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Abstract: Titration calorimetry has been used to determine the enthalpies of protonation (AHypy) of 22 Cp’M(PR;)-
(PR’g)X complexes (Cp’ = 7]5-C5H5(Cp) or 7]5-C5M65(Cp*); M = Ru, OS; PR3 = PPhg, PthMC, PPhMCz, PMCg,
P(OEt);, dppm, dppe, dppp; X = H, Cl, Br, I) with CF;SO;3H in 1,2-dichloroethane solution at 25.0 °C to give
Cp’M(PR;)(PR’3;}(X)(H)*CF;SO;-. Systematically changing the ligands and/or the metal in these complexes has
yielded AHywm values for protonation at the metal that range from —14.1 kcal/mol for CpOs(PPh;).I to ~39.2 kcal /mol
for CpOs(PPh,Me),H. Metal basicities (AHym) of the CpOs(PPh;),X complexes correlate linearly with the gas-phase
proton affinities of the X- ligands, both of which increase in the following order: I- < Br- < Cl- «< H~. Substitution
of a halide ligand with a hydride causes the metal basicity to increase by as much as 23.2 kcal/mol. The basicities
of CpOs(PPh;)(PR;)Br complexes increase in the following order: P(OEt); < PPh; <PMe;. Thereisalinearcorrelation
between the basicities (AHwuym) of the CpOs(PR;);Br complexes and the basicities (AHyp) of their PR, ligands. In
aseries of complexes, the Cp* ligand increases the basicity of the metal by 5.5-9.0 kcal/mol over that of the corresponding
Cp derivative, and Os complexes are 6.0-8.5 kcal/mol more basic than analogous Ru complexes. Basicities of the
CpOs(PR;),(Br) and CpRu(PR;),(H) complexes are reduced when the protonated product is contrained to have the
cis, rather than trans, structure by a small-ring chelating diphosphine ligand (dppm). These studies demonstrate that
the metal, ligands, and geometry of the protonated product all substantially affect the heats of protonation (AHym)

of Cp"M(PR3)(PR’3)X complexes.

Introduction

There is currently much interest in quantitative relationships
between properties of ligands and their transition metal complexes.
Several studies! of ligand effects on spectroscopic, electrochemical,
and kinetic properties of complexes have been reported. Especially
relevant for this present paper are investigations of the acidity
of transition metal hydrides.2 For example, Norton and co-
workers havedetermined pK, values of organometallic complexes
suchas HMn(CO)4(PR;),* HCo(CO)3(PR3),* and CpM(CO);H
(Cp = 7>-CsHs; M = Cr, Mo, W) Oxidation potentials of
transition metal hydrides have been used to calculate acidities of
the corresponding 17e- hydride radical cations such as Cp’M-
(CO)2(L)H** (Cp’ = CsHs(Cp), CsMes(Cp*); M = Cr, Mo, W;
L = PMe;, PPh;, P(OMe);, PEt;, CO),6 while Morris et al.” have
determined pK, values of Cp’Ru(P P)H,* (Cp’ = Cp, Cp*)
complexes.

In these laboratories, we have determined the effects of ligand
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basicities on the basicities of their metal complexes, as measured
by the enthalpies of protonation (AHyy) with CF3SO;H in 1,2-
dichloroethane (DCE) solutionat 25.0 °C (eq 1).8 The basicities
of phosphine ligands (PR;) were measured by their heats of
protonation (AHgyp, eq 2) under the same conditions. Excellent

DCE
ML, + CF,SO,H — HML, *CF,SO,; AHy, (1)
25.0°C

DCE
PR, + CF,SO,H — HPR,*CF,SO,; AH,; (2)
25.0°C

linear correlations are observed between AHyy and AHyp values
for the following series of phosphine complexes; CpIr(CO)(PR3),°
Fe(CO)3(PR3);,? and W(CO);(PR3);.!10 Similarly, increasing
the number of methyl groups in the n3-cyclopentadienyl ligand
of (n3-CsMe,H;_, ) Ir(COD),! where COD is 1,5-cyclooctadiene,
increases the basicity (AHyym) of the metal. In a recent
communication!? we noted that the basicities (AHuy) of
CpOs(PR;),X (PR; = PPh;, PPh,Me; X = Cl, Br, I, H) increase
with changes in the X ligand in the following order: I < Br <
Cl « H. The most remarkable finding was that the hydride
complexes are up to 23.2 kcal/mol more basic than the
corresponding halide complexes. In this paper we expand upon
that study to include 22 Cp’M(PR3),X complexes (eq 3), where
the metal and the X, PR3, and Cp’ (Cp’ = Cp or Cp*) ligands
are systematically varied.

