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Protonation of Metal—Metal Bonds in Cp,Ru,(CO)3(PRs) and CpaMo2(CO)4(PR3)."

Chip Nataro and Robert J. Angelici*
Department of Chemistry, lowa State University, Ames, lowa 50011

Receied December 3, 1997

Despite the much higher basicity expected for the Ru bearing thdigdnd in Cp(PR)Ru(u-CO),Ru(CO)Cp,
NMR studies demonstrate that protonation of this complex witSCEH occurs at the R&#tRu bond, rather than
at the more basic Ru. As determined by calorimetric titration at 25.id 1,2-dichloroethane solvent, the enthalpy
of protonation AHynm) of the Ru-Ru bond is higher in GiRu(CO)(PMes) (—30.0(4) kcal/mol) than in its
carbonyl analogue GRw,(CO), (—18.4(1) kcal/mol). Enthalpies\Hwnm) for protonation of the Me-Mo bond

in the dinuclear Mo complexes @@o,(COu(PRs), show that the PMgcomplex 27.4(2) kcal/mol) is
dramatically more basic than its PhRh analogue{18.9(5) kcal/mol). Considering theHwnm values as measures
of the basicities of the complexes, these results show that the basicities of- metal bonds are highly sensitive
to the nature of their associated ligands. In addition, evidence indicates th@®WRinonds are more basic than
Ru in comparable mononuclear complexes. The structures, as determined by X-ray crystallographic studies, of
CpRW(CO)(PMes) and its protonated derivative @RU(CO)(PMes)(u-H)TCRSO;~ are also discussed.

Introduction each CHRw(CO), complex is given in parentheses): s(24-
CR3)2 (12.0, b)< (indenyl) (14.1, b) < fulvalene (16.1, nb}
Cp2(CHy)2 (16.9, b) < Cp, (18.4, 50% nb)< (CsMes), (19.2,

b) < CpCH, (21.0, 90% nb). An analysis of these data
suggested that two factors were primarily responsible for the
trend. The first is the donor ability of the Ggigands; the
more strongly donating the Ggigands, the more basic the Ru

Ru bond. The second factor is the energyH() required to
convert (eq 2) a CO-bridged isomer to its nonbridged isomer.

The tendency of a transition metal complex to undergo acid
protonation at the metal is defined as its basicity. Quantitative
measures of the basicity of a metal complex atggndAHuy.
Most basicities have been reporfetifor mononuclear com-
plexes although there are a few quantitative studies of di- or
polynuclear compounds in which protonation occurs at a metal
metal bond to give a bridging hydride product. Recently, we
reported results of a titration calorimetry stdelpf the heats
of protonation AHunm) of a series of dinuclear CGiRu(CO),

complexes (eq 1). The-AHuuw values, measured in 1,2- Q ?O AH
C— AHb a
Ru==—=R R Ru
' DCE G H*
Cp'2RUx(CO)s + CF3SOsH 25 0 o oc
——l ',H\\ j +
Ce H G Ry ----- Ry )
\ M G/
Bu-----Ry. CF3803;  AHwmm (1)
OC\\“’ / \""'CO For bridged CpRw,(CO), complexes, the overalHyum value
ocC co may be considered as the sum AH, and AH,. For two

complexes that have Gpligands with similar donor abilities,
dichloroethane(DCE) solvent, increased with variations in the AH, will be similar, but if one of the complexes is CO-bridged,
Cp’ ligands in the following order{AHyuw values givenin  an endothermicAH, term will cause its—AHyw to be less
kcal/mol; the CO-bridged (b) or nonbridged (nb) structure of positive than that of the other GRU(CO) complex with no
bridging CO groups. Thus, bridging CO groups reduce the

T Dedicated to Professor Warren R. Roper on the occasion of his 60th basicity of the Re-Ru bond as compared with those of
birthday.

(1) Angelici, R. J.Acc. Chem. Red.995 28, 51. analogous complexes that are nonbridged.
(2) Pearson, R. GChem. Re. 1985 85, 41. In the present study, we sought to determine the basicity
(3) Martinho Simies, J. A.; Beauchamp, J. Chem. Re. 1990 90, 629. (—AHwnm) of the phosphine-substituted CO-bridged complexes
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Cp\ <, /Cp
DCE
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1, PR3 = PMe3
2, PR3 = PMe,Ph
3, PR3 = PMePhy
4, PR3 = PPhg

Cp\ _p_] *+

BL{' ---- ) Ru.' CF3S037;  AHMHM

1H* - 4H*

Ru, one would expect protonation to occur at the-Bebstituted
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(—AHwmum) of CpaM0o2(COU(PRs)2 (PRs = PMes, PMePh) are
compared with those of related dinuclear complexes.

Experimental Section

General Procedures. All preparative reactions, chromatography,
and manipulations were carried out under an atmosphere of nitrogen
or argon using standard Schlenk techniques. Solvents were purified
under nitrogen using standard methB@ds described below. Hexanes,
heptanes, toluene, and methylene chloride were refluxed ovep CaH
and then distilled. Diglyme was refluxed over Gabhd vacuum-
distilled. Diethyl ether was distilled from sodium benzophenone.,-CD
Cl, was stored over molecular sieves under nitrogen. 1,2-Dichloro-
ethane (DCE) was purified by washing successively with concentrated
sulfuric acid, distilled deionized water, 5% NaOH, and again with water.
The solvent was then predried over anhydrous Mg&@l stored in
amber bottles over molecular sieves (4 A). The DCE was distilled
from P,O10 under argon immediately before use. Triflic acid ¢€F
SO;H) was purchased from 3M Co. and purified by fractional
distillation under argon prior to use. Neutral .8 (Brockmann,
activity 1) used for chromatography was deoxygenated at room
temperature under vacuum for 12 h, deactivated witls&dturated water
(3% w/w for ruthenium compounds and 5% w/w for molybdenum

Ru as inA. On the other hand, if the electron density provided compounds), and stored undes.N

Cp\ /Cp—l + Cp.

'Bu—Hu” Rl{ ----- -Ru
oc“““/ i \PRs oc“s‘/ H \"""PR
oc H CO oC co °
A B

by the phosphine were distributed into the-RRu bond, the
proton might bridge the two Ru atoms asBin NMR and X-ray

ol

The compounds GRW(CO,'® CpRW(CO)R(COGP),1 415 Cp,-
Mo2(CO),'% and CpMo,(CO)*¢ were prepared by literature methods.
Diphenylacetylene was purchased from Eastman-Kodak, ag(CR).
was purchased from Strem. Dicyclopentadiene was purchased from
Aldrich and cracked over iron filings prior to use.The phosphines
PPh, PMePh, PMePh, and PMg(1.0 M in toluene) were purchased
from Aldrich. The'3CO (**C, 99%) was purchased from Cambridge
Isotopes. ThéH NMR spectra were obtained at ambient temperature
unless indicated otherwise on samples dissolved isGGN a Nicolet
NT 300-MHz or a Bruker AC 200-MHz spectrometer with TM&€
0.00 ppm) as the internal referencéP{H} NMR spectra were obtained
in CD,Cl; on a Bruker AC 200-MHz spectrometer withgP, (0 =
0.00 ppm) as the reference. THE NMR spectra were obtained at

diffraction studies provide evidence for the location of the room temperature in CiTl, on a Bruker AC 200-MHz spectrometer

hydrogen in1IHTCRSO;~ and 4HTCRSO;~.  In addition,
AHpum for CpRu(CO)(PMe;) has been measured and com-
pared with those for GiRw,(CO), and related complexes.
Protonation reactions (eq 4) of four @poy(COu(PRs)2
complexes have also been examined. NMR studies indicate

