room temper-
to HsPQy).” The value measured by us farin CD.Cl, ature rearranges to reach an equilibrium with its hydride
solution is +68.7 ppm (equivalent to-72.3 ppm in the  {atomeri0e The agostic/hydride ratio is now only 0.5, and
P(OMe}; scale), which points to a typographic error in the - the agostic isomer displays an#® bond formed specifically
originally reported figure. at the cyclohexylphosphide ligand, according to the NMR
Isomers6 and7 behave as their ditungsten analogues Upon gata to be discussed below. All this is indicative of a
deprotonation with DBU in dichloromethane solution, so that thermodynamic reluctance of the diphenylphosphide ligand
compounds gives back the trans-dicarbora, while 7 gives  (relative to the PCyor PE$ groups) to be protonated to give
the cis-dicarbonykis-[Mo,Cpy(u-PPR)(CO)] (8). Com-  agostic phosphine-bridged derivatives. By considering the
pound8 is thermally unstable and rearranges more rapidly apundant studies on the stéfiand electronit® influence
than its ditungsten analogée, to give the more stable trans-  of sybstituents on phosphine ligands, we can estimate for
isomer2ain ca. 1.5 h at room temperature. the groups involved here that the electron-donor influence
Spectroscopic data for the compourisand8 (Table 1

and Experimental Section) indicate that these complexes arg17) (a) Tolman, C. AChem. Re. 1977 77, 33. (b) Stahl, L.; Ernst, R. D.

. . e . J. Am. Chem. S0d.987 109, 5673. (c) Brown, T. LInorg. Chem.
isostructural to each other and allow their identification as 1992 31, 1286. (d) Muller, T. E.; Mingos, D. M. Pransition Met.

cis-dicarbonyl complexes. The spectral properties for these Chem.1995 20, 533. (e) Smith, J. M.; Taverner, B. C.; Coville, N. J.

mi i J. Organomet. Chenl997 530, 131 and references therein.
complexes are similar to those preVIOUSIy reportedcier (18) (a) Dias, P. B.; Minas de Piedade, M. E.; Martinho-Simoes, J. A.
Coord. Chem. Re 1994 135 737 and references therein. (b) Drago,

(16) Faller, J. W.; Anderson, A. S. Am. Chem. Sod97Q 92, 5852. R. S.Organometallics1995 14, 3408.
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Table 3. Selected Bond Lengths (A) and Angles (deg) for Compound

od
Mo(1)—Mo(2) 2.748(4)  Mo(2)y-H(1) 1.95
Mo(1)—P(1) 2.378(7)  Mo(2}P(1) 2.464(8)
Mo(1)—C(1) 2.03(5) Mo(2)-C(2) 1.92(4)
Mo(1)-P(1)-Mo(2)  69.1(2)  P(1}H(1) 1.67

C(1)-Mo(1)-Mo(2)  83.9(11) C(2}Mo(2)-Mo(l)  74.8(11)
C(1)-Mo(1)-P(1) 85.9(6)  C(2rMo(2)—P(1) 81.8(7)
Mo(1)-C(1)-O(1)  176(4) Mo(2}C(2)-0(2)  171(3)

while the most relevant geometric parameters are collected
in Table 3. The cation is placed on a crystallographic plane
Figure 2. ORTEP diagram (30% probability) of the cation in compound (_)f symmetry conta_inin_g the me_tal atoms and carb_onyl
9d, with H atoms (except the agostic hydrogen atom) and Cy groups (except ligands, the latter being in a transoid arrangement and slightly
the C atoms) omitted for clarity. bent over the metalmetal vector (EG-Mo—Mo angles ca.
78°). This element of symmetry forces the phosphorus atoms

on theu-PR, ligands would follow the sequence CyEt > to be equivalent and the-fH bonded hydrogen atom to be
Ph, whereas the relative size would decrease in the orderdisordered in two equivalent positions with half occupancy.
Cy > Ph~ Et. Therefore, from the measured equilibrium These positions were located as bridging the Me@(1)
ratios in the pair®b—e/10b—ewe conclude that the agostic ~bonds, slightly above the MB; plane, on a site close to the
structure is favored over its hydride tautomer for good cyclopentadienyl ligand bonded to Mo(2). This is in agree-
electron-donor and small R groups on phosphorus. We notement with the substantial elongation of ca. 0.1 A for the Mo-
finally that compound® and10 represent the first examples  (2)—P(1) bonds, relative to the “unbridged” Mo¢ip(1)

of agostic P-H bonded phosphine Comp|exes being in bonds. ObViOUSly, this elongation of the M& bond upon
equilibrium with their hydride-phosphide tautomers, thus Protonation would be higher in the absence of disorder, and
paralleling the behavior of severa®-dihydrogen com- it can be estimated to be ca. 0.2 A. Unfortunately, there are
plexest® The few Pd and Pt complexes previously reported NO structural data available for further comparison; in the

to have u-«>HPR, ligands displayed only agostic type case of [Pelu-x*HPBuy)(u-PBUz)(PHBLU)] ¥, which is the
structures. only previous related complex crystallographically character-
ized, the agostic H atom could not be located, but the pairs

on the rate at which the equilibrium between agostic an ©f Pd-P distances (also related by imposed symmetry)

hydride isomers is reached, this following the ordePEb), showed a 5|Ln|I§1r lengthening effecttPd= 2.311(2) and
> (u-PCys); > (u-PCys)(u-PPh) under comparable condi- 2.392(2) A)®® Finally, the mterm_etalllc se_paratlon Bd is
tions. Besides, this rate is also dependent on the amount of€"Y Short, 2.742(8) A, a value intermediate between those
acid present in the solution. The latter clearly establishes Measured for compounds (Table 2) anda,” and therefore
that the agostic/hydride isomerization is not an intramolecular cOnsistent with a formal MeMo bond of order 2, as
process but involves the transient formation of a doubly €XPected under the EAN formalism by considering the
protonated species. Unfortunately, no intermediate species?90Stic phosphine ligand as a neutral four-electron donor.
were detected by IR or NMR monitoring of the correspond- ~ 1he solid-state structure &fd suggests that protonation
ing reaction mixtures even under quite high concentration of the M—P bond in the molybdenum substrags-e takes
of acid and low temperature. Therefore, we ignore if the Place specifically opposite the closer carbonyl ligand. This
rearrangement of carbonyl ligands required to transform is in contrast with the initial protonation of the ditungsten
compounds into 10 occurs at this step or later on. In any complexesl and the molybdenum substrata, all of which
case, in the absence of excess of acid the rate of isomerizatiorpccur at the metal site and result in cis arrangements of the
is low, and no significant change in the ratio of isomers is carbonyl and hydride ligands (compourgs-c and6). We
detected by NMR when cooling the equilibrated dichloro- trust that this geometric difference can hardly have a steric
methane solutions from 293 K down to 193 K. For the same ©0rigin but surely follows from small differences in the
reason, rapid crystallization of these solutions (by adding €lectron distribution of the corresponding neutral complexes.
petroleum ether) gave solid materials shown by IR to contain ~ Solution Structure of Compounds 9 and 10.The
mixtures of isomer® and10. spectroscopic data for the hydride-bridged isoni€ib—e
Crystal Structure of the Agostic Complex 9d. Single (Table 1 _and Experimental Section) are Cor_nparable to those
crystals of the agostic tautomer could be grown by slow for the ditungsten compoundg—c or the dimolybdenum
diffusion of petroleum ether into a dichloromethane solution €OMplex7 and need then no further comments. The data for
of isomers9d and 10d. The quality of the diffraction data  1SOmers9b—e are essentially consistent with the crystal
was low, but the structure could be solved and refined to a Structure determined foBd. For example, the transoid

sensible point. A view of the cation is shown in Figure 2, arrangement of the carbonyl ligands is denoted by the
appearance of medium and very strong (in order of decreas-