Experimental Section

All preparative reactions were carried out under an argon atmosphere
following standard Schlenk techniques. The 1.0 M PMe; in toluene and
neat PMe; were purchased and used as received from Aldrich. Hexanes
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R I\l{ + CF3803H %D—S}EC> I CF3803 ) AHH)\( 3
RsP / \X Hg '\ ~PRj
RsP R;P X

1-22 1H-22H"*
complex M PR3 X complex M PR3 X complex M PR3 X
1,1H* Os 2PPh3 Cl 9 g+ Os PPhg, PMe3 Br 16,16H* Ru 2PMe3 I
2, 26+ Os 2PPhg Br 10,10H* Os 2PMe3 I 1717H* Ru 2PPhg H
3, 3H* Os 2PPhg I 11,11H+ Os PPh3,P(OEt)3 H 18 18R+ Ru* 2PMe3 Cl
4, 410+ Os 2PPhg H 12 12H*2 Os dppm Br 19 19H* Ru* 2PPhgy H
5, 5Ht Os 2PPhgMe Br 13 13+ Os dppp Br 20,20H*+2 Ru dppm H
6,6Ht Os 2PPhoMe H 14 14H* Ru 2PMes Cl 21,21H*P Ru dppe H
7, 7H Os 2PPhMe2 Br 15 15H+ Ru 2PMe3 Br 22 2om1+ Ru dppp H
8, SHt Os 2PMeg Br *=Cp* analog; all other

complexes are Cp.

a12H* and 20H* have cis-CpOs(dppm)n2-H2)* and cis-CpRu(dppm)m2-Ho)* structures, rather

than the trans structure shown in eq 3. b21H* exists as an equilibrium mixture of trans-

CpRu(dppe)H)2* and cis-CpRu(dppe)n2-Ho)*. See Results.

and CH,Cl, were refluxed over CaH;and then distilled under N,. Diethyl
ether was purified by distillation from Na/benzophenone under Nj; the
1,2-dichloroethane solvent (99.8%, HPLC Grade) was purchased from
Aldrich and was distilled from P4O,0 under argon immediately prior to
use. The CF;SO;H was purchased from 3M Co. and purified as previously
described.® Ethanol and methanol were dried over magnesium alkoxide
according to the procedure given by Perrin et al.,!* while decahydronaph-
thalene (decalin) was degassed with N»(g) and then stored over molecular
sieves for 12 h before use. Deuterated solvents (CD,Cl, and CDCly)
were stored over molecular sieves in air. Brockman, activity I, neutral
Al;03 was deoxygenated for 18 h at room temperature under high vacuum,
deactivated with 5% (w/w) Ar-saturated water, and stored under argon.

The 'H NMR spectra were recorded in CDCl; unless otherwise noted
with a Nicolet-NT 300 MHz or Varian VXR-300 MHz spectrometer
with TMS (6 = 0.00 ppm) as the internal standard. T; values were
determined by using the standard inversion recovery sequence 180-7—
90.14 The 3!P{'H} NMR spectra were recorded on a Varian VXR-300
spectrometer in CD2Cl, with 85% phosphoric acid (6 = 0.00 ppm) as the
externalstandard. Elemental analyses were performed by either Galbraith
Laboratories, Inc., Knoxville, TN, or Desert Analytics, Tuscon, AZ.

Syntheses of CpOs(PPh3),X (X = Cl (1),1° Br (2),16 1 (3),15 H (4)17),
CpRu(PMe;),X (X = Cl (14), Br (15), I (16),!8 CpRu(PPh;),H (17),'7
Cp*Ru(PMe;),Cl (18),19 Cp*Ru(PPh;),H (19),” CpRu(P P)H (F P
= dppm (20), dppe (21), dppp (22)),17 and CpOs(dppm)Br (12)2° were
carried out according to the cited literature procedures. Ligand
abbreviations are dppm = Ph,PCH,PPh,, dppe = Ph,PCH,CH,PPh,,
and dppp = Ph,PCH,CH,CH,PPh,.

CpOs(PMe;),Br (8).2! A suspension of CpOs(PPhj),Br (460 mg,
0.54 mmol) and neat PMe; (1.0 mL, 9.7 mmol) in 20 mL of decalin was
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Chem. 1979, 32, 1003.
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Joussen, E.; Lehmkuhl, H.; Ortiz, F. L. Organometallics 1990, 9, 756. (c)
Joussen, E. Ph.D. Dissertation, Universitdt Gesamthochschule Essen, 1991.

heated to reflux for 12 h. The solution was cooled to room temperature
and then placed on an alumina column (1.5 X 30 ¢cm) packed in hexanes.
The decalin and excess phosphines were eluted with 150 mL of hexanes.
The desired yellow product was eluted with CH,Cl,; the solvent was then
removed under vacuum. The residue was recrystallized by dissolving it
in a minimum of CHCly; this solution was layered with a 10-fold excess
of hexanes, and the mixture was cooled to —20 °C for 24 h to yield orange
crystals of CpOs(PMe;),Br (8) (150 mg, 66%). 'H NMR (CDCls) &
4.58 (s, 5H, Cp), 1.66 (d, 2Jpy = 8.7 Hz, 18H, Me).