N
Mo—Mb.  + CFsSOgH —2E
iR
Ry PRs
o co
9-12
9, PRg = PMes

10, PRy = PMe,Ph
11, PRy = PMePh,
12, PRy = PPhg

M6- - - - -Md CF3S037  AHunm

ocF\,“/" \\.“CO
Ra / PRg
co

9H* - 11H*

that the proton bridges the Mdvio bond in the product, as
expected for these symmetric structures. Measured basicities(

with the solvent § = 53.8 ppm) as the internal reference. TRE
NMR spectra at 100.6 MHz were obtained on a Bruker DRX 400-
MHz spectrometer. Solution infrared spectra were recorded on a
Nicolet 710 FT-IR spectrometer using sodium chloride cells with 0.1-
mm spacers. Electron ionization mass spectra (EIMS) were run on a
Finnigan 4000 spectrometer. Elemental microanalyses were performed
on a Perkin-Elmer 2400 Series 1| CHNS/O analyzer.
Cp2Ruz(CO)3(PR3). In atypical reaction, approximately 0.1 g (0.2
mmol) of CpRW(CO)L(COGPh) and 1 equiv of the desired phosphine
were heated to reflux in 20 mL of toluene. The solution changed from
orange-red to bright yellow. Monitoring by IR spectroscopy indicated
that the reaction was complete within 30 min. Upon cooling and
vacuum removal of solvent, the compounds were chromatographed on
an alumina column (1.5 30 cm); the yellow product band was eluted
with a 3:2 (v/v) mixture of CHCI, and hexanes. Solvent was removed,
and the compounds were crystallized-20 °C from ether. Isolated
yields of the complexes were greater than 90% in all cases. IR data
for compoundsl—4 and 5—8 are presented in Tables 1 and 2,
respectively.'H NMR and IR data for compoundlare essentially the
same as those reported previously for this compdind.
Cp2RUx(CO)3(PMes) (1). H NMR (CD:Cly): 6 5.23 (s, 5H, Cp),
5.00 (s, 5H, Cp), 1.23 (&@p_1 10.0 Hz, 9H, Me). 3P NMR (CD,CLy):
0 9.95 (s). IR (toluene):»(CO) (cnT?) 1929 (m), 1742 (s). Anal.

(11) Sowa, J. R., Jr.; Zanotti, V.; Facchin, G.; Angelici, R1.JAm. Chem.

Soc.1997], 113 9185.

(12) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
Laboratory Chemicals2nd ed.; Pergamon: New York, 1980.

(13) Doherty, N. M.; Knox, S. A. R.; Morris, M. Jnorg. Synth199Q 28,
189.

(14) Davies, D. L.; Dyke, A. F.; Knox, S. A. R.; Morris, M. J. Organomet.
Chem.1981, 215, C30.

15) Doherty, N. M.; Knox, S. A. Rlnorg. Synth.1989 25, 179.

(16) Curtis, M. D.; Hay, M. Slnorg. Synth.199Q 28, 150.

(17) Davies, D. L.; Knox, S. A. R.; Mead, K. A.; Morris, M. J.; Woodward,
P.J. Chem. Soc., Dalton Tran$984 2293.
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Table 1. IR Data for CpRu(CO)(PRs) and
Cp:RU(CO)(PRs)(u-H)™ in CH:Cl, Solvent

v(CO), cnrt

complex terminal bridging
12 1929 (s) 1728 (s)
1H* 2 2043 (s) 1995 (s) 1964 (m)
2 1932 (s) 1727 (s)
2H*P 2045 (s) 1996 (s) 1965 (m)
3 1937 (s) 1727 (s)
3H*t e 2045 (s) 1998 (s) 1966 (m)
4d 1947 (s) 1725 (s)
4H*d 2046 (s) 2000 (s) 1969 (m)

aPR; = PMe;. ® PR; = PMePh.¢ PR, = PMePh. ¢ PR, = PPh,

Table 2. IR Data for CpRW(CO), CpRW(CO)X(COGCPh),
CpRW(CO)(PMes), CpRW(CO)(PPh), and Theirt3CO-Labeled
Analogues in CHCI, Solvent

1
complex ¥(CO), enm

CpRU(CO) 2003 1966 1934 1771
CpRw(CO)(*3CO), 5 1999 1956 1927 1897 1772 1742
calcd (*COp 1958 1921 1891 1731
CpRu(COR(COGPhy) 1980 1803 1733
CpRu(CO)(CO)(COGPhy), 6 1979 1934 1802 1772 1730 1700
calcd (3COp 1935 1762 1694
CpRu(CO)x(PMey), 1 1929 1728
Cp:RW(COX(*2CO)(PMe), 7 1929 1884 1729 1701
calcd (3COR 1886 1689
Cp:RW(COX(PPh), 4 1947 1725
Cp:Ru(CO)(13CO)(PPh), 8 1947 1925 1725 1699
calcd (3COpR 1903 1686
Rus(CO)2 2060 2028 2010
Rus(*3CO)2 2048 2021 1982 1938
calcd (3COp 2014 1982 1965
CpRu(CO)(PPHH® 1937
CpRu3CO)(PPR)H 1920 1876
calcd (3COp 1877

2 See text® In hexanes, see ref 19.

Calcd for GeH100sPRW: C, 39.03; H, 3.89. Found: C, 39.13; H, 4.03.

Orange crystals of were obtained by cooling an ether solutionlof
to —20 °C for 3 days.

Cp2RUx(CO)s(PMesPh) (2). H NMR (CD,Cly): 6 7.44 (m, 5H,
Ph), 5.25 (s, 5H, Cp), 4.75 (s, 5H, Cp), 1.40 %@ 4 10.0 Hz, 6H,
Me). 3P NMR (CDCly): 6 24.3 (s). IR (toluene):»(CO) (cnT?)
1933 (s), 1739 (s).

Cp2Rux(CO)3(PMePh,) (3). H NMR (CD.Cl,): 6 7.41 (m, 10H,
Ph), 5.20 (s, 5H, Cp), 4.80 (s, 5H, Cp), 1.64 {ds-n 8.0 Hz, 3H,
Me). 3P NMR (CD:Cly): 6 39.6 (s). IR (toluene):»(CO) (cnT?)
1936 (m), 1739 (s).

Cp2Rux(CO)3(PPhg) (4). *H NMR (CD,Cly): ¢ 7.37 (m, 15H, Ph),
4.94 (s, 5H, Cp), 4.80 (s, 5H, Cp)3'P (CD.Cly): o 48.6 (s). IR
(toluene): »(CO) (cnT?) 1939 (m), 1737 (s).

Cp2RU(CO)5(*3CO) (5). CpRu(COR(COGPH) (0.3134 g, 0.5271

mmol) was placed in a Fischer-Porter bottle and dissolved in 20 mL

of toluene. After two freezepump-thaw cycles, the solution was
cooled t0—100 °C and degassed under vacuum. GasééD® was

Inorganic Chemistry, Vol. 37, No. 12, 1998977

(s). MS: mle 446 (M*), 418 (M" — CO), 390 (M" — 2CO), 361 (M
— 2CO — °CO).

CpzRuU(CO)(*3CO)(COC,Phy) (6). In a quartz photolysis vessel,
121.6 mg (0.2042 mmol) o6 and 152.3 mg (0.8545 mmol) of
diphenylacetylene were dissolved in 10 mL of toluene. The solution
was irradiated with 366 nm light under a slow purge and monitored
by IR spectroscopy. The reaction was complete after 40 h of photolysis.
Solvent was removed, and the solid was chromatographed on alumina.
The red-orange product band was eluted with a 20:1 (v/v) mixture of
CH:Cly/acetone. Solvent was removed under vacuum, and the product
was used without further purification. Yield: 55.9 mg (34%).

Cp2RU(C0O),(*3CO)(PMej3) (7). With 6 as the starting material,
was prepared using the same methods as in the preparationef
NMR (CD.Cly): 6 5.24 (s, 5H, Cp), 5.01 (s, 5H, Cp), 1.23 €dp—n
10.0 Hz, 9H, Me). *C NMR (CD.Cl,): ¢ 89.1 (s), 88.7 (s), 19.8 (d,
lprc 31.6 HZ). 13C NMR (CD2C|2, —-78 QC): 0 246.3 (d,z.]pfc 11.0
Hz), 205.2 (s), 89.1 (s), 88.7 (s), 19.8 {dp—c 31.6 Hz).