(19) Kubas, G. JMetal Dihydrogen ando-Bond ComplexesKluwer Ing frequency) cO StretChmg bands in their IR. specﬁza,
Academic/Plenum Press: New York, 2001. ca. 80 cm?! above those of the corresponding neutral

The nature of the phosphide ligands has also an influence
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a) b)

-4.60 -4.90

ppm

-4.60 -4.90

Figure 3. Variable-temperature 400.13 MHi NMR spectra ofod in
CD.Cl; solution (hydride region): (a) 293 K; (b) 278 K; (c) 258 K; and
(d) 243 K.

substrate®2d,e, as expected. The presence of an agostic-
type Mo—H—P interaction in complexeSb—e is clearly
denoted by the appearance of a considerably shielded
NMR resonancedy ca. —4.5 ppm) in each case, which

Scheme 3. Fluxional Process Proposed for Compoustisd in
Solution
N / P —‘ Cp\ /ﬁ P —‘
p— A— Mo
\ / \

concluded that the two HP couplings are opposite in sign
(so as to give an averaged triplet with line separations being
half the difference-rather than the sumof their absolute
values); this is not unusual for one-bond vs two-boneRH
couplings!® Finally, from the coalescence temperature of the
outer lines of the agostic H resonance (ca. 278 K) we can
guote an activation barrier of 54F% 0.5 KJ moi™ for the
corresponding fluxional proce8$From the latter value, in
turn, we can estimate that the coalescence temperature for
the 3'P NMR resonances i@d would be around 340 K if
measured at 162.0 MHz, in agreement with the severe
broadening observed already at room temperature.

As stated above, the protonation of the mixed-phosphide
complex9e occurs specifically at the PGyridge. This is
deduced on the basis of th® chemical shifts. By comparing
the corresponding'P data for the dicyclohexyl complexes
2d and9d it is concluded that protonation of the P{yridge
causes a slight shielding on the corresponding nucleus (from
95.4 to 89.7 ppm) and a strong deshielding on the unpro-
tonated bridge (from 95.4 to 161.4 ppm). Therefore, since
the chemical shifts of the PGynd PPh bridges in2e are

exhibits a strongly reduced one-bond coupling to phosphorus107.4 and 83.3 ppm, respectivélyhe value of 100.4 ppm

[Jqp ca. 130 (HPCy) or 110 Hz (HPEf)], ca. 50% of the
usual values for comparable “normal™HP bonds. At the

for the HP resonance @edenotes that the proton is bonded
to the PCy group. Moreover, since afi'P or 'H NMR

same time, the corresponding phosphorus resonance igesonances have normal line widths, we conclude that there

considerably shielded (by ca. 6@0 ppm) with respect to

are not dynamic processes under operation in this complex.

that of the remaining phosphide ligand. These spectroscopiclndeed, a rearrangement process similar to that detected for
features, shifts, and couplings intermediate between thosecompounds9b and 9d (Scheme 3) would now be an

corresponding to phosphide (PRnd secondary phosphine
(HPRy) ligands are similar to those quoted for the previously

isomerization implying the unfavorable formation of HBPh
bridges.

reported palladium and platinum complexes having agostic  The Effect of the External Anion. Selected experiments

HPBuU, or HPCy: bridges®® The main difference between

were carried out using strong acids having noncoordinating

the latter and our dimolybdenum complexes concerns their ((H(OEt)2]BAr',)** or coordinating (HCI) anions. The reac-

dynamic behavior in solution. Thus, compour@tsand9b

tion of the former acid with the ditungsten complék at

experience intramolecular exchange of the agostic H atom253 K gave the corresponding hydride derivative,{W-
between both P sites, a process not observed for the relatedH)(u-PE)2(CO)](BAr's) (3b") (v(C—0) = 1982 (s), 1936

palladium and platinum complexes. This dynamic rearrange-

ment, which we have studied with some detail for the
dicyclohexyl complex9d, is denoted by the progressive

(vs) cnTl) which at room temperature rapidly rearranges to
give the hydride-bridged isomer M@py(u-H) (u-PEL)(CO))-
(BAr'y) (4b'). This behavior is therefore identical to that

broadening, upon increasing the temperature, of the relativelyobserved in the reactions of ditungsten substrates withJHBF

sharp®!P and'H NMR resonances observed at 243 K. The

OEtb and need then no further comment. We must note that

two phosphorus resonances are very broad at 293 K, thisno evidence for the involvement of any agostic intermediate
suggesting mutual exchange, while the outer lines of the species could be obtained in these reactions.

hydride resonance have merged into a central broad line The reaction of [H(OE),](BAr'4) with the dimolybdenum
(Figure 3). The inner lines of the hydride resonance are not compound<2d and2e also proceeded as the reactions with

affected by the dynamic process, nor are the two cyclo-

tetrafluoroboric acid, to give first the corresponding agostic

pentadienyl resonances of the complex. From all the abovecomplexes9d' or 9¢ which at room temperature reach an
data it can be concluded that the dynamic process underequilibrium with the corresponding hydride tautomé&gsf

operation (a) is intramolecular, since® couplings are
retained, and (b) involves the migration of the agostic

hydrogen between both phosphorus sites but not betweer 2

molybdenum atoms (Scheme 3). In addition, it can be

and 10€. However, the agostic/hydride ratios in the equi-

Calculated using the modified Eyring equatidG” = 19.1479.97
+ log(TJAv)] (in JImolY). See: Guter, H.NMR Spectroscopylohn
Wiley: Chichester, U.K., 1980; p 243.
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librium are now different, ca. 20 and 1 for the (P{zyand
(PCy,)(PPh) compounds, respectively (to be compared with
ratios of 10 and 0.5 for the tetrafluoroborate salts). From
this we conclude that the BAr anion has a modest but
measurable stabilizing effect on the agostic structure, relative
to its isomeric hydride form. This might be due to small
differences in the anioncation interactions when replacing
the weakly coordinating BF ion by the almost noncoor-
dinating BAf,~ anion. These differences must be small, since
the spectroscopic properties for the corresponding tetra-
arylborate and tetrafluoroborate salts are essentially the same
(Table 1 and Experimental Section).

The presence of a weakly coordinating anion seems to berigure 4. ORTEP diagram (30% probability) of the cation in compound
essential for the stability of both the agostic and the hydride 11, with H atoms (except the hydride ligand) and CyBu groups (except
cations, an effect surely related to their unsaturated nature € C atoms) omitted for clarity.