The following compounds were prepared in a manner similar to that
used for 8. Superscripts refer to literature preparations of the complexes
by similar routes.

CpOs(PPh;Me),Br (5):21%¢ 300 mg (0.35 mmol) of CpOs(PPh;),Br
and 0.40 mL (2.1 mmol) of PPh;Me in 20 mL of decalin; reaction time
12 h; yield 84%. 'H NMR (CDCl;) 6 7.1-7.3 (m, Ph), 4.51 (s, SH, Cp),
1.72 (d, 2Jpy = 8.1 Hz, 6H, CH;). Anal. Caled for C3;H;3;BrOsPs: C,
50.61; H, 4.25. Found: C, 50.23; H, 4.47.

CpOs(PPhMey),Br (7):21%< 200 mg (0.23 mmol) of CpOs(PPh;);Br
and 0.20 mL (1.4 mmol) of PPhMe; in 20 mL of decalin; reaction time
12 h; yield, 66%. 'H NMR (CDCl;) 6 7.3-7.1 (m, Ph), 4.50 (s, 5H, Cp),
1.72 (d, 2Jpy = 8.1 Hz, 12H, CH3).

CpOs(PPh;) (PMe;) Br (9):21b< 200 mg (0.23 mmol) of CpOs(PPh;),Br
and 1.0 mL (1.0 mmotl) of PMe; (1.0 M solution in toluene) in 20 mL
of toluene; reaction time 12 h; yield, 54%. 'H NMR (CDCL) § 7.3-7.1
(m, Ph), 4.47 (s, 5H, Cp), 1.39 (d, 2Jpy = 9 Hz, 9H, CH;). Anal. Calcd
for Cy6H29BrOsP,: C, 46.37; H, 4.34. Found: C, 46.61; H, 4.36.

CpOs(PMe;),I (10): 236 mg (0.23 mmol) of CpOs(PPhj),I and S mL
(5.0 mmol) of PMe; (1.0 M solution in toluene) in 40 mL of decalin;
reaction time 6 h; yield, 72%. 'H NMR (CDCl;) 6 4.59 (s, 5H,Cp), 1.72
(virtual t, 2Jpy = 8.7 Hz, 18H, CHs). Anal. Caled for C;;H3I0sP;:
C, 24.92; H, 4.33. Found: C, 25.12; H, 4.57.

CpOs(dppp)Br (13). Complex 13 was prepared from CpOs(PPh;),Br
(100 mg, 0.12 mmol) and dppp (50 mg, 0.12 mmol) in a manner exactly
like that used for CpOs(dppm)Br:2° yield, 50-80%. 'H NMR (CDCl;)
8 7.5-7.1 (m, Ph), 4.58 (s, 5H, Cp), 3.08 (m, 2H, CHy), 2.72 (m, 2H,
CHaj), 2.45 (m, 1H, CHy), 1.72 (m, 1H, CH;). Anal. Calcd for
C3,H3BrOsP,: C, 51.41; H, 4.18. Found: C, 50.94; H, 4.26.

CpOs(PPh;)(P(OEt)3)H (11). First, CpOs(PPh;)(P(OEt);)Br was
prepared from CpOs(PPhj),Br (200 mg, 0.23 mmol) and P(OEt); (164
gL, 0.96 mmol) in a manner exactly like that used for CpOs-
(PPh3)(P(OMe);)Br:20 reaction time, 3 h; yield, a yellow oil. 'H NMR
(CDCly) 6 7.5-7.3 (m, Ph), 4.60 (s, 5H, Cp), 3.81 (q, 2Jun = 6.9 Hz,
6H, CH,), 1.06 (t, 2Jyy = 6.9 Hz, 9H, CH3). To the CpOs-
(PPh3)(P(OEt)3)Broil was added a NaOMe solution, which was prepared
by allowing 70 mg (3.0 mmol) of Na to react completely with 20 mL of
MeOH. After the solution was refluxed for 9 h, the volume was reduced
to 3 mL in vacuo. The pale yellow precipitate tht formed was filtered,
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washed (2 X 1 mL of MeOH), and dried in vacuo (50% overall yield).
1H NMR (CDCl;) § 7.4-7.2 (m, Ph), 4.54 (s, 5H, Cp), 3.5 (m, 2J = 50
Hz, 6H, CH,), 0.87 (t, 2Jyn = 8.7 Hz, 9H, CH,), —15.64 (dd, 2Jpy =
31.5 and 27.6 Hz, 1H, Os-H). Anal. Caled for Cy9H36030sP2: C,
50.86; H, 5.30. Found: C, 50.68; H, 5.54.