Cp2RU(C0O),(*3CO)(PPhg) (8). With 6 as the starting materia8,
was prepared using the same methods as in the preparatibnef
NMR (CD.Cly): 6 7.40 (m, 15H, Ph), 4.94 (s, 5H, Cp), 4.71 (s, 5H,
Cp). °C NMR (CDCly): 6 134.3 (d,Jp—c 45.2 Hz), 132.8 (dJp—c
10.0 Hz), 128.7 (dJp-c 2.5 Hz), 126.8 (dJp-c 10.0 Hz), 89.0 (s),
88.0 (s). *C NMR (CD.Cl,, —78 °C): 0 245.6 (d,?Jp—c 10.0 Hz),
200.7 (s), 134.3 (dJp-c 45.2 Hz), 132.8 (dJp-c 10.0 Hz), 128.7 (d,
Jp-c 2.5 Hz), 126.8 (dJr-c 10.0 Hz), 89.0 (s), 88.0 (s).

CpRu(**CO)(PPhg)H. The 3CO enrichment (4565%) of Ru-
(CO)2 was performed as described in the literattfrelhe Ry(*3CO)»
was used to prepare CpR¥O)(PPR)H by a modification of a
previously reported procedute.Rus(*3CO);2 (0.0443 g, 0.0687 mmol),
cyclopentadiene (0.45 mL), and heptanes (67 mL) were heated to reflux
for 1 h, during which the solution changed color from orange-red to
pale yellow. Then, PRh0.0544 g, 0.207 mmol) was added and the
solution was refluxed an additional 20 min, during which the color
changed to bright yellow. Solvent was removed, and the residue was
recrystallized from a 10:1 (v/v) mixture of hexanes/{CH to give
0.0075 g (72%) of the product. IR data for g&CO), and CpRu-
(3CO)(PPR)H are presented in Table 2!H NMR (CD.Cl,) for
CpRu@3CO)(PPR)H: o 7.46 (m, 15H, Ph), 4.93 (s, 5H, Cp),11.67
(d, 2Jp—1 32.0 Hz, 1H, Re-H). 3P NMR (CD,Clp): ¢ 69.8 (s). °C
NMR (CD2C|2 at 100.6 MHZ): 0 206.6 (dd,z\]pfc 23.1 HZ,ZJch
9.1 Hz). 3C{*H} NMR (CD.Cl, at 400 MHz): § 206.6 (d,?Jp—c
23.1 Hz), 133.7 (dJp_c 11.1 Hz), 129.9 (s), 128.3 (dp_c 9.0 Hz),

84.4 (s).

Cp2M0,(CO)4(PRs),. The synthesis of these compounds follows
the method developed by Riéta?? for CpMo,(CO)(dppm). Ap-
proximately 0.2 g (0.4 mmol) of GMo,(CO) and 5 mL of diglyme
were used to prepare @yo(CO), in situ according to the literature
proceduré$ In a separate flask, 2 equiv of the desired phosphine were
dissolved in 5 mL of CHCl,. The phosphine solution was added to
the solution of CpM0,(CO), and the reaction mixture was allowed to
stir at room temperature for 1 h. The resulting precipitate was filtered
from the reaction solution, and the collected product was washed with
3 x 5 mL of hexanes. Upon drying, no further purification of the
compounds was necessary. The compounds all have a very deep, brick-
red color. Because halocarbon solutions of these compounds decom-
pose rapidly upon exposure to light, care was taken to limit the exposure
of all solutions to light. IR data for compoun@s-12 are presented in
Table 3.

Cp2M0o2(CO)s(PMe3), (9). From 0.222 g (0.453 mmol) of Glloz-

then introduced into the reaction vessel, which was allowed to warm (CO) in the above synthesis was collected 0.212 g (0.402 mmd) of

to room temperature. The reaction mixture was heated t&COfbr (80% yield). *H NMR (CD,Cly): ¢ 4.87 (s, 10H, Cp), 1.57 (dJp-n

20 min, during which it changed from red-orange to bright yellow.

Aﬁer Coohng, the Solution was transferred toa SChlenk ﬂaSk and SO|Ver‘It (18) Aime, S, Gambino’ O’ Mi|0ne' L’ SappaJEorg. Chim. Acta1975

was removed under vacuum. The residue was chromatographed on 15, 53.

alumina, and the yellow product band was eluted with 1:1 (v/v) hexanes/ (19) Humphries, A. P.; Knox, S. A. Rl. Chem. Soc., Dalton Tran975

CH,Cl,. Solvent was removed, and the product was recrystallized by 1710. _ o _

layering a CHCI, solution of the product with a 10-fold excess of ether  (20) Riéra, V.; Ruiz, M. A.; Villafate, F.Organometallics1992 11, 2854.
; A -~ (21) Riera, V.; Ruiz, M. A, Villafae, F.; Bois, C.; Jeannin, YJ.

and allowing the solvents to slowly mix at room temperature. Yield: Organomet. Cheml99Q 382, 407.

0.218 g (93%). 'H NMR (CD,Cl): & 5.30 (s, 5H, Cp). 3C NMR

(22) Riera, V.; Ruiz, M. A; Villafae, F.; Jeannin, Y.; Bois, CJ.
(CD.Cly): 6 217.7 (s), 89.8 (s).*3C NMR (CD.Cl,, —78°C): 6 89.8 Organomet. Cheml988 345, C4.
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Table 3. IR Data for CpMo,(CO)(PRs). and
Cp:M02(COM(PRs)2(u-H)* in CH,CI, Solvent

[Cp2RU(CO)x(PMePh)(u-H)] *CFsS05~ (2HCF:S057). H NMR
(CDClp): 6 7.57 (m, 5H, Ph), 5.51 (s, 5H, Cp), 5.19 (s, 5H, Cp), 2.1
(d, 2Jp_ 10.0 Hz, 6H, Me),—~18.57 (d,2Jp_y 20.0 Hz, 1Hu-H). 3P

1

complex »(CO), em NMR (CD:Cl): 6 28.4 (s).
R 1839 (sh) 1818 (s) [Cp2Ru(CO)3(PMePhy)(u-H)] "CF3SOs~ (3HTCF:S0y7). *H NMR
oH+ 2 1979 (m) 1954 (m) 1894 (s) (CD,Cly): & 7.37 (m, 10H, Ph), 5.40 (s, 5H, Cp), 5.24 (s, 5H, Cp),
100 1842 (sh) 1820 (s) 2.30 (d,2Jp_n 10.0 Hz, 3H, Me)~18.68 (d,2Jp_n 22.0 Hz, 1Hu-H).
itlJH+ b igig gnr;])) 11986;% ((m)) 1896 (s) 3P NMR (CD.Cly): 6 42.9 (s).

© s s [Cp2RU(CO)3(PPhe)(u-H)] *CFsS05~ (4H*CF3SOs7). *H NMR
11H* ¢ 1982 (m 1966 (m 1898 (s )
e oo gsh)) o ((S)) O (CD.Cly): 6 7.59 (m, 15H, Ph), 5.64 (s, 5H, Cp), 5.52 (s, 5H, Cp),

~18.75 (d,2Jp_1 21.6 Hz, 1Hu-H). 3P NMR (CDCl,): 6 51.3 (s).
[RUchg(CO)3(13CO)([l-H)]+CF3SO3_ (5H+CF:;SO3_). IH NMR
(CDCly): 6 5.60 (s, 10H, Cp)—19.12 (d,2Jc_n 4.0 Hz, 1H,u-H).
LiC{IH} NMR (CD.Cl,): 6 195.4 (s), 87.6 (s).
[Cp2RUx(CO),(*CO)(PMes)(u-H)] " CF3SOs™ (THCF3S057). *H
NMR (CD,Cl,): ¢ 5.61 (s, 5H, Cp), 5.33 (s, 5H, Cp), 1.79 fdp_n

aPR; = PMe.  PR; = PMe:Ph.¢ PRy = PMePh. ¢ PR; = PPh,

Table 4. IR Data for CpRU(COu(u-H)™,
Cp:RW(CO)X(PMe&;)(u-H) ", CpRW(CO)X(PPR)(u-H)*™, and Their
13CO-Labeled Analogues in GBI, Solvent

complex ¥(CO), cnr? 10.0 Hz, 9H, Me)~18.41 (dd 2Jp_y 20.0 Hz2Jc— 4.0 Hz, 1H,u-H).