Thus, the reaction of compounds or 2e with HCI in
dichloromethane at room temperature seems to give the

Table 4. Selected Bond Lengths (A) and Angles (deg) for Compound

corresponding agostic complexes (as their &lIts) in a first U

stage, as denoted by the presence ofCstretching bands mggg:ﬁf&@z) %’_Z%%%g) mg%g giﬁggﬁ;

at 1934 (m, sh) and 1895 (vs) cfor 1951 (m, sh) and Mo(1)—P(2) 2.420(1)  Mo(2rC(1) 1.967(5)

1907 (vs) cm?, respectively. However, these complexes Mo(1)-C(2) 2.056(5)  C(1yO(1) 1.149(6)

react further at room temperature to give complex mixtures gé’z()l_)ﬁ'(ﬁl()l) 1:%(2%) ’\l\/:?l(?(—:?a()l) iiigf()es)

of products that could not be characterized. Mo(1)-P(1)-Mo(2)  70.02(4)  Mo(1}P(2-Mo(2)  70.19(4)
The Effect of Ligands on the Metal Atoms. Having C(2-Mo(1)-H(1) ~ 138(2) C(1yMo(2)-H(1) ~ 129(2)

established the effect of the substituents at phosphorus on gggjmgggjﬁ,"{;‘f) 362'_59((11)) %((gm%:ga()l) 88211((11))

the stability of the agostic phosphine-bridged compleXes  c(2)-Mo(1)-P(2) 91.0(1) C(LyMo(2)—P(2) 87.1(2)
relative to their hydride-phosphide tautoma6s we decided Mo(1)-C(2)-N(1) ~ 175.8(4)  Mo(2yC(1)-O(1)  176.3(4)
to examine the role of ligands (other than the,PRdges) CNL-CE) 172.76)
around the molybdenum atoms. We have done this by
removing a CO ligand from the metal center and by replacing atom could be satisfactorily refined as bridging the metal
CO ligands by a slightly better donor such as'BIN In both atoms quite symmetrically and arranged trans with respect
cases hydride derivatives are invariably formed. to the CO and CNR ligands, thus completing the usual four-
An equilibrium mixture of isomer®d and 10d reacts legged piano stool coordination geometry around the molyb-
rapidly with CNBu in dichloromethane solution at room denum atoms. The intermetallic length 11 is 2.7901(7)
temperature to give the monosubstituted derivative fMo A, longer than that in the ditungsten hydrida [2.7589(8)
Cpa(u-H)(1-PCy)2(CO)(CNBU)IBF, (11) in high yield. No  A], the agostic cation9d [2.742(8) A], or the neutral
intermediate species could be detected in this reaction.dicarbonyl2c[2.713(1) A]; all of which are also 32 electron
Besides, further substitution can be forced in the presencecomplexes. This suggests that the isocyanide ligand, being
of a second equivalent of isocyanide, by heating the solutiona better donor than CO, might be causing a significant
at 313 K for ca. 1.5 h, thus yielding the bis(isocyanide) lengthening of the intermetallic bond i
derivative [MaCpy(u-H)(u-PCy,)2(CNBu);|BF,4 (12) in good The incipient oxidative addition of the-H bond present
yield. in compoundd can be driven to full term also by removing
Spectroscopic data fotl and 12 indicate that these a CO ligand. This cannot be done thermally in an easy way,
complexes have the same basic structure as the hydridesince refluxing dichloroethane solutions of isom@dsand
bridged dicarbonyl8a—c, 7, and10b—e, after replacing one  10d caused no noticeable change after 1 h. However;-UV
or two CO ligands by CHBu. They all show quite shielded visible irradiation of dichloromethane solutions of isomers
hydride and phosphide NMR resonances. The cis arrange-9d and 10d for 3.5 h gave the hydride monocarbonyl
ment of the isocyanide ligands 12 is denoted by the relative  complex [MaCpx(H)(u-PCy)(CO)IBF, (13) with good
intensities (similar to those found for the cis-dicarbords- yield. The structure of the cation (Figure 5 and Table 5) is
¢) of the C—N stretching bands present in the IR spectrum. built up from two CpMo moieties symmetrically bridged by
In the case of compountll, the structure of the cation has two dicyclohexylphosphide ligands. The coordination spheres
been confirmed by an X-ray study (Figure 4 and Table 4). around the metal atoms are completed by terminal hydride
The cation is built up from two CpMo fragments bridged [on Mo(1)] and carbonyl [on Mo(2)] ligands, which are in a
by dicyclohexylphosphide bridges thus defining an essentially transoid arrangement, but in very different environments. The
flat Mo,P, skeleton. The coordination spheres around the hydride ligand, which could be successfully located and its
metal centers are completed by terminal CO and CNR position refined, is clearly terminal and points away from
ligands, almost parallel to each other and roughly perpen-the intermetallic region [Mo(2yMo(1)—H(1) = 103(3Y].
dicular to the M@P, plane, and by a hydride ligand. This In contrast, the carbonyl ligand is bent over the intermetallic
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analogue of13 is the unstable methoxycarbyne complex
[Mo Cpy(u-COMe)(H)(u-PCy,)]BF4, prepared recently in our
laboratory through the thermal isomerization of the triply
bonded hydroxycarbyne complex [Mop;(u-COH)(u-
COMe)(u-PCy,)|BF4.2"

The spectroscopic data in solution fé8 (Table 1 and
Experimental Section) are in general agreement with its solid-
state structure. The phosphorus nuclei give rise to a strongly
deshielded®'P NMR resonancedé = 305.2 ppm), which
seems to be a spectroscopic characteristic of phosphide-
bridged dimolybdenum or ditungsten cyclopentadienyl com-
plexes with formal triple intermetallic bondsChe presence
of a terminal hydride irL3 is denoted by the appearance of
a relatively deshielded hydride resonanég € —1.60 ppm),

Figure 5. ORTEP diagram (30% probability) of the cation in compound
13, with H atoms (except the hydride ligand) and Cy groups (except the C
atoms) omitted for clarity.

Table 5. Selected Bond Lengths (A) and Angles (deg) for Compound

13 to be compared to ca-15 ppm for the hydride-bridged
Mo(1)—Mo(2) 2.534(2)  Mo(2)P(1) 2.390(4) complexedt, 7, and10—12. On the other hand, the retention
mgggjﬁgg g-ggggi; mg%g% f-gi(zl()“) in solution of the semibridging character for the carbonyl
Mo(1)—H(1) 1..65(9) C(1>-0(1) 1:19(1) Ilgand is deduced from its relatively low-& Stretching
Mo(1)—C(1) 241(1)  Mo(1y¥P(2-Mo(2)  63.8(1) frequency (1838 cnt) and high'3C chemical shift §c =
Mo(1)-P(1-Mo(2)  64.2(1)  C(1)}Mo(2)-Mo(1)  63.5(4) :

H()-Mo(l)-Mo(2)  103(3) (1> Mo(2)—P(1) 95.7(4) 260.6 ppm). The appearance of a smg’r_bor 1?C NMR
H(1)—Mo(1)—P(1) 80(3) C(1-Mo(2)—P(2) 94.2(4) resonance at room temperature for the inequivalent cyclo-
H(1)-Mo(1)-P(2) 73(3) Mo(2)-C(1)-0(1) 166(1) pentadienyl ligands, however, is indicative of dynamic

behavior. Indeed, although the hydride resonance remains
unchanged on lowering the temperature, the cyclopentadienyl
IH NMR resonance at 5.82 ppm broadens and eventually
splits into two well separated resonancés € 5.92 and
5.78 ppm at 203 K), in agreement with the solid-state
structure. From the corresponding coalescence temperature

vector [Mo(1)-Mo(2)—C(1) = 63.5(4F] and within bonding
distance to the second metal atom [C{}o(2) = 1.94(1)

A, C(1)--*Mo(1) = 2.41(1) A], while remaining essentially
linear [Mo(2)—C(1)—O(1) = 166(1¥]. Thus, we can identity
this ligand as a class Il linear semibridging carbonyl, in terms . i ‘
of the classification proposed by Crabtree and Lavin. (ca 213 K) we can estimate that the underlying fluxional
According to the EAN formalism, a triple metainetal bond ~ Process has a low activation barrier of ca. 43) KJ mol™,

must be formulated for this 30 electron complex cation, which we propose to just involve a concerted scrambling of
which is in agreement with the very short intermetallic the CO and H ligands between both metal atoms, perhaps
separation, 2.534(2) A. The latter value compares well with through a transition state having hydride and carbonyl bridges
those for other triply bonded complexes, such as the neutral(Scheme 4).