CpOs(PPh;Me),H (6). Complex 6 was prepared in a manner similar
to that used for 11: 200 mg (0.23 mmol) of CpOs(PPh,Me),Br added
toa NaOMe solution prepared by reacting 70 mg (3.0 mmol) of Na with
40 mL of MeOH: reaction time, 3 h; yield, 87%. 'H NMR (CDCls) &
7.0-7.6 (m, 20H, Ph), 4.42 (s, 5H, Cp), 1.83 (d, 2/py = 8.1 Hz, 6H,
CHs), -14.62 (t, 2Jpy = 29.0 Hz, 1H, Os-H).

Preparation of [CpOs(PPh;)2(H)JCF3S03(4H*CF3S057).1* The
complex CpOs(PPhj),H (4) was prepared by reaction of 125 mg (0.15
mmol) of CpOs(PPhj);Br with a NaOMe solution, which was prepared
by reacting 100 mg (4.3 mmol) of Na with 10 mL of MeOH. After the
solution was refluxed for 1.5 h, the off-white precipitate was filtered from
the cooled solution and washed with MeOH. This white solid (87 mg)
was dissolved in Et,0 and protonated with 1.1 equiv (10.8 xL, 0.12 mmol)
of CF3SO3H. After the solution was stirred for 5 min, the off-white
precipitate was filtered and rinsed with Et;O and dried in vacuo (50%
overall yield). X-ray quality crystals were formed by dissolving
4H*CF3S0j5" in a minimal amount of CH,Cl; and layering the solution
with a 5-fold volume of hexanes; the resulting mixture was cooled to —20
°C for 4 days. Anal. Calcd for C4,H37F3030sP,S: C, 54.18; H, 4.01.
Found: C, 53.98, H, 3.97.

Protonation Reactions. Compounds 1-22 were protonated for NMR
characterization by dissolving ~5 mg of the complex in 0.5 mL of CDCl;
(or CD,Cly) in an NMR tube under Ar. To the solution was added 1
equiv of CF;SO3H by microliter syringe through a rubber septum.
Spectroscopic data at room temperature for compounds 1H*-22H* are
listed below.

[CpOs(PPh3)2(Cl) (H)ICF3S0; (1H*CF3S057): 'H NMR (CDCly) 8
7.3 (m, Ph), 5.43 (s, 5H, Cp), -11.66 (t, 2Jpy = 32.4 Hz, 1H, Os-H).

[CpOs(PPh3)1(Br) (H)ICF3S0;3 (2H*CF3S057): 'HNMR (CDCly) §
7.4 (m, Ph), 5.43 (s, SH, Cp), -12.13 (t, 2Jpy = 34.0 Hz, 1H, Os-H).

[CpOs(PPh3)2(I) (H)JCF3S0; (3H*CF3S057): 'H NMR (CDCl;) §
7.4 (m, Ph), 5.35 (s, 5H, Cp), —12.74 (t, 2Jpy = 34.7 Hz, 1H, Os-H).

[CpOs(PPh3)2(H)2JCF3S0;3 (4H+*CF3S057): THNMR (CDCl3)67.3
(m, Ph), 5.06 (s, 5H, Cp), -11.46 (t, 2/py = 29.0 Hz, 2H, Os-H).

[CpOs(PPhyMe),(Br)(H)ICF;S0; (SH*CF3S0y): 'H NMR (CD,Cl)
47.4 (m, Ph), 5.66 (s, 5H, Cp), 1.77 (d, 2Jpy = 8.7 Hz, 6H, CH3),-12.70
(t, 2Jpy = 33.4 Hz, 1H, Os-H).

[CpOs(PPh;Me);(H);]CF3S0; (6H*CF3S0;57): 'H NMR (CD,Cly)
67.3(m,Ph), 5.14 (s, 5H, Cp), 2.06 (d, 2Jpy = 8.7 Hz,6H, CH3),-12.57
(t, 2Jpu = 30.6 Hz, 2H, Os-H).

[CpOs(PPhMe;)2(Br) (H)ICF3SO0;3 (TH*CF3S057): TH NMR (CDCly)
4 7.3 (m, Ph), 5.46 (s, SH, Cp), 2.14 (d, 2Jpy = 9 Hz, 6H, CH3), 1.76
(d, 2Jpy = 9 Hz, 6H, CH3), -13.78 (t, 2Jpy = 36.5 Hz, 1H, Os-H).

[CpOs(PMe3),(Br) (H)ICF3S0; (8H*CF3S057): 'H NMR (CDCl3)
6 5.74 (s, 5H, Cp), 1.95 (d, 2Jpy = 10.5 Hz, 18H, CH3), -14.34 (t, 2Jpy
= 36.2 Hz, 1H, Os-H).