13C{1H} NMR (CD.Cl, at 50.33 MHz): ¢ 200.0 (d,2Jp_c 19.1 Hz),

CpaRU(COY(u-H)* 2073 2049 2017 197.3 (s), 196.6 (s), 86.7 (S), 85.5 (s), 21.8 %@, ¢ 37.2 Hz). 1°C

CpRW(COR(CO)u-H)*", BH* 2064 2036 2011 1981 1960  NMR (CD,Cl, at 100.6 MHz): ¢ 200.6 (dd2p ¢ 19.3 Hz, 23y ¢ 3.1
calcd (3COp 2026 2003 1972

Hz), 197.7 (dd3Jp ¢ 8.2 Hz,2Jy ¢ 3.5 Hz), 196.9 (dd3Jp ¢ 8.1 Hz,
23, 3.5 Hz). 3C{'H} NMR (CD.Cl, at 400 MHz): 6 200.6 (d.2Jp_c
19.3 Hz), 197.7 (d3Jp_c 8.2 Hz), 196.9 (d3Jp_c 8.1 Hz), 86.7 (s),
85.5 (s), 21.8 (d%Jp_c 37.2 Hz).

[Cp2Ruz(CO)x(**CO)(PPhs)(-H)] "CFsSO;~ (BH'CF3S0s7). 'H
NMR (CD,Clp): ¢ 7.37 (m, 15H, Ph), 5.35 (s, 5H, Cp), 5.15 (s, 5H,
Cp), —18.75 (dd,2Jp_ 20.0 Hz,2Jc 1 4.0 Hz, 1H,u-H). BC{'H}
NMR (CDCl, at 50.33 MHz): 6 200.7 (d,2Jp-c 17.6 Hz), 196.6 (s),
196.1 (s), 134.3 (dJp_c 50.2 Hz), 132.8 (dJp_c 10.0 Hz), 131.0 (d,
Je_c 2.5 Hz), 128.7 (dJp_c 10.0 Hz), 86.9 (s), 85.8 (s)13C NMR
(CD,Cl, at 100.6 MHz):  201.1 (dd,2Jp—c 18.4 Hz,2Jy—c 2.9 Hz),

Cp2RU(COY(PMes)(u-H) +, 1H*
szRLE(CO)Z(BCO)(PMQ)(u-H)*',
7H

2043 1995 1964
2043 1996 1966 1921

calcd (3COp 1997 1950 1920

CpRu(CO)(PPh)(u-H)*, 4H* 2046 2000 1969
szRliz(CO)g(13CO)(PPE)(/1—H)+, 2045 2000 1972 1925
8H

calcd £3COp
2 See text.

2000 1955 1925

8.9 Hz, 18H, Me). 3P NMR (CD.Cl,): d 32.9 (s). Anal. Calcd for
CyoH26M0,04P,: C, 40.97; H, 4.81. Found: C, 40.63; H, 4.80.
Cp2Mo2(CO)4(PMezPh), (10). From 0.223 g (0.454 mmol) of Gp

197.0 (dd3Jp-c 6.9 Hz,2Ju-c 3.8 Hz), 196.4 (dd¥Jp_c 6.7 Hz,2Ju-c
3.1 Hz). 3C{*H} NMR (CD,Cl, at 400 MHz): 6 201.1 (d2Jp_¢ 18.4
Hz), 197.0 (d3Jp_c 6.9 Hz),0 196.4 (d,3Jp_c 6.7 Hz), 134.3 (dJp-c

Mox(CO)s in the above preparation was obtained 0.289 g (0.409 mmol) 50.2 Hz), 132.8 (dJp-c 10.0 Hz), 131.0 (dJp-c 2.5 Hz), 128.7 (d,
of 10 (90% yield). *H NMR (CD,Cl): 6 7.58 (m, 10H, Ph), 4.68 (d, ~ Jr-c 10.0 Hz), 86.9 (s), 85.8 (s).

3Jp_y 1.8 Hz, 10H, Cp), 1.88 (RJp_y 8.5 Hz, 12H, Me). 3P NMR [CPp2MOoo(CO)a(PMes)a(u-H)] FCF3SOs~ (OHFCF3SOs7). H NMR

(CD.Cly): 0 42.6 (s). (CD:Cly): 65.27 (s, 10H, Cp), 1.71 (@Jp-+ 9.8 Hz, 18H, Me)~19.75

CpzM02(CO)4(PMePhy), (11). Using 0.223 g (0.454 mmol) of Gp (& 2Jp-n 11.9 Hz, 1H,u-H). *P NMR (CD,CL,): 6 21.7 (s).

Mo(CO)s in the above procedure resulted in the formation of 0.289 g~ [CP2M02(CO)4(PMezPh)y(u-H)] *CFsSOs~ (10H'CF3sSOs7). 'H
(0.345 mmol) ofl1 (76% yield). *H NMR (CD,Cl,): 6 7.51 (m, 20H, NMR (CD:Cl): 6 7.60 (m, 10 H, Ph), 5.21 (s, 10H, Cp), 2.04 (d,
Ph), 4.64 (d3Jp_yy 1.5 Hz, 10H, Cp), 2.17 (&Jp_n 8.1 Hz, 6H, Me). 2Jp-n 9.8 Hz, 12H, Me),—20.23 (t,Jp-n 9.7 Hz, 1Hu-H). 3P NMR
3P NMR (CD,Cly): 6 61.2 (s). (CDCly): 6 27.9 (s).

CpaMo(CO)4(PPhe), (12). From 0.239 g (0.488 mmol) of Gp [Cp2Moo(CO)a(PMePhy);(u-H)] "CFsSOs~ (11H*CF3S057). *H
Mo2(CO)s was obtained 0.400 g (0.449 mmol) b2 (92% yield).H NMR (CD,Cl,): 6 7.52 (m, 20H, Ph), 5.09 (s, 10H, Cp), 2.28%dh-+
NMR (CD.Cly): & 7.48 (m, 30H, Ph), 4.56 (Jo_ys 1.6 Hz, 10H, 99 Hz, 6H, Me),—20.86 (t, -1 9.1 Hz, 1H,u-H). *'P NMR (CDy-
Cp). 3P NMR (CD.Cl): 6 79.1 (s). Clzg lé 4_15-4t (_S)-St dies. Heats of protonationdHuua) of the C

Protonation Reactions. Compoundsl—5 and 7—12 were proto- alorimetric Studies. Heats ot protonationAHwqm) of the Lp-
nated for characterization of either the fRoL(CO)(L)(u-H)]*CFs- RU_Q(CO)*(PR?) and CQMOZ_(CO)“(PR”)Z. co_mplexes_ were mea:_su_red
SOy (L = CO, PR) or the [CpMOCON(PRy)2(u-H)]* CF:SOs~ using a Tronac model 45$_|saper|bol_t|trat|0n galorlmeter as or_lglnally
products by dissolving approximately 10 mg of the complex in 0.50 described® ar_ld the_n_r_nodlfled. A typlcal (_:alor_lmetr_lc run con5|st_ed
mL of either COCl, (for NMR) or CH,Cl, (for IR) in an NMR tube of three segtlon§_|n|t|e}l heat capacity _Callbratlon, titration, and final _
under nitrogen. To the solution was added 1 equiv ofSTEH with heat capacity calibration. Each section was preceded by a baseline

. S ] : isition period. During the titration, 1.2 mL of a 0.1 M §SE&;H
a gastight microliter syringe through the rubber septum. Solutions of acquisi : S -
the ruthenium compounds turned from yellow to yellow-orange. Yields Solution (standardized to a precision-60.0002 M) in DCE was added