[M0,Cp,(CO)] [2.4477(12) AP22and [WoCp(CO)(u-Phy-
PCHPPh)] [2.5144(5) A]?2> We note that the latter

Attempts to prepare compourd® by direct protonation
of the neutral monocarbonyl [MEp(u-PCys).(u-CO)] were

complexes also display linear semibridging carbonyls, a fact unsuccessful. The latter neutral complex reacts cleanly with

justified by theoretical calculatiorfd.Similar intermetallic

HBF,-OEt, to give the corresponding hydroxycarbyne de-

distances have been found for the phosphide-bridged 3O0rivative [Mo,Cp(1-COH)(u-PCys),]BF, (14) as expecteé®

electron complexes [MEp:(u-PPh),(u-CO)] [2.515(2) AT
and [Mo,Cpy(u-H)(u-PCy,)(CO),] [2.528(2) A]2* which
display either bridging or terminal carbonyls, respectively.
Compound13 is unusual in having its hydride ligand
terminally bound to a metal involved in a triple intermetallic

but the latter does not experience a clean transformation into
its hydride tautomed3. Instead, stirring dichloromethane
solutions of14 at room temperature for several hours gave
a mixture of products containing only small amounts of the
hydride13. The structural characterization of compouit!

bond. Usually, these 30 electron complexes display bridging can be made easily by comparison of its spectroscopic data

hydride ligand$:?4-2¢ In fact, the only reported structural

(21) Crabtree, R. H.; Lavin, Minorg. Chem 1986 25, 805.

(22) (a) Klinger, R. J.; Butler, W. M.; Curtis, M. DJ. Am. Chem. Soc
1978 100 5034. (b) Alvarez, M. A.; Garfa, M. E.; Riera, V.; Ruiz,
M. A.; Falvello, L. R.; Bois, C.Organometallicsl997, 16, 354.

(23) Simpson, C. Q., II; Hall, M. BJ. Am. Chem. S0d.992 114, 1641.
(24) Alvarez, C. M.; Alvarez, M. A.; Garfa, M. E.; Ramos, A.; Ruiz, M.
A.; Lanfranchi, M.; Tiripicchio, A.Organometallic2005 24, 7.

(25) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms
2nd ed.; Oxford University Press: Oxford, U.K., 1993.

(26) (a) Hoyano, J. K.; Graham, W. A. G. Am. Chem. Sod 982 104
3722. (b) Forrow, W. J.; Knox, S. A. RJ. Chem. Soc., Chem.
Commun 1984 679 (c) Kang, B. S.; Koelle, U.; Thewalt, U.
Organometallicsl991 10, 2569. (d) Suzuki, HEur. J. Inorg. Chem
2002 1009

with those of the related diphenylphosphide-bridged ana-
logues [MCp(u-COX)(u-PPh),]BF4 (M = Mo, W; X =

H, Me) 28 In particular, the presence of the hydroxycarbyne
ligand is denoted by the appearance of characteristic strongly
deshieldedH (0y = 12.33 ppm) and3C (6c = 368.2 ppm)
NMR resonances as well as the pertinertkD(3600 cn?)

and C-0 (1262 cm?) stretching bands in the solid-state IR
spectrunt:28

(27) Alvarez, M. A.; Alvarez, C. M.; Gafel, M. E.; Gar@a-Vivo, D.; Ruiz,
M. A. Organometallic2005 24, 4122.

(28) Garca, M. E.; Riera, V.; Rueda, M. T.; Ruiz, M. A.; Halut, $. Am.
Chem. Soc1999 121, 1960.
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Table 6. Crystal Data for Compoundéa, 9d, 11, and13

Alvarez et al.

compound 4a-H,0 aod 11:CH.CI, 13-CH,Cl;

mol formula QGH338F4O3P2W2 C3¢3H55M0202F’2a C41HGGBC|2F4M02NOP2 C36H57BC|2F4M020P2

mol wt 1030.1 7738 1000.5 917.4

cryst syst tetragonal orthorhombic monoclinic monoclinic

space group 141/a Ibam F21/n P2:/n

radiation ¢, A) 0.71069 0.71073 0.71073 0.71073

a A 40.032(10) 17.046(9) 16.199(2) 11.539(7)

b, A 40.032(10) 20.151(10) 17.829(3) 17.452(10)

c, A 9.257(6)) 25.172(12) 16.731(2) 19.755(12)

o, deg 90 90 90 90

f, deg 90 90 112.445(2) 92.866(11)

y, deg 90 90 90 90

V, A3 14835(11) 8646(7) 4466.1(11) 3973(4)

z 16 8 4 4

calcd density, g cr? 1.84 1.488 1.671

absorpt coeff, mmt 6.47 0.679 0.802 0.893

temp, K 295 120 120 120

0 range (deg) 125 1.56-15.26 1.49-28.32 1.56-24.91

index rangeshk,l) 0,47; 0,47, 0/12; 0/14; —21,19; 0,23; —13,13; 0, 20;
0,10 0/18 0,22 0,23

reflns collected 7161 17344 41607 26302

independent refin 6500R],; = 0.027] 1069 Ryt = 0.097] 11121 R = 0.072] 6044

refln with | >20(1) 3560 | >30(1)] 749 6849 4557

R (data withl >20(1)) R; = 0.0485, R; =0.1048 R; = 0.0505 R = 0.0856
WR; = 0.05¢ WR; = 0.2908¢ WR, = 0.104F¢ WR; = 0.1932f

GOF 1.034 1.329 1.085 0.970

restraints/ parameters 0/435 2/89 36/617 26/369

Ap(max,min), e A3 2.11,-0.95 1.162-0.693 1.783;-1.301 1.293;-1.250

aBF,~ anion and solvent molecule not included (see tex).= W [1—((||Fol

—|F¢|)/6.0(Fo))?)2 with w = 1/=r A T,(X) with 3 coefficients 10.9:-6.36,

and 7.68 for a Chebyshev series, for whiXlis Fo/Fo(max).c w1 = 04Fq?) + (aP)? + (bP), whereP = [max(Fo?, 0) + 2F4/3. 9a = 0.200,b = 0.000.

€a = 0.0406,b = 16.0842.fa = 0.1151,b = 0.000.

Scheme 4. Fluxional Process Proposed for Compour8iin
Solutiort

H H
Pi,_aP Py, P,
:‘\ - "'.‘/ \-: . "u,‘
Cp—Mo/,Mo Mo/ Mo—Cp
// \C C / \\ /
¢ P P c
[e] / o
H /
Cp—Mo “Mo—Cp
/F4
o
(o]

a Substituents on phosphorus and charge were omitted.