[CpOs(PPh3) (PMes3) (Br) (H)ICF3S0; (9H*CF3S057): 'H NMR
(CDCly) 6 7.5 (m, Ph), 5.64 (s, 5H, Cp), 1.55 (d, ¥Jpy = 11.7 Hz, 9H,
CHj3), —-13.98 (dd, 2Jpy = 32.4 and 36.9 Hz, 1H, Os-H).

[CpOs(PMe3)(I) (H)ICF3S0; (10H*CF3S057): 'H NMR (CDCl;)
6 5.64 (s, 5H, Cp), 2.02 (virtual t, 2/py = 8.4 Hz, 18H, CH,), -15.33
(t, 2Jpy = 37.3 Hz, 1H, Os-H).

[CpOs(PPh3) (P(OEt)3) (H)2JCF3S0; (11H*CF3S0;7): 'H NMR
(CDCly) 6 7.3 (m, Ph), 5.34 (s, 5H, Cp), 3.71 (pentet, 2J = 7.0 Hz, 6H,
CH,), 1.06 (t, 2Jyn = 7.0 Hz, 9H, CH3), -12.26 (t, 2Jpy = 30.2 Hz, 2H,
Os-H).

[CpOs(dppm)(Br) (H)ICF3S03 (12H*CF3S037): 'H NMR (CDCl;)
46 7.6 (m, Ph), 5.45 (s, 5H, Cp), 6.26 (dt, 1H, CH,), 5.70 (dt, 1H, CH,),
-10.81 (s, 1H, Os-H).

[CpOs(dppp) (Br) (H)JCF3S0; (13H+CF3S057): 'HNMR (CDCly) 6
7.3 (m, Ph), 5.70 (s, 5H, Cp), 3.30 (dt, J = 6.3, 12.9 Hz, 2H, CH3), 2.96
(m, 2H, CH,), 2.22 (br m, 2H, CH3), -12.49 (t, 2Jpy = 32.7 Hz, 1H,
Os-H).

[CpRu(PMe3)2(C1) (H)JCF3S0; (14H*CF3S0;): 'HNMR (CDCls)
4 5.52 (s, SH, Cp), 1.77 (d, 2Jpy = 9.9 Hz, 18H, CH,), -9.52 (t, 2Jpy
= 30.0 Hz, 1H, Ru-H).

[CpRu(PMej3)2(Br) (H)JCF3S0; (15H*CF3S057): 'HNMR (CDCly)
6 5.53 (s, 5H, Cp), 1.88 (d, 2Jpy = 10.2 Hz, 18H, CH3), -9.48 (t, 2Jpy
= 294 Hz, 1H, Ru-H).
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[CpRu(PMe;),(I)(H)ICF3S03 (16H*CF3S057): 'H NMR (CDCly)
8 5.75 (s, 5H, Cp), 2.00 (d, 2Jpy = 10.5 Hz, 18H, CH3), -9.60 (t, 2Jpy
= 29.4 Hz, 1H, Ru-H).

[CpRu(PPh;3)2(H),JCF3S0; (17TH*CF3S057): 'H NMR (CD,Cl,) 6
7.3 (m, Ph), 4.91 (s, 5H, Cp), -7.30 (t, 2Jpy = 23.9 Hz, 2H, Ru-H).

[Cp*Ru(PMey);(Cl)(H)ICF3S0; (18H*CF3S057): 'HNMR (CDCl)
61.83 (s, 15H, Cp*), 1.63 (d, 2Jpy = 9.3 Hz, 18H, CH3), -9.91 (t, 2Jpy
= 34.2 Hz, 1H, Ru-H).

[Cp*Ru(PPh;3)2(H):ICF3S03 (19H+CF3S0;): 'H NMR (CD,Cly) &
7.3 (m, Ph), 1.35 (s, 15H, Cp*), -7.29 (t, 2Jpy = 26.5 Hz, 2H, Ru-H).

[CpRu(dppm)(H,)JCF3S0; (20H*CF3;S057): 'H NMR (CD,Cl) §
7.4 (m, Ph), 5.18 (s, 5SH, Cp), 5.35 (m, 1H, CH>), 4.31 (m, 1H, CH,),
—6.98 (br s, 2H, Ru-(H,)).

[CpRu(dppe)(H);JCF3SO; (21H*CF3S057): 'HNMR (CDCl;) § 7.4
(m, Ph),5.18 (s, 5H, Cp of trans complex), 4.82 (s, 5SH, Cpof cis complex),
2.50 (br s, 2H, CHj; of trans complex), 2.45 (s, 2H, CH; of cis complex),
-9.09 (br s, 2H, cis-Ru—(H,)), —8.49 (t, 2Jpy = 28.0 Hz, 2H, trans-
Ru-H).