. ; t a rate of 0.3962 mL/min to 50 mL of a 2.6 mM solution of the
of the protonated ruthenium compounds were determined to be & .
guantitative by IR and NMR spectroscopy of the solutions. The c_omplex (5_.10% exc_e;s) in DCE at 25. Infrared spectra of the
molybdenum complex solutions turned from a deep red to dark orange t'trfted solutions eXh'b'ted(Coz bands for the GRU(COX(PRy)(u-
with the exception ofl2, which produced a precipitate, and an IR H)™ or CpMoz(COM(PRy)2(u-H)™ products, as well as small bands for

spectrum of the solution showed tHE@HCF,SO;~ was not formed. the excess starting complexes. Two different standardized acid

The molybdenum complex&s-11 also protonated quantitatively. NMR solutions were used for determining thélw. of each complex. The
(*H and3P) spectral data for the protonated dinuclear complexes are reported values are an average of at least four titrations and as many
given below. IR data for compoundsi*—4H" are presented in Table as five. The reaction enthalpies were corrected for the heat of dilution

1, for compound$H-, 7H*, and8H~ in Table 4, and for compounds (AHgy) of the acid in DCE 0.2 kcal/mol)>* The reported error in
9I’—|+—1]J—|+ in Table 3 ' ' AHynw is the average deviation from the mean of all of the

[Cp2RU(CO)3(PMes)(u-H)] TCFsSOs~ (IHTCF3S0s7). H NMR
(CD.Cly): 6 5.67 (s, 5H, Cp), 5.35 (s, 5H, Cp), 1.81 {ds_p 10.0 Hz,
9H, Me), —18.51 (d,2Jp-n 20.0 Hz, 1Hu-H). 3P NMR (CD.Cl,): o
14.7 (s). Orange crystals dH*CFRSO;~ were obtained by slowly
cooling an NMR sample te-78 °C.

(23) Bush, R. C.; Angelici, R. Jnorg. Chem.1988 27, 681.

(24) Sowa, J. R., Jr.; Angelici, R. J. Am. Chem. S0d.991, 113 2537.

(25) Eatough, D. J.; Christensen, J. J.; lzatt, R. Ekperiments in
Thermometric and Titration CalorimetryBrigham Young Univer-
sity: Provo, UT, 1974.
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Table 5. Crystal and Data Collection Parameters for
CpRp(CO)(PMe;) (1) and [CpRU(CO)(PMes)(u-H)] *CRSOs
(IHTCRSGs)

Inorganic Chemistry, Vol. 37, No. 12, 1998979

Table 7. Selected Bond Distances (A) and Angles (degy
[CpRU(COK(PMes)(u-H)] "CRSO;~ (1H'CRSOy)

Distances

1 IH*CRSO;~ Ru(1)-Ru(2) 3.0271(6) Ru(BH(1) 1.67(3) Ru(2}H(1) 1.75(3)
— Ru(1-P(1) 2.299(2) Ru(BC(9) 1.866(7) Ru(yCp” 1.891
empirical formula GeH1603PRW Ci17H20F30sPRBLS P(fyé(é)) 1.80157)) pc((l% © 1-8058 pé(g) R 1.794(6)
Zp?\ce group %%‘37 - '31221/560 W C(9-0(1) 1.139(8) Ru(2yC(15) 1.854(6) Ru(2yC(16) 1.885(7)
d : : Ru(2-Cp” 1.880 C(1510(2) 1.162(7) C(16y0O(3) 1.146(7
b A 14.40(1) 11.288(1) u@2)y-Cpl (15r-0(2) (7) C(16y0(3) (7
c, A 15.46(1) 16.691(2) Angles
B, deg 101.18(6) 111.93(1) Ru(2)-Ru(1)-C(9) 88.5(2) Ru(2rRu(l)-P(1) 101.15(4)
v, A3 1746(2) 2230.1(4) Ru(1)-Ru(2)-C(15) 96.7(2) Ru(LyRu(2)-C(16)  74.8(2)
z 4 4 Ru(1)-C(9)-0(1) 176.8(6) Ru(2yC(15-0(2) 174.8(6)
eai, 9/ 1.873 1.914 Ru(2)-C(16)-0(3) 176.4(5) P-Ru(1)-C(9) 88.2(2)
u, cmt 18.28 130.41 C(15)-Ru(2)-C(16) 90.2(3) Ru(I}H(1)-Ru(2) 124.8
radiation (monochromated Mo Kot (A = Cu Ko (A = Cp—Ru(1)-Ru(2-Cp>  62.9
terlﬁp"‘]gdem beam) 20(()1';10 73A) 610'(52‘;1 78A) aNumbers in parentheses are estimated standard deviations in the
, - e o = > :
R 0.0558 0.0410 least significant digits® Cp. = centroid of Cp ring.
R.° 0.1956 0.0439

AR =Y ||Fo| — |Fell/Y|Fol. ® Ry = [YW(|Fol — [Fel)IWIFo/3Y2 w
= 1/o%(|Fy|).

Table 6. Selected Bond Distances (A) and Angles (deigy
CpRp(CO)(PMes) (1)

Distances )]
Ru(l)-Ru(2) 2.722(2) Ru(BCpP 1.924  Ru(l}P  2.291(3)
P—C(13) 1.793(10) P-C(14) 1.745(12) PC(15)  1.781(12)

RU(1)-C(1) 1.994(10) C(BO(1) 1.173(10) Ru(BC(2) 1.985(9)

C(2-0(2) 1.184(8) Ru(2-Cp® 1.930  Ru(2C(1) 2.071(1)
Ru(2-C(2) 2.089(8) Ru(2}C(16) 1.855(9) C(16Y0(3) 1.130(9)
Angles

Ru(1)-C(1)-Ru(2) 84.1(4) Ru(HC@)-Ru@) 83.8(3)

Ru(1-Ru(2)-C(16) 103.9(3) Ru(DRu(l)-P  104.04(8)

Ru(1)-P—C(13) 115.8(4) Ru(BP-C(14)  119.1(4)

Ru(1)-P—C(15) 117.5(4) C(HRu(ly-P 90.8(3)

C(2~Ru(1)-P 89.7(2) C(1yRu(2)-C(16)  90.9(4) Figure 1. Thermal ellipsoid drawing of GRW(CO)X(PMes) (1)
C(2)-Ru(2)-C(16) 91.3(3) O(1yC(1)-Ru(1)  140.4(9) showing the atom numbering scheme (50% probability ellipsoids).
0(2)-C(2)-Ru(1) 143.4(6) O(3}C(16)-Ru(2) 175.4(9)

Hydrogen atoms have been omitted for clarity.
Cp—Ru(l)-Ru(2)-Cp> 2.4 ydrog y

aNumbers in parentheses are estimated standard deviations in the
least significant digits®? Cp. = centroid of Cp ring.

determinations. Titrations of 1,3-diphenylguanidine (GFS Chemicals)
with CRSOsH in DCE (—37.0+ 0.3 kcal/mol; literature value-37.2

=+ 0.4 kcal/mo?t3) were used to monitor the accuracy of the calorimeter
before each set of determinations. Titrations of complexe4 and

11 failed to give reproduciblé\Hvnw values for reasons that are not
known at this time.