Concluding Remarks

Although the protonation reactions of the doubly bonded
phosphide-bridged complexes jun(u-PR,)(u-PR2)(CO))
(M = Mo, W; R, R = Ph, Et, Cy) eventually give the
hydride-bridged cations [BCpx(u-H)(u-PR)(u-PR2)(CO)] *

as it might have been anticipated, our experiments prove that

the double metatmetal bond never is the initial site of
proton attack. Instead, protonation occurs first at either the
M—P bonds having higher electron density (P&td PCy
bridges favored over PRhbridges), to give phosphine-
bridged complexes [MEp(u-«>-HPRy)(u-PR)(CO),] * dis-
playing agostic-type MH—P interactions (when M= Mo

and R= Et, Cy), or at the metal site, to give hydride cations
[MCpa(H)(u-PR)(u-PR)(CO)] ™ having terminal M-H
bonds (when M= Mo and R= Ph or when M= W,
irrespective of the nature of R). These different pathways

are possibly governed by electronic rather than steric factors.

room temperature through proton mediated but again in
different ways. The terminal hydride complexes transform
irreversibly into their hydride-bridged tautomers {®&p,(u-
H)(u-PRy)(u-PR2)(CO)]*, this being accompanied by a trans
to cis rearrangement of the carbonyl ligands. In contrast, the
agostic cations reach an equilibrium with their hydride-
bridged tautomers, with the former being favored (higher
equilibrium ratios) for phosphide ligands having better donor
and smaller R groups around phosphorus, to yield the
sequence PEt> PCy, > PPh. The external anion has a
modest but measurable influence on the above equilibria,
with the agostic cation being somewhat favored for the
noncoordinating BAy~ anion, when compared to the BF
salts. In contrast, coordinating anions as Iekd to complete
decomposition of the above unsaturated cations. The ligands
around the metal atoms also affect dramatically the above
agostic/hydride equilibria, so that replacing CO by 'BiN
ligands yields exclusively hydride derivatives, an effect that
can be rationalized as a result of the increased electron
density at the metal centers. Finally, removal of a CO ligand
also yields a hydride derivative, an effect that now can be
attributed to the coordinative unsaturation thus generated at
the dimetal center, which is expected to facilitate any
oxidative addition process.

Experimental Section

General Procedures and Starting Materials All manipulations
and reactions were carried out under a nitrogen (99.995%)
atmosphere using standard Schlenk techniques. Solvents were

In a second step, the above unsaturated cations rearrange glurified according to literature procedures and distilled prior to
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use?® Petroleum ether refers to that fraction distilling in the range of dichloromethane/petroleum ether (1/2). The resulting residue was
65—70 °C. Compounds [MCp,(u-PRy)(u-PR2)(CO)] (M = Mo, dissolved in dichloromethane and filtered. Removal of solvent from
W; R, R = Cy, Ph, Et)? [Mo,Cp(4-CO)u-PCy)2],® [M0,Cp,- the filtrate gave compounda as a dark-brown microcrystalline
(u-PPh),(CO),],” and [H(OEL),](BAr's),t were prepared as de-  solid (0.025 g, 74%). The crystals used in the X-ray study were
scribed previously, and all other reagents were obtained from the grown by slow diffusion of petroleum ether into a concentrated
usual commercial suppliers and used as received, unless otherwiseolution of the complex in dichloromethane at 253 K and were
stated. Photochemical experiments were performed using jacketedound to contain a molecule of water, presumably arising from
Pyrex Schlenk tubes, cooled by tap water (ca. 285 K). A 400 W adventitious moisture in the solvent during crystallization. Anal.
mercury lamp (Applied Photophysics) placed ca. 1 cm away from Calcd for GegH3aBF4OsP,W, (4a-H,0): C, 41.98; H, 3.23. Found:
the Schlenk tube was used for these experiments. ChromatographicC, 42.15; H, 3.301H NMR 6 7.73-6.85 (m, 20H, Ph), 5.52 (s,

separations were carried out using jacketed columns cooled by tap10H, Cp),—14.59 (t,Jup = 50, Juw = 49, 1H,u-H). 13C{*H} NMR
water. Commercial aluminum oxide (activity I, 150 mesh) was (100.63 MHz)d 226.4 (s, CO), 142.3 [dlcp = 45, C(Ph)], 137.6-
degassed under vacuum prior to use. The latter was mixed underl28.0 (m, Ph), 89.0 (s, Cp).

nitrogen with the appropriate amount of water to reach the activity

Preparation of [W,Cpy(u-H)(u-PEt,y),(CO).1BF, (4b). A

desired. Filtrations were performed using diatomaceous earth. IR dichloromethane solution (5 mL) of compoufd (0.015 g, 0.020
stretching frequencies of CO ligands were measured in solution mmol) was stirred at room temperature with HBPE (4 uL of
and are referred to agCO) (solvent). Nuclear magnetic resonance a 54% solution in B, 0.029 mmol) for 5 min to give a yellow-

(NMR) spectra were routinely recorded at 300.18)( 121.50
(B*P{1H}), or 75.47 MHz £¥C{1H}) at 290 K in CQCI, solutions
unless otherwise stated. Chemical shifé§ are given in ppm,
relative to internal tetramethylsilanéH, 13C) or external 85%
aqueous BPO, solutions $1P). Coupling constantsl) are given
in Hertz.

Preparation of Solutions of [W,Cp2(H)(u-PPhy),(CO),]BF4
(3a). In a typical experiment, a dichloromethane (3 mL) or £D
Cl; (0.5 mL) solution of compounda (0.030 g, 0.033 mmol) was
treated at 243 K with HBFOEY, (8 uL of a 54% solution in EO,
0.060 mmol) to give a dark-yellow solution shown (by NMR) to
contain essentially pure compoud'H NMR (400.13 MHz, 223
K) 6 8.08-6.65 (m, 20H, Ph), 5.53, 4.70 ( s, 2 x 5H, Cp),
—0.42 (dd,Jyp = 19, 12,Jpw = 28, 1H, W-H). 13C{H} NMR
(100.63 MHz, 223 K)d 228.9 (s, CO), 201.8 (dlcp = 14, CO),
148.1 [d,Jcp = 57, C(Ph)], 143.5 [d Jcp = 47, C(Ph)], 140.4 [d,
Jep = 61, C(Ph)], 136.0 [dJcp = 55, C(Ph)], 135.2, 134.6 [*
d, Jep = 11, 2 x C¥Ph)], 133.3, 132.8 [ d, Jcp = 12, 2 x
C?(Ph)], 131.6-128.5 (m, Ph), 93.7, 90.1 (% s, Cp).

Preparation of Solutions of [W,Cp,(H)(u-PEt,)2(CO),]BF,
(3b). The procedure is identical to that described 3arbut using
compoundLb (0.010 g, 0.014 mmol) andAL of the HBF, solution
(0.029 mmol).'H NMR (400.13 MHz, 183 K)J 5.64, 5.59 (2x
s, 2x 5H, Cp), 3.28 (m, 4H, PCH), 2.34, 1.63 (2x m, 2 x 1H,
PCH,), 1.69 (dt,Jup = 15,Jun = 7, 3H, CH), 1.42 (m, 6H, CH),
1.11 (m, 2H, PCH), 0.85 (dt,Jup = 20,J4ny = 7, 3H, CH), —3.79
(dd, Jup = 27, 16,Jqw = 27, 1H, H-W).

Preparation of Solutions of [W,Cp2(H)(u-PEty)(u-PPhy)(CO),)-
BF, (3c). The procedure is identical to that described forbut
using compound.c (0.010 g, 0.012 mmol) and 4L of the HBF,
solution (0.029 mmol) insteadH NMR (400.13 MHz, 190 K)d
7.85 (dd,Jyp = 12,34y = 8, 2H,0-Ph), 7.69 (false tJyny ~ 7, 2H,
m-Ph), 7.59 (t,Juy = 7, 1H, p-Ph), 7.35 (false tJuy = 7, 2H,
m-Ph), 7.28 (tJun ~ 7 1H,p-Ph), 6.73 (dJup = 13,34 = 8, 2H,
0-Ph), 5.56, 5.25 (% s, 2x 5H, Cp), 3.48, 3.31 (% m, 2 x 2H,
PCH,), 1.73 (dt,dup = 17,Jyn = 7, 3H, CH), 1.55 (m, 3H, CH),
—1.26 (dd,Jup = 24, 16,Jyw = 24, 1H, H-W).