[CpRu(dppp) (H)2]CF3S0; (22H*CF3S0;7): 'H NMR (CD,Cly) &
7.4 (m, Ph), 5.01 (s, 5H, Cp), 2.89 (m, 2H, CH,), 2.24 (m, 2H, CH,),
1.90 (m, 2H, CHb), -8.70 (t, 2Jpy = 25.7 Hz, 2H, Ru-H).

Calorimetric Titrations. Calorimetric titrations were performed under
an argon atmosphere with a Tronac Model 458 isoperibol calorimeter as
originally described® and then modified.® In general a 2-min titration
period was used for all complexes except for 3, which was run with a
3-min titration. The titration period was preceded and followed by heat
capacity calibrations. During the titration period approximately 0.8 mL
of a 0.1 M CF3SO;H solution (standardized to a precision of £0.0002
M) in DCE solvent was added at a constant rate to 50 mL of a 1.7 mM
solution of the metal complex (5-10% excess) in DCE.

The heat of dilution (AHyy) of the acid in DCE (0.2 kcal/mol)? was
used to correct the reaction enthalpies. The AHym values were obtained
with use of two different standardized acid solutions and are reported as
the average of at least four titrations and as many as eight. Errors are
reported as the average deviation from the mean.

The combination of CF3SO3H and DCE used in these and previous
AHyy studies was chosen for the following reasons. Trifluoromethane-
sulfonic acid is one of the strongest acids known, Ho = —14.1;2 therefore,
it protonates a large number of even weakly basic metal complexes. The
CF3S0O;-anion is weakly coordinating so it has a low tendency todisplace
other ligands from the protonated product. 1,2-Dichloroethane (DCE)
has been chosen as the solvent for these and previous AHym studies
because it is easily purified,® has low volatility (bp = 83 °C), is weakly
coordinating, and is weakly basic so thatit is not protonated by CF3SO3H.
It also dissolves a broad range of neutral and protonated complexes. The
low dielectric constant (¢ = 10.46)23 for DCE means that the protonated
ionic products occur as ion pairs. It has been estimated that dissociation
of these ion pairs, autoprotolysis, and dimerization of CF3SO3H contribute
little to the measured AHyy values.8 Solvation effects, which can be
substantial in hydrogen bonding solvents,24 are assumed to be very similar
for protonation reactions of related complexes in this acid-solvent system.
Evidence that solvation and ion-pairing effects are not major contributors
come from AHyp values for PMe; (-31.6 kcal/mol)? and P(cyclohexyl)s
(-33.2 kecal/mol).8 As alkyl-substituted phosphines, both would be
expected to have similar AHypvalues. If the protonated phosphine HPR3*
were stabilized by ion-pairing or solvation, one would expect this
stabilization to be greater for the smaller HPMes* than HP(cyclohexyl);*,
which would make PMe; more basic than P(cyclohexyl);. That
P(cyclohexyl)s, is, in fact, more basic than PMe; indicates that solvation
and ion-pairing energies for these phosphines are similar in this system.
Thus, trends in AHum values for these complexes are likely to be
determined by the energetics of protonation rather than ion-pairing or
solvation effects. In addition, there is an excellent correlation® between
AHyp values for phosphines in DCE and their pKj, values in water, which
also suggests that solvation energies do not dominate trends in their
basicities. Abboud et al.25 report that “gas-phase like behavior™ can

(22) (a) Viggiano, A. A.; Henchman, M. J; Dale, F.; Deakyne, C. A,;
Paulson, J. F. J. Am. Chem. Soc. 1992, 114, 4299. (b) Olah, G.; Prakash,
G. K. S.; Sommer, J. Superacids, Wiley: New York, 1985; p 34.

(23) Lange’s Handbook of Chemistry, 13th ed.; Dean, J. A., Ed.;
McGraw-Hill: New York, 1985.

(24) Sharpe, P.; Richardson, D. E. J. Am. Chem. Soc. 1991, 113, 8339.

(25) Abboud, J.-L. M.; Notario, R.; Berthelot, M.; Claramunt, R. M,;
Cabildo, P.; Elguero, J.; El Ghomari, M. J.; Bouab, W.; Mokhlisse, R.;
Guihéneuf, G. J. Am. Chem. Soc. 1991, 113, 7489.



7270 J. Am. Chem. Soc., Vol. 115, No. 16, 1993

Table I. Crystal and Data Collection Parameters for
[trans-CpOs(PPh3)2(H)2] CF3SO;3 (4HY)

Rottink and Angelici

Table II.  Selected Bond Distances (A)? and Angles (deg) for
[trans-CpOs(PPh;),(H),]* (4H*)

formula [O_szc.uH32]+[503CF3]'CH2C12
space group Pl

a, A 11.346(2)

b A 13.061(2)

¢, A 14.108(2)

a, deg 80.24 (2)