X-ray Diffraction Studies. The crystals were mounted on glass
fibers and transferred to a Siemens P4RA diffractometer. Data were
collected at 20t 1 °C for 1 and at—60 =+ 2 °C for IH*CRSO;. Cell
constants fod and1IHt*CRSO;~ were determined from reflections in
360 rotation photographs. Pertinent data collection and reduction
details are given in Table 5. Lorentz and polarization corrections were
applied. Nonlinear corrections based on decay in the standard
reflections were applied to the data for batand1HTCRSQO;~. Series
of azimuthal reflections were also collected for both. No absorption /
correction was applied td. A semiempirical absorption correction  Figure 2. Thermal ellipsoid drawing of GfRU(CO)s(PMes)(u-H)*
based on the azimuthal scan was appliedHoCFSQO;~. The space (1H") showing the atom numbering scheme (50% probability el-
groups were determined by systematic absences and intensity statisticSipsoids). Hydrogen atoms have been omitted for clarity.
and the structures were solved by direct mett¥8dall non-hydrogen
atoms were placed directly from tliEemap and refined with anisotropic

displacement parameters. Hydrogen atoms were treated as riding atoms Cp:RUA(CO)3(PRs) Syntheses. Refluxing CpRu(CO)-

with individual isotropic displacement parameters, except for atom H COGP . - ;

; - o G and the desired phosphine in toluene for ap-
In IH"CRSOC; . Atom H is the bridging hydrogen between Ru(1) and (roximaktz)l 30 min results in rﬁ)earlp uantitative formation cF:f
Ru(2) and was found from the difference map; its coordinates were P y yd

refined. Selected bond distances and angles are listed in Table 6 fort"€ Phosphine-substituted complexesRp(CO)(PRs). Knox
1and in Table 7 fodH*. The ORTEP drawing dof is shown in Figure reported* that the reaction of GRW(CO)(COGPH) with

1 and that oftH™ in Figure 2. P(OMe} in refluxing toluene occurs quickly to give @Ru-
(CO)[P(OMe)] in very high yield; however, details of the
reaction conditions and product isolation were not provided.

Results

(26) SHELXTL-PLUSSIiemens Analytical X-ray, Inc.: Madison, WI, 1989.
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The IR spectrum of the complex in GBI, showsv»(CO)
bands at 1953(s) and 1733(s) ch* Knox also reported
IH NMR, IR, and elemental analysis data for compouiid
which was isolated as a side product from the reaction of
CpRW(COX(COGPh) with H,C=PPh.1” The analogous iron
complexes, Cge(CO)(PRs), have also been prepared; they
exist in only the CO-bridged form in solutigi. However, it

was not determined whether the Cp ligands are cis or trans to

each other. IR data for compounds-4 compare favorably
with those of the related iron complexes in number of bands
and relative intensities, indicating that compoute< also exist
solely as bridged isomers in solution. Although the cis/trans
relationship of the Cp ligands ihis not known in solution, the

compound adopts the cis geometry in the solid state (Figure 1).

The Cp ligands are eclipsed as indicated by theepRU—
Ru—Cpeenttorsion angle of only 24 The bridging CO groups
and ruthenium atoms are not planar, as indicated by the 155.5
dihedral angle between the RufiJ(1)—Ru(2) and Ru(l}
C(2)-Ru(2) planes. This angle presumably results from the
bridging CO groups adopting positions that maximize the
overlap with the metal orbitals in thet HOMO, as proposed
for CpFe(CON.28 The Ru-Ru bond distance is 2.722(2) A,
\//S\vhich is slightly shorter than that in GRu(CO), (2.735(2)

).29

By the reaction of CfRu(CO)(COGPh,) with 133CO (1 atm)
in toluene at 9C°C, diphenylacetylene was displaced to give
CmpRW(COX(*CO) (5) in 93% yield. The mass spectrum of
5 showed that there was only oBO group in the complex.
Complexs, CpRW(CO)(3CO)(COGPh), easily prepared from
5, reacted with phosphines to give £ix(CO)L(*3CO)(PMe)
(7) and CpRu(COX(*3CO)(PPhR) (8). The IR spectrum (Table
2) of compound5 consists of sixy(CO) bands, four in the
terminal carbonyl region and two in the bridging region. The
unlabeled complex, GRu(CO), has four carbonyl bands, three
terminal and one bridginY. To understand the spectrum of
the 13CO-labeled compoung, the positions of its(CO) bands
were estimated by assuming that each of the four bandssf Cp
Ru(CO), could be approximated by calculating €0 isotope
effect using a diatomic vibrational modely(FC)]%[v(*2C)]?
= {M(2C)[M(**C) + m(O)]}{ m(:3C)[M(*2C) + m(O)]} , where

Nataro and Angelici

OC—I\lllo—Mo R3P—Mo—Mo
Q
PR3 3
cis- trans-

Figure 3. Top-down views (Cp excluded for clarity) of cis and trans
CO ligand arrangements in ejox(COu(PR;)..

When a CRCI, solution of 5 was cooled to—78 °C, no 13C
signals were observed in the carbonyl region, due to fluxionality
of the CO ligands. Thé3C NMR spectra of7 and 8 at room
temperature also show no signals in the carbonyl region. Upon
cooling to —78 °C, two signals are observed. The peakd(
246 ppm) for the bridging CO groups is split into a doublet by
the phosphorus; however the peakd( 203 ppm) for the
terminal CO’s is not split by phosphorus.

Cp2Mo02(CO)4(PR3), Syntheses. Compounds9—12 were
prepared in greater than 75% yields by reacting phosphine (2
molar equiv) with CpMo2(CO),. Compoundl2 was prepared
previously by two very different routes. By stirring @yo,-
(CO), and PPh together in toluene, Curtis and Klingfér
obtained12 in 41% yield. Bruce et al. preparel? in 89%
yield by reaction of Mo(CQ)PPh)s with CpH in refluxing
dibutyl ether32 The relatively highv(CO) values (Table 3)
suggest that all of the Go,(CO)(PRs), complexes have only
terminal CO ligands. IR studies of @{o,(CO}(PRs)2 (R =
Ph, OMe¥! established that these complexes exist only as the
isomer in which the two CO groups are trans to each other
(Figure 3); this assignment was based on the relative intensities
of the »(CO) bands for the symmetric and asymmetric vibra-
tional modes.

Protonation Reactions. Quantitative formation of the hy-
dride-bridged dinuclear Ru complexd*CRSO;™—5HTCRs-
SG;~, 7THTCRSGO;™, and 8HTCRSO;~ occurs (eq 3) upon
addition of 1 equiv of triflic acid to complexek—5, 7, and8.

The CO-bridged structure of the reactants is converted to the
nonbridged structure of the products, which were characterized
by IR and!H, 13C, and3'P NMR spectroscopy. The RtH—

mvalues are masses of the indicated isotopes. The overall resulhu resonances in thH NMR spectra occur as doublets be-

(Table 2) of this calculation is that the positions of each of the
four bands in CERu(CO), shift 40—45 cnm! to lower values
when the'3CO group is located in a terminal or bridging position
that directly affects the(CO) value. Two of these calculated
bands (1958 and 1921 cr) overlap bands from unlabeled CO
groups of4. The two other calculated bands (1891 and 1731
cm~1) have wavenumber values similar to those observes in
which supports this simplified method of estimatim{CO)
values forb. Compound$—8 also give IR spectra (Table 2)
that haver(CO) bands that can be satisfactorily explained by
this method of estimating thgCO) values for thé3CO-labeled
complexes. These estimates also suggest that@@ occupies
both bridging and terminal positions in compouriis8.

At room temperature in thC NMR spectrum ob, there is
only one singlet in thé3CO region. Ganso# had previously
studied the low-temperatutéC NMR spectrum of CiRw(CO),

tweend —18.51 and—18.75 for compound$H*—4H" due to
coupling with the phosphorus of the Piyand. For compound
5HT, the hydride signal is a doublet, due to coupling with the
single labeled3CO group. The hydride signals for compounds
7HT and8H* are doublets of doublets, due to splitting by the
phosphorus and labeled carbonyl ligand. THENMR signals

for the Cp groups in the protonated dimers are approximately
0.7 ppm downfield of those fot—4.

The »(CO) bands of the protonated dimers are higher than
those ofl—4, and there are ne(CO) bands below 1850 c,
which indicates that there are no bridging CO groups (Table
1). ComplexsHT, CpRW(COR(12CO)u-H)™, exhibits fivev-
(CO) bands (Table 4) while the analogous unlabeled compound
CpRu(CO)(u-H) ™ displays only three(CO) bands?® Table
4 lists IR data for both of these compounds as well as estimated
wavenumbers for(CO) modes that involve th&CO group;

and observed separate singlet signals for the terminal andinese estimations were performed as describefl &fwove. One

bridging CO groups at-118 °C in 95% CHFC}/5% CS.

(27) Haines, R. J.; du Preez, A. lnorg. Chem.1969 8, 1459.

(28) Jemmis, E. D.; Pinhas, A. R.; Hoffmann, RAm. Chem. Sod.98Q
102, 2576 and references therein.