Preparation of [W,Cpa(u-H)(u-PPhy),(CO).IBF, (4a). A
dichloromethane solution (5 mL) of compouté (0.030 g, 0.033
mmol) was stirred at room temperature with HBBE®, (8 uL of
a 54% solution in BO, 0.060 mmol) fo 4 h to give a brown

orange solution. Solvent was then removed in a vacuum, and the
residue was washed with petroleum ether{® mL) and dried
under vacuum to give compountb as a yellow solid (0.014 g,
83%) Anal. Calcd for Q].HggBC|2F402P2W2(4b'CH2C|2): C, 27.88;

H, 3.68. Found: C, 27.99; H, 3.884 NMR (CDCl) 6 5.56 (s,
10H, Cp), 2.61, 2.46 (% m, 2 x 4H, PCH,), 1.38, 1.35 (2« dt,
JHp: 18,JHH = 8, 2 x 6H, C"b), —15.50 (t,JHp = 52;JHW = 52,

1H, u-H).

Preparation of [W ,Cpa(u-H)(u-PEty)(u-PPhy)(CO),|BF4 (4c).
The procedure is identical to that described for compodintbut
using compoundLc (0.022 g, 0.027 mmol), 4L of the HBR,
solution (0.029 mmol), and a reaction time of 10 h. Compodad
was obtained as a yellow solid (0.021 g, 86%). The complex can
be crystallized by slow diffusion of a layer of toluene into a
dichloromethane solution of the complex at 253 K. Anal. Calcd
for CasH3BF4,OP W, (4C‘C7Hg): C, 41.70; H, 3.90. Found: C,
41.35; H, 3.38!H NMR (CDCl3) 6 7.74-6.70 (m, 10H, Ph), 5.57
(s, 10H, Cp), 2.84, 2.47 (2 quint,Jyp = Jun = 8, 2 x 2H, PCH),
1.45-1.28 (m, 6H, CH), —14.88 (dd,Jup = 54, 48,Jyw = 51,
1H, u-H).

Preparation of cis-[W ,Cpa(u-PPh),(CO),] (5a). A dichloro-
methane solution (5 mL) of compourkh (0.030 g, 0.030 mmol)
was stirred at 263 K with DBU (1,8-diazabicyclo[5.4.0]undec-7-
ene, 4ul, 0.031 mmol) for 1 min to give a pale green solution.
Solvent was then removed in vacuum, and the residue was
chromatographed on alumina (activity 1V) at 285 K. Elution with
dichloromethane/petroleum ether (2/1) gave a green fraction.
Removal of solvents from the latter fraction yielded compo&ad
as a green microcrystalline solid (0.020 g, 72%). Anal. Calcd for
CaeHagO2PW,: C, 46.75; H, 3.27. Found: C, 46.66; H, 3.181
NMR (223 K) ¢ 7.42-6.48 (m, 20H, Ph), 5.65 (s, 10H, CB§C-
{*H} NMR (100.63 MHz, 223 K)d 234.5 (s, CO), 144+127.4
(m, Ph), 91.7 (s, Cp).

Preparation of Solutions of [Mo,Cpa(H)(u-PPhy)2(CO),1BF 4
(6). The procedure is identical to that described 3arbutusing
compound2a (0.020 g, 0.027 mmol). This gives a green-yellow
solution shown (by NMR) to contain essentially pure compound
6. 'H NMR ¢ 7.42-6.79 (m, 20 H, Ph), 5.33, 4.83 2 s, br, 2x
5H, Cp),—1.88 (dd,Jur = 32, 30, 1H, Mo-H).

Preparation of cis[Mo ,Cp,(u-PPhy)2(CO),] (8). The procedure
is identical to that described fd&a but using compound (0.020

solution. Solvent was then removed in a vacuum, and the residued, 0.024 mmol). After similar workup, compourgdwas obtained

was washed with petroleum ether x33 mL) and then with 3 mL

(29) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Pergamon Press: Oxford, U.K., 1988.

as a green microcrystalline solid (0.014 g, 78%). Anal. Calcd for
CaeH3oM0,0.P;: C, 57.77; H, 4.04. Found: C, 57.83; H, 4.0
NMR (400.13 MHz, 223 K)d 8.05-6.42 (m, 20H, Ph), 4.91 (s,
10H, Cp).
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Preparation of Compounds [Mo,Cpa(u-PCys,)(u-x>-HPCys)-
(CO)2IBF4 (9d) and [Mo2Cpa(u-H)(u-PCy2)(CO)-|BF4 (10d).
A green solution of compoun@d (0.040 g, 0.052 mmol) in
dichloromethane (6 mL) was stirred with HBPE®L (16 uL of a
54% EO solution, 0.12 mmol) for 30 min to afford a yellow-
greenish solution shown (by NMR) to be an equilibrium mixture
of compound®d and10d (10:1). The solvent was then removed

Alvarez et al.

solution of the complex at 253 K. Anal. Calcd fouEeeBClF4-
Mo,NOP, (11-CH,Cl,): C, 49.22; H, 6.65; N, 1.40. Found: C,
48.71, H, 6.83; N, 1.65'H NMR ¢ 5.56, 5.14 (2x s, 2 x 5H,
Cp), 2.86-0.30 (M, 44H, Cy), 1.36 (s, 9HBU), —14.74 (t,Jup =
43, 1H,u-H).

Preparation of [Mo,Cpa(u-H)(u-PCy,)2(CNBu),|BF4 (12). A
dichloromethane solution of isome®d and10d was prepared “in

under vacuum, and the residue was washed with petroleum ethersitu” as described above from compouzui(0.035 g, 0.045 mmol)

(3 x 5mL) to give a yellow-greenish microcrystalline solid (0.040
g, 89%) of compoun®d contaminated with a small amount of its
isomerl0d. Anal. Calcd for GeHssBF4sM0,0O,P,: C, 50.26; H, 6.44.
Found: C, 49.83; H, 6.155pectroscopic data fo®d: 'H NMR
(293 K)0 5.63, 5.61 (2x s, br, 2x 5H, Cp), 2.66-1.00 (m, 44H,
Cy), —4.73 (m,|Jpy + Jpy| = 129, 1H,u-HP).'H NMR (400.13
MHz, 243 K) 6 5.66, 5.63 (2x s, 2 x 5H, Cp), 2.86-0.80 (m,
44H, Cy),—4.80 (dd,Jpyy = 134, =5, 1H, u-HP). 3P{1H} NMR
(121.52 MHz, 293K)0 162.8 (br,u-PCy), 89.9 (br,u-HPCy).

31P NMR (162.00 MHz, 243KY 161.4 (s,u-PCy,), 89.7 (br d,
Jpn = 134,u-HPCy,). The crystals used in the X-ray study of isomer
9d were grown at 253 K by slow diffusion of layers of petroleum
ether and toluene into a solution of the complex in dichloromethane.
Spectroscopic data fatOd 'H NMR ¢ 5.60 (s, 10H, Cp);-13.54

(t, Jpon = 58, 1H,u-H), other resonances obscured by those of the
major isomer.