8, deg 85.88(2)

v, deg 75.11(2)

v, A3 1990.3(7)

z 2

doare, g/cm? 1.69

cryst size, mm 0.45 X 0.15X0.15
u(Mo Ka), cm! 37.2

Enraf-Nonius, CAD4
Mo Ka (A =0.71073 A)

data collection instrument
radiation (monochromated
in incident beam)

no. of orientation reflctns; 25;17.4<6<320

range (26)
temp, °C. -50(1)
scan method 6-26
data collection range, 26, deg 4.0-50.0
no. of data collected: 7340
no. of unique data
total 6672
with F2 > 3.00(F?) 5811
no. of parameters refined 504
trans factors; max; min (y-scans) 0.994, 0.875
Rs 0.028
R, 0.036
quality-of-fit indicator® 1.12
largest shift/esd, final cycle 0.01
largest peak, /A3 0.93(9)

4R = L|Fd - |F/ZIFd. ® Ry = [Ew(|Fd - |Fd)2/EWFoP)V/%; w =
1/V2(|FDI)- ¢ QualitY'Of'ﬁt = [Zw(lpol - |FC|)2/(NObl - Nparametm)]l/z-

prevail in solution chemistry for acid—base reactions if hydrogen bonding
is minimized by using saturated hydrocarbons or CH,Cl; as solvents,

Equilibrium Study and A Hypv Determinationof 6. Duetosmallamounts
of decomposition in the calorimeter that made the results unreliable, the
AHywm for complex 6 was determined from equilibrium constant (Keq)
measurements (eq 4) atdifferent temperatures. Anair-tight S-mmNMR

K,
4H* + 6= 4+ 6H* 4)

tube containing 13.1 mg (0.020 mmol) of 6, 18.6 mg (0.020 mmol) of
4H*CF3S05-, and 0.5 mL of CD,Cl; was allowed to equilibrate for 8 h.
After 8 h, no changes in the spectrum occurred with time, indicating that
equilibrium had been achieved. Relative concentrations of the species
in solution were determined by integration of the Cp resonances of the
reactants and products. Calculation of the K.q was done with eq 5. The
Kq values measured at various temperatures were 15.4 (15.0 °C), 15.3
(20.0 °C), 15.1 (22.5 °C), 14.6 (25.0 °C), 14.2 (27.5 °C), 13.2 (30.0
°C), and 12.7 (35.0 °C).

_ [CpOs(PPhy),H (4)1[CpOs(PPh,Me),(H),* (6H")]
“ [CpOs(PPh,Me),H (6)][CpOs(PPh,),(H),* (4H")]

X-ray Diffraction Study of [trans-CpOs(PPh;)2(H)2*TCF3S0;}CH,Cl;
(4H*CF3S057). A colorless crystal of 4H*CF3S0;- was mounted on a
glass fiber for data collection at =50 £ 1 °C on an Enraf-Nonius CAD4
diffractometer. The cell constants for the data collection were determined
from a list of reflections found by an automated search routine. Data
collection and reduction information are given in Table I. Lorentz and
polarization corrections were applied. A correction based on a decay in
the standard reflections of 3.0% was applied to the data. An absorption
correction based on a series of Y-scans was applied. The agreement factor
for the averaging of observed reflections was 1.6% based on F. The
triclinic space group P1 was determined by intensity statistics, and the
structure was solved by direct methods.2¢6 Most non-hydrogen atoms
were placed directly from the E-map. All remaining non-hydrogen atoms
were found in one successive difference-Fourier map. All non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen atoms

&)

Distances (A)

Os-P(1) 2.310(1) Os—C(3) 2.230(5) C(3)-C(4) 1.425(8)
Os-P(2) 2.310(1) Os—C(4) 2.210(5) C(4)-C(5) 1.418(7)
Os-Cp(cent)? 1.89 Os—C(5) 2.226(5) C(5)-C(1) 1.398(7)
0Os-C(1) 2.260(5) C(1)-C(2) 1.408(7)

0s—C(2) 2.267(5) C(2)-C(3) 1.411(7)

Bond Angles (deg)

P(1)-Os-P(2) 105.71(4) P(2)-Os-H, 77(2)
P(1)-Os-H, 66(2) H,—Os-H, 121(3)
P(1)-Os-Hy 71(2) P(1)-Os—Cp(cent)? 127

P(2)-0s-H, 78(2) P(2)-0s-Cp(cent)? 127

2 Numbers in parentheses are estimated standard deviations in the
least significant digits. ® cent = centroid of Cp ring.

W

10
| |

Figure 1. Molecular structure of trans-CpOs(PPhs),(H),* (4H*).

were of the riding-model type, and the isotropic temperature factors were
fixed at the accompanying carbon atom values. One molecule of
dichloromethane was found per formula unit. The hydride atoms were
located at 1.19 and 1.45 A from the Os with use of a difference-Fourier
map. Selected bond distances and angles for 4H* are given in Table II.
The ORTEP drawing of the cation 4H* has the hydride atoms placed
at 1.68 A (discussed in the Results section) in Figure 1.