(29) Mills, D. S.; Nice, J. PJ. Organomet. Chenl967 9, 339.

(30) Gansow, O. A,; Burke, A. R.; Vernon, W. D. Am. Chem. Sod976
98, 5817.

of the calculated bands (2026 ci overlaps one of the bands
observed for the unlabeled complex. The remaining two
calculated bands (2003 and 1972 @dnare in reasonable

(31) Curtis, M. D.; Klingler, R. JJ. Organomet. Chen1978 161, 23.
(32) Bruce, M. I.; Goodall, B. L.; Sharrocks, D. N.; Stone, F. G.JA.
Organomet. Cheml972 39, 139.
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agreement with the lowest wavenumber, isotopically shifted
bands observed fdsH*. Compounds/Ht and 8H* display
similar features in their IR spectra (Table 4).

The3C NMR spectrum of compoursH™ exhibits one peak
(6 195.4) for the four equivalent terminal carbonyl groups. For
compound¥H™ and8HT, there are three peaks in the terminal
carbonyl region as expected for a structure (Figure 2) with only
terminal CO groups. When collected on the 200 MHz instru-
ment, these peaks were broad singlets.

Inorganic Chemistry, Vol. 37, No. 12, 1992981

Table 8. Heats of ProtonationAHuum) of Cp.RW(CO)(PRs) and
CpMoz(CON(PRs).

metal complex

*AHMHM ,a'b kcal/mol

CpRu(CO%(PMe;) (1) 30.0(4)
CpRW(CO) 18.4(1¥
CpMox(CO}(PMes)2 (9) 27.4(2)
CpMo2(COu(PMePh) (10) 18.9(5)

aFor protonation with 0.1 M CfSGO;H in DCE solvent at 25.0C.

On the 400 MHz?Numbers in parentheses are average deviations from the mean of at

instrument, the signals appeared as doublets due to couplingeast four titrations® Reference 10.

with the phosphorus atom of the PRgand. Two of the
doublets exhibited relatively smalh—c coupling constants (8.2
and 8.1 Hz fof7H*; 6.9 and 6.7 Hz foBH™); these are assigned
to the two CO groups on the Ru(C&«p end of the dimers.
The doublet with the largé-—c coupling constant (19.3 Hz for
7HT; 18.4 Hz for8H) is assigned to the CO on the Ru(CO)-
(PRs)Cp end of the dimers. When tR&C NMR spectrum was
taken with'H coupling, each of the thré€CO signals became
a doublet of doublets, and tH#8,_c coupling constants (3.1,
3.5, 3.5 Hz for7H™; 2.9, 3.8, 3.1 Hz for8H™) involving all

base diphenylguanidine. The resulting solution was passed
through an alumina column (1.5 30 cm) eluting with CH-

Cly. Isolation of the pure, unprotonated complex&s§g, 9)

was achieved by recrystallization of the complexes from-CH
Cl; by layering with hexanes.

Discussion

Protonation of Cp,Ru,(CO)3(PR3). Reactions of the CO-
bridged CpRu(CO)(PRs) complexes 1—4) with CRSOsH

three CO ligands in each complex are about the same. ThisProceed according to eq 3 to give productsRup(CO)(PRy)-

suggests that the hydride ligand is not associated with one Ru(H)*

substantially more strongly than the other.

A comparison of the structures df (Figure 1) andiH*
(Figure 2) as determined by X-ray diffraction studies shows
that the Ru-Ru bond distance is longer itH* (3.0271(6) A)
than in1 (2.722(2) A). Similarly, the R#Ru bond in the
protonated dimer, GRW(CO)(u-H)*, is longer (3.037 Athan
that of CpRW(CO), (2.735(2) A)2° The Ru-P bond length
does not change significantly upon protonation (2.299(2) A in
1H* vs 2.291(3) A in1), and neither does the R distance
to the terminal carbonyl groups (average 1.868 Al vs
1.855(9) A in1). This small change in the RtC distance to
the terminal carbonyl groups is also observed in the protona-
tion of CppRU(CO) (average 1.88 A in GRU(CON(u-H)*
vs 1.86 A in CpRu,(CO),).1029 The bridging hydride iflH+

was located, and it appears to be closer to the ruthenium atom

with the phosphine (Ru(BH 1.67(3) A vs 1.75(3) A for Ru-
(2)—H).

Quantitative formation of the hydride-bridged dinuclear Mo
complexes9HTCRSO;~—11HTCRSO;~ occurs (eq 4) upon
addition of 1 equiv of triflic acid to complexe8—11. The
products were characterized by IR afkd and 3P NMR
spectroscopy. A triplet is observed for the hydride ligand at
approximatelyy —20 ppm in the'H NMR spectra of complexes
9H*T—11H*. The chemical shift and equal coupling to both

in which all of the CO ligands are nonbridging. An X-ray
diffraction study of 1IHTCRSQO;~ supports this structural
assignment (Figure 2). The site of protonation in theRlp-
(COX(PRs)(H)T complexes was of particular interest because
the Ru bearing the PRigand should be much more basic than
the other Ru with only CO ligands. As detailed in the
Introduction, the metal in Cp*Ir(CO)(PfJRcomplexes is 157

16.6 kcal/mol more basic than that in Cp*Ir(CG}32 Assum-

ing that AS is the same for the protonation of all of these
complexes, the equilibrium constat)(for protonation of the
Cp*Ir(CO)(PRs) complexes is estimatedhG = AHuv = —RT

In K) to be 5x 10 times greater than that for protonation of
Cp*Ir(CO)..1132 |n a variety of other metal carbonyl complexes,
the basicities of the metals as measured by the equilibrium
constant K) for protonation also increase many orders of
magnitude when a CO ligand in the complex is replaced by a
phosphiné. Thus, in the CERu(CO)(PRs)(H)™ complexes,
one might expect the H ligand to be bonded to the Ru in the
relatively basic Cp(CO)(P#Ru unit as inA (see Introduction).
The other likely location of the hydride is bridging the RRu
bond as iB. With the goal of ascertaining the binding site of
the H ligand,'H and'3C NMR studies of the mon&*CO-labeled
CpRU(COXR(*3CO)(PR)(H)™ complexes, where PR= PMe;
(7HT) or PPh (8HT), were performed. Th&CO ligand was
distributed among the three possible sites in the complex, which
gave rise to thre¢’C NMR signals; each was a doublet due to

phosphorus atoms is consistent with a bridging hydride in these coupling with the phosphorus (see Results for details). On the

protonated dimers. The average positions ofit{@@0) bands
of the dimers9—11 increase approximately 100 chupon
protonation. While there are no previous reports of the
protonation 0f9—11, CpoMo,(CO)(dppm) is knowg® to react
with HBF4-Et,O to give CpMoy(CO)(dppm)f-H) BF,~,
which contains a bridging hydride. This complex, whose
structure was established by X-ray diffraction studies, has IR
andH NMR spectrél-??that are similar to those @HT—11H™.
Calorimetry Studies. Heats of protonationAHwum), de-
termined by calorimetric titration, of complex&s8, and9 with
CRSGOsH in DCE solvent at 25.0C according to eqs 3 and 4,

basis of the largedc—p coupling constant for th&*CO group

in the Cp(CO)(PRRu unit than for the'*CO’s in the Cp-
(CO)%Ru moiety, each of the thrééCO signals were assigned
to the three differem3CO ligands. With these assignments, it
was possible to determine, from a proton-coupléd NMR
spectrumJc—y coupling constants between each CO and the
hydride. In7H", Jc—y for hydride coupling to the CO in Cp-
(CO)(PMeg)Ru was 3.1 Hz;c—y values for hydride coupling
to the two inequivalent CO’s in Cp(CgRu were both 3.5 Hz.
In 8H™, Jc—y for the CO in Cp(CO)(PPHRu was 2.9 HzJc—n
values for the two CO groups in Cp(CfRu were 3.8 and 3.1