Preparation of Compounds [Mo,Cpa(u-PEty)(u-«>-HPEt,)-
(CO),IBF4 (9b) and [Mo,Cpa(u-H)(u-PEt,),(CO),BF 4 (10b). The
procedure is identical to that described fif and 10d but using
compound2b (0.020 g, 0.038 mmol) instead. After 10 min, a green
solution is obtained shown (by NMR) to be an equilibrium mixture
of compound®b and10b (30:1). Workup as above gave a green
oily residue which could not be converted into a microcrystalline
solid. Spectroscopic data fddb: H NMR 6 5.56, 5.50 (2x s, 2
x 5H, Cp), 3.02, 1.78 (2x m, 2 x 4H, PCH), 1.44-0.88 (m,
12H, CHy), —4.22 (m,|dnp + Jnpl = 103, 1H,u-HP). Spectroscopic
data for 10bi *H NMR & —14.54 (t,Jup = 68, 1H, u-H), other

and HBR-OEf, (16 uL of a 54% solution in BO, 0.116). Neat
CN'Bu (12uL, 0.104 mmol) was then added, and the mixture was
heated at 313 K for 1.5 h to give a red solution which was filtered.
Workup of the filtrate as described fdrl gave compound?2 as

an orange solid (0.030 g, 70%). Anal. Calcd fopg€;sBF;-
Mo,NoP,: C, 54.44; H, 7.58; N, 2.89. Found: C, 54.02; H, 7.98;
N, 3.02.1H NMR ¢ 5.06 (s, 10H, Cp), 1.771.26 (m, 44H, Cy),
1.35 (s, 18HBu), —16.64 (t,Jup = 53, 1H,u-H).

Preparation of [Mo,Cp2(H)(u-PCy)2(CO)]BF,4 (13). An equi-
librium mixture of isomer®d and10din dichloromethane (8 mL),
prepared as described above, was irradiated with-\dsible light
at 285 K for 3.5 h to give a red solution. Solvent was then removed
under vacuum, and the residue was washed with petroleum ether
(3 x 5 mL) to give compound.3 as a red microcrystalline solid
(0.035 g, 90%). The crystals used in the X-ray diffraction study
were grown by slow diffusion of a layer of toluene into a
concentrated solution of the complex in dichloromethane at 253 K
and were found to contain a dichloromethane molecule. Anal. Calcd
for C36H57BC|2F4M020P2 (13'CH20|2) C,47.14; H, 6.26. Found:

C, 46.65; H, 6.07'H NMR (400.13 MHz)¢6 5.82 (s, 10H, Cp),
2.34-0.58 (M, 44H, Cy)~1.41 (t,Jup = 44, 1H, Mo—H). H NMR
(400.13 MHz, 223 K) 5.84 (s, br, 10H, Cp), 2.540.58 (m, 44H,
Cy), —1.55 (t, Jup = 44, 1H, Mo—-H). 'H NMR (400.13 MHz,
CD,Cl,, 203 K) 6 5.93, 5.78 (2x s, 2 x 5H, Cp), 2.36-0.43 (m,
44H, Cy),—1.60 (t,Jpy = 44, 1H, Mo—H). 13C{1H} NMR ¢ 260.6
(t, Jep =7, CO), 93.5 (s, Cp), 53.3, 46.7 [2 s, br, 2x CYCy)],
33.7,32.8 [2x s, 2x C?Cy)], 28.1, 27.1 [2x false t,|Jcp + Jcp |

resonances for this very minor isomer obscured by those of the =12, 2 x C3(Cy)], 26.0, 25.8 [2x s, 2x C*Cy)]. 3*P{*H} NMR

major isomer.

Preparation of Compounds [Mo,Cp,(u-PPhy)(u-x?>-HPCys,)-
(CO)2IBF4 (9e) and [MoCpa(u-H)(u-PCy,)(u-PPh;) (CO)z|BF4
(10e).The procedure is identical to that described9drbut using
compound2e (0.020 g, 0.026 mmol) instead. After 40 min, a green
solution is obtained, shown (by NMR) to be an equilibrium mixture
of compound®e and10e(1:2). Workup as fo®d gave a mixture
of the isomers as a green-yellowish powder (0.018 g, 81%). Anal.
Calcd for GgH34.BFsM0,0,P,: C, 50.96; H, 5.11. Found: C, 50.59;
H, 4.29.Spectroscopic data fd@e 3P NMR (CDCk) 6 145.4 (s,
br, u-PPh), 100.3 (d, brJpy ~ 135,u-HPCy). IH NMR (CDCls)
0 7.75-7.41 (m, 10H, Ph), 5.56, 5.54 (2 s, 2 x 5H, Cp), 2.04-
1.24 (m, 22H, Cy),—4.33 (dd, J4p = 132, —5, 1H, u-HP).
Spectroscopic data fotOe H NMR (CDCl) 6 7.75-7.41 (m,
10H, Ph), 5.51 (s, 10H, Cp), 2.64..24 (m, 22H, Cy)~13.34 (t,
Jup = 57, 1H,u-H).

Preparation of [Mo ,Cpa(u-H)(u-PCy,)(CO)(CN'BuU)|BF, (11).
A dichloromethane solution of compoun@d and10d was prepared
“in situ” as described above from compougd (0.035 g, 0.045
mmol) and HBR-OEt, (16 uL of a 54% solution in BEO, 0.116
mmol). CNBu (2 mL of a 0.05 M solution in petroleum ether, 0.1
mmol) was then added, and the mixture was stirred for 1 min to

give a red solution. The solvent was then removed under vacuum,

and the residue was washed with petroleum ethex (8 mL) to
give compoundll as an orange microcrystalline solid (0.035 g,
85%). The crystals used in the X-ray studyldf were grown by
slow diffusion of a layer of diethyl ether into a dichloromethane
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(CDCl3) 6 306.2 (s,u-PCyy).

Preparation of [Mo,Cpa(u-COH)(u-PCy,),]BF4 (14). A toluene
solution (6 mL) of [MaCpy(u-PCy).(«-CO)] (0.015 g, 0.020
mmol) was stirred at room temperature with HBPE®, (16 uL of
a 54% solution in BO, 0.109 mmol), whereby a deep rose solid
rapidly precipitated from the solution. After discarding the solution,
this solid was washed with diethyl ether 24 mL) and then with
petroleum ether/diethyl ether (8 4 mL of a 1:1 mixture) to give
compoundl4 as a red-rose microcrystalline solid (0.015 g, 88%).
Anal. Calcd for GsHssBFsM0,0OP,: C, 50.50; H, 6.66. Found: C,
50.29; H, 8.42. IR (Nujol mull): 3600 [wy(O—H)], 1262 [m, v-
(C-0)]. 'H NMR (400.13 MHz, 223 K)o 12.33 (s, br, 1H,
u-COH), 6.02 (s, 10H, Cp), 2.220.22 (m, 44H, Cy)*C{*H} NMR
(100.63 MHz, 223 K)o 368.2 (s, bru-COH), 93.8 (s, Cp), 52.0,
43.6 [2x s, br, 2x CYCy)], 34.2, 29.6 [2x s, 2x C?Cy)], 27.4,
27.2[2x d,J4p =15, 2x C¥Cy)], 25.8, 25.75 [2< s, 2x C4(Cy)].

Preparation of [W ,Cpa(u-H)(u-PEt,)2(CO),]BAr ' (4b'). The
procedure is identical to that described fdrbut using compound
1b (0.022 g, 0.030 mmol) and [H(Og#](BAr'4) (0.030 g, 0.030
mmol) instead. After workup as described #s, compound4b’
was obtained as a yellow solid (0.035 g, 77%). Anal. Calcd for
CugH33BF240,.P,W3: C, 37.48; H, 2.16. Found: C, 37.86; H, 2.49.
IH NMR 6 7.73 (s, 8H, A¥), 7.57 (s, 4H, A, 5.47 (s, 10H, Cp),
2.68, 2.50 (2x m, 2 x 4H, PCH), 1.41, 0.69 (2x m, 2 x 6H,
CH3), —16.03 (t,JHp = 50, -]HW = 50, 1H,AM-H).