are presented in Table 8. Plots of temperature vs amount ofHz. The fact that coupling constants between the hydride and
acid added were linear, indicating that the protonations occurredCO groups on both Ru atoms all fall within the narrow range
rapidly and stoichiometricall$2 Normal pre- and post-titration  2.9-3.8 Hz suggests that the hydride ligand bridges the-Ru

traces were evidence that no decomposition of the neutral orRu bond and couples nearly equally with CO groups on both
protonated species occurred. The unprotonated dimers were

recovered from the titration solutions by adding 1 equiv of the (33) Wang, D.; Angelici, R. Jnorg. Chem.1996 35, 1321.
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Ru atoms. That thdc—y values are reasonable for bridging
hydride-to33CO coupling is supported by &y value of 4.0
Hz for hydride coupling to the four equivaleRCO ligands in
CpRW(COX(FCO)-H)*™, 5HT. If the proton were on the Ru
at the Cp(CO)(PBRu end of the molecule (structus), a
significantly largerJc—y value for coupling between tHéCO

and H on the same Ru would be expected. Such a configuration

of ligands is present in CpRYCO)(PPR)H, and theJc—n
coupling constant (9.1 Hz) is indeed larger than that for the
bridging hydride complex GRu(COX(13CO)u-H)* 5HT), and
it is larger than those fo7H* and 8H*. Thus, the NMR
evidence, as well as the X-ray diffraction study, strongly
supports structuréd for the CpRU(CO)(PRs)(u-H)* com-
plexes in which the hydride ligand bridges the-RkRu bond,

Nataro and Angelici

mononuclear complex. If CoRu(CO)(PMEI or CopRu(CO)H
had been selected instead of CpRu(CO)(BMethe Ru-Ru
bond in CpRW(CO)(PMes) would have been relatively even
more basic than the Ru in these mononuclear complexes,
because CpRu(CO)(PMEI and CpRu(CQOH are substantially
less basic than CpRu(CO)(PyJEI.

Infrared spectra (Table 1) of the &RL(CO)(PRs) com-
plexes in CHCI, solvent show the expected decrease(idO)
as the PMgPhs_« ligand donor strength increases. For example,
v(CO) for the PPk complex is 1947 cm! while that for the
PMe; complex is 1929 cm’. In contrast, the/(C=0) value
for the bridging CO groupsicreasesslightly as the PMgPhs_4
donor strength increases. Thu$C=0) is 1725 cn! for the
PPh complex, but it increases to 1728 cinfor the PMe

despite the presence of a strongly donating phosphine ligandcomplex. A similar trend is seen when the spectra are taken in

on one of the Ru atoms.

The heat of protonation{AHwum) of CpRU(CO)(PMe;)
(2) according to eq 3 is 30.0(4) kcal/mol (Table 8) as compared
with only 18.4(1) kcal/mol for the carbonyl analogue 8p,-
(CONR.0 The 11.6 kcal/mol higher basicity of is easily

toluene solvent (see Experimental Section). Although the same
trend is observed in the analogousEg(CO)(PRs) com-
plexes?’ a convincing explanation for these data is not apparent.
Protonation of Cp,M0,(CO)4(PR3), Complexes. These
complexes have only terminal CO ligands both before and after

understandable in terms of the stronger electron-donor ability protonation (eq 4). The basicity-AHwmum) of CpM0x(CO)-

of PMe; as compared with CO. However, as noted in the
Introduction, the overalAHyw value for this protonation may
be considered (eq 2) as the sumAdil, for converting the CO-
bridged isomer to the nonbridged isomer ahH, for proto-
nation of the nonbridged isomer. ThéHy, for CpRw(CO) is
knowr£%34to be approximately-2 kcal/mol; since CiRu(CO),
is approximately 50% in the CO-bridged form, abett kcal
is required to convert the bridged isomer to the nonbridged form.
The AH, value for CpRu(CO), is then—19.4 kcal/mol, roughly
+1 kcal/mol more exothermic thafiHym.
For CpRWw(CO)(PMe;) (1), the AHy value is not known,
but sincel exists completely in the bridged form\Hy, is likely
to be more endothermic fat than for CpRw(CO). Thus,
the energy required to convefit from the bridged to the
nonbridged form would make the overalHyyv value less
exothermic than it would be if itAH, were comparable to that
of Cp;Ru(CO)s. Therefore, if CpRW(CO), and CpRuy(CO);-
(PMe;) (1) had the samé\Hy, values,1 would be even more
basic than CEgRu(CO); that is, there would be more than the
observed 11.6 kcal/mol difference in theiHunam values.
Previouslyl® we compared the basicity of the RRu bond
in the dinuclear CgRw,(CO), with that of the single Ru atom
in mononuclear CpRu(C@Hl. Although this comparison relied
on an estimate of AHyu for CpRu(CO3}H, it was nevertheless
possible to state that the RRu bond in CpRuw(CO), was
substantially more basic than the Ru in CpRu(&®0) In the
present studies, it would be desirable to compateéHyyw for
1 with —AHpw for CpRu(CO)(PMeH. While the latter
complex is knowr?? its basicity is not. However, it can be
estimated from—AHum (21.2(4) kcal/mol) for CpRu(P M-
Cl by replacing one PMgewith a CO, which decreases the
basicity by approximately 16.6 kcal/mol (see abovand by
replacing Cl by H, which increases the basicity by approximately
17.6 kcal/moB®37Thus, the overall estimated basicity AHuwm)
of CpRu(CO)(PMeH is 22 kcal/mol. Therefore, the basicity
(—AHwmnm) of the Ru-Ru bond in CpRu(CO)(PMes) (30.0
kcal/mol) is greater than that of the Ru in CpRu(CO)(RMe

(PMe3), (27.4(2) kecal/mol) is substantially higher than that of
the closely related GMo(COu(PMePh) (18.9(5) kcal/mal).
The 8.5 kcal/mol difference is much larger than that observed
for the replacement of two PMRh ligands by two PMgigands
in Fe(CO}(PRy)2 (2.1 kcal/mol) and in CpOs(PRBr (3.2 kcal/
mol)3637 |t is even larger than that observedfac-W(CO)s-
(PRy)3 (2.0 kcal/mol), where three BRigands are replaced.
Thus, the Me-Mo bond basicity in these GMo,(COu(PRs)2
complexes is very sensitive to the donor ability of thesPR
ligands, much more so than in mononuclear complexes. The
position of the phosphine ligand trans to the #do bond
(Figure 3) may account for the large effect of thesPBands
on the Mo-Mo bond basicity. Poilblanc and co-workéts
studied the protonation in ethanol of the series G{E®)4(u-
SMe)L, (L = PMe;, PMePh, PMePh PPh) complexes where
the phosphine ligands are trans to the-FFe bond. When L
= PMe; or PMePh, the compounds could be completely
protonated with an excess of aqueous HCI. However, when L
= PMePh and PPh excess HCI would give only partial
protonation of the FeFe bond and the protonated complexes
could not be isolated. Poilblanc attributes this drastic difference
in basicity to the trans disposition of the phosphines.
The CpMo,(CO)(PRs), complexes are clearly more basic
than CpMo2(CQO)s, which requires 3 equiv of GBOsH in CD»-
Cl, solvent for complete protonation. The Bf02(CO)s(u-
H)* product, which exhibits Cp and hydride signalsoab.88
and—20.55 ppm, respectively, in théd NMR spectrum, was
previously identified in 98% E5O,.4° It has also been prepared
from the reaction of CpMo(CQ) with CpMo(CO)(BF,).4*
When compared with the GRu(CO)(L) complexes, Cp
Mo,(COu(PMes), has an intermediate basicity-AHynw) in
the series CflRw(CO)(PMe;) (30.0 kcal/mol)> CpMo,-
(COu(PMe&), (27.4 kcal/mol)> CpRW(CO), (18.4kcal/mol).
Because of the differences in metals, ligands, and structures,
many factors may contribute to this trend.

Summary
NMR studies lead to the interesting conclusion that the site

(22 keal/mol). Of course, such comparisons of di- and mono- of protonation in the unsymmetrically substituted Cp(R)Re(-

nuclear complex basicities depend on the choice of the compared
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