Preparation of Solutions of Compounds [MaCpa(u-PCyx,)-
(u-x>-HPCy,)(CO) JBAr's (9d') and [MoCpa(u-H)(u-PCys)e-
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(CO),]BAr', (10d). In a typical experiment, solid [H(OBt]-
(BAr',) (0.028 g, 0.028 mmol) was added to a dichloromethane (3
mL) or CD,Cl, (0.5 mL) solution of compoundd (0.010 g, 0.014
mmol), whereupon the solution turned yellow-greenish. This was
shown (by NMR) to be an equilibrium mixture (ca. 20:1) of
compound®d and10d. Spectroscopic data fodd: 'H NMR ¢
7.72 (s, 8H, A1), 7.56 (s, 4H, A1), 5.62,5.57 (2x s, 2x 5H, Cp),
2.37-1.26 (M, 44H, Cy);~4.78 (M,|Inp + Jup| = 127, 1H,u-HP).
Spectroscopic data farOd: H NMR 6 5.56 (s, 10H, Cp);-13.57

(t, Jup = 58, u-H), other resonances of this very minor isomer
obscured by those of the major isomer.

Preparation of Solutions of Compounds [MaCp,(u-PPhy)-
(u-k>-HPCy,)(CO);|BAr ', (9€¢) and [Mo:Cpa(u-H)(u-PCys2)(u-
PPh,)(CO),BAr’, (10€). The procedure is identical to that
described for compounddd’ and 10d but using compoune
(0.010 g, 0.013 mmol) and solid [H(Off(BAr',) (0.053 g, 0.052
mmol). If the reaction is carried out at 253 K, a green solution is
immediately formed shown (by NMR at 223 K) to contain
essentially pure compourss. Upon standing this solution at room
temperature for 5 h, an equilibrium mixture (1:1 by NMR) of
compound9€ and 10€ is obtained.Spectroscopic data fode:
1H NMR (400.13 MHz, 223 K):0 7.72 (s, 8H, Al), 7.56 (s, 4H,
Ar'), 7.48-7.25 (m, 10H, Ph), 5.71, 5.59 (® s, 2 x 5H, Cp),
1.93-1.40 (m, 22H, Cy)—4.68 (dd,Jup = 132,—5), 1H, u-HP).
Spectroscopic data fatO€: *H NMR ¢ 7.74 (s, 8H, AY), 7.57 (s,
4H, Ar'), 7.57-7.21 (m, 10H, Ph), 5.48 (s, 10H, Cp), 2:3B.22
(m, 22H, Cy),—13.47 (t,Jup = 57, 1H,u-H).

X-ray Structure Determination of Compound 4a. A suitable
crystal of4a (0.25 x 0.25 x 0.6 mm) was stuck on a glass fiber
and mounted on an Enraf-Nonius MACH-3 automatic diffracto-

integration by the software SAIN®,and a multiscan absorption
correction was applied with SADAB%®.The structure was solved
by Patterson interpretation and phase expansion using DRRDIF
and refined with full-matrix least squares BAusing SHELXL973¢
The resolution process shows one-half of the cation in the
asymmetric unit and was placed on a plane of symmetry, so that
the structure of the cation is imposed to have a symmetry plane
that does not correspond to the molecular symmetry. Due to the
low quality of the diffraction data, only the heavy atoms could be
refined anisotropically, as the temperature factors for the remaining
non-H atoms were persistently nonpositive definites. One of the
cyclohexyl groups appeared heavily disordered, but it was not
possible to model the different orientations of this group properly,
and only the strongest peaks were retained. All hydrogen atoms
were fixed at calculated positions and refined isotropically, except
for the agostic hydrogen atom. The latter could not be located in
the final difference map; therefore, possible positions were inves-
tigated by a potential energy minima search using the program
HYDEX.3” Only one minimum was found around the P{Mo-
(2) bond, at approximately 1.67 A from P(1) and 1.95 A from the
Mo(2) atom, in agreement with the proposed structure in solution.
Nevertheless, this hydrogen atom had to be fixed at this position
to reach a satisfactory refinement. During refinement, the anion
could not be satisfactorily solved, and a possible molecule of a
nonidentified solvent was found to be present in the asymmetric
unit. Therefore, the SQUEEZE program, as implemented in
PLATON 2 was used to model the corresponding electron densities.
After convergence, the strongest residual peaks 0196 e A3)
were located around the disordered cyclohexyl group.

X-ray Structure Determination of Compound 11. Collection

meter. Accurate cell dimensions and orientation matrix were Of data, structure solution, and refinements were done as described
obtained by least-squares refinements of 25 accurately centeredor 9d. For compoundll one of the cyclohexyl groups and the
reflections. No significant variations were observed in the intensities dichloromethane molecule were found disordered in two positions,
of two checked reflections during data collection. The data were With occupancy factors of 0.7/0.3 and 0.6/0.4, respectively. All non-
corrected for Lorentz and polarization effects. Computations were hydrogen atoms were refined anisotropically, except C(35b) and
performed by using the PC version of CRYSTA#SScattering C(36b) atoms (involved in the disorder) which were refined
factors and corrections for anomalous absorption were taken from isotropically because they were persistently nonpositive definites.
ref 31. The structure was solved by direct methods (SHELXS), Most hydrogen atoms were located in the Fourier map, but only
completed by Fourier techniques, and refined by full-matrix least- some of them were refined (the hydride bridging ligand, the
squares. An empirical absorption correction based on psi-scan curvearomatic hydrogens, and the methine H(17), H (23) and H(29)

was applied Tmin = 0.95,Tmax= 1). All non-hydrogen atoms were
anisotropically refined. The C-bonded hydrogen atoms were
introduced in calculated positions and were allocated an overall
isotropic thermal parameter. The complex crystallized with a
molecule of water.

X-ray Structure Determination of Compound 9d. Data were
collected on a Smart-CCD-1000 Bruker diffractometer using
graphite-monochromated ModKradiation at 120 K. Cell dimen-
sions and orientation matrixes were initially determined from least-
squares refinements on reflections measured in 3 sets of 3
exposures collected in 3 diferemtregions and eventually refined
against all reflections. The software SMARTwas used for
collecting frames of data, indexing reflections, and determining

lattice parameters. The collected frames were then processed for
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atoms). All the hydrogen atoms were given an overall isotropic
thermal parameter.
X-ray Structure Determination of Compound 13. Collection

of data, structure solution, and refinements were done as described
for 9d. Twinning was found to occur in the crystal, and the program
GEMINI*®was used to determine the twin law, the cell dimensions,
and orientation matrixes before data reduction. Non-H atoms were
refined anisotropically except for a number of C atoms in the cation
and all atoms in the anion and dichloromethane molecule, which

gwere refined isotropically because some of their temperature factors
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0.6/0.4, respectively) while applying restraints on thefBor C—Cl '

bond lengths and+B—F or CI-C—Cl angles. Because of the low
quality of the diffraction data only some of the hydrogen atoms the structural analysis of compoundis 9d, 11, and13in the CIF

were found in Fourier maps, so all hydrogen atoms were fixed at file format. This material is available free of charge via the Internet
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