Results

Characterization of Complexes and Their Protonated Products.
Complexes 1-22 have the three-legged piano-stool geometry (eq
3); X-ray structural studies of 127 and 1428 show that there are
approximately 90° angles between the PR3 and X ligands. The
complexes are slightly air-sensitive in the solid state, except for
the osmium halides which are air-stable.

Quantitative formation of the four-legged piano-stool complexes
1H*-22H* occurs upon addition of 1 equiv of CF3SO;3H to the
neutral complexes 1-22 (eq 3) as evidenced by 'H NMR
spectroscopy. These protonated complexes are air-sensitive in
solution; complex 4H*CF3S0;- was isolated as an off-white, air-
stable solid. The 'H NMR spectra of these complexes are the
same as those of 2H*PF¢-,212 4H*BPh,-,1°> 8H*PF¢-,212 14H*-
PF4,2® 17TH*BPh,-,2° 18H*PF,,!° 19H*BF,~,’® and 20H*-
22H*PF,,*® which have previously been isolated and charac-
terized.

(26) (a) SHELX-86, G. M. Sheldrick, Institut fir Anorganische Chemie
der Universitat, Géttingen, F.R.G. (b) Enraf-Nonius Structure Determination
Package: Enraf-Nonius; Delft, Holland. Neutral atom scattering factors
and anomalous scattering corrections were taken from the following:
International Tables for X-ray Crystallography; The Kynoch Press: Bir-
mingham, England, 1974; Vol. IV.

(27) Bruce, M. L; Williams, M. L.; Patrick, J. M.; White, A. H. 4ust. J.
Chem. 1983, 36, 1353.

(28) (a) Bruce, M. L; Wong, F. S.; Skelton, B. W.; White, A. H. J. Chem.
Soc., Dalton Trans. 1981, 1398. (b) Tiekink, E. R. T. Z. Kristallogr. 1992,
198, 158.

(29) Wilczewski, T. J. Organomet. Chem. 1989, 361, 219.




Ligand and Metal Effects on AHyy of Cp’M(PR;)(PR’3)X

The trans configuration has previously been assigned to the
protonated halide compounds 2H* 212 8H* 212 and 14H* 28 based
on the triplet (3Jpy = 30.0-36.2 Hz) for the hydride ligand in
their !H NMR spectra. The trans structure is also assigned to
the halide complexes 1H*, 3H*, SH*, TH*, 9H*, 10H*, 13H*-
16H*, and 18H*, since the hydride resonances occur as triplets
between-7.29 (17H*) and -15.33 (10H*) ppm with 2/py coupling
constants between 23.9 and 37.3 Hz. Although a doublet of
doublets is expected for CpOs(PPh;) [P(OEt);](H),* (11H*), a
triplet with a 2Jpy coupling constant of 30.2 Hz is observed, which
is similar to 2Jpy values of the above complexes; apparently the
2Jpy coupling constants for the phosphine and the phosphite
ligands are similar. The complex CpOs(PPh;)(PMe;)(Br)(H)*
(9H*) does exhibit a doublet of doublets for the hydride resonance
(~13.98 ppm, 2Jpy = 32.4 and 26.9 Hz).

Thedihydride complexes Cp’Ru(PPh;),(H),*(Cp’ = Cp, 17TH*
and Cp*, 19H*) were assigned the trans structure by Chinn and
Heinekey3! based on the two distinct 'H NMR hydride (2/py =
29.4 and 30.7 Hz) signals observed for CpRu[(R)-(+)-Ph,PCH,-
CH(CH;3)PPh,](H),*, which rules out the cis isomer. The
structures of 4H* and 6H* are also assigned the trans geometry
since their 2Jpy values (29.0 and 30.6 Hz) are very similar to
those in the Ru complexes. The structure of 4H* (Figure 1) was
found to be a regular 4-legged piano-stool molecule of trans
geometry with a P\-Os—P, bond angle of 105.71(4)°. The Os-P
bond lengths are both 2.310(1) A, which is within the normal
Os-P bond length range.32 The structure solution yielded Os-H
bond distances (1.19 and 1.45 A) that are much shorter than the
average Os—H bond length (1.66(2) A) in H4Os(PPhMe;,)3, which
was determined by neutron diffraction.3?2 The short Os-H
distances are almost certainly not real since most of the electron
density located by X-ray diffractionis between the Os and hydride
atoms, rather than around the hydrogen nucleus. The H,~Os-
H,, bond angle is 121°, which is somewhat smaller than the 138°
H,-Re-H, bond angle for the isostructural CpRe(PPh;),(H),
complex.33

Due to the small bite angle of the dppm ligand, CpRu(dppm)-
(Hy)* (20H*) is constrained to have cis phosphorus atoms and
an n2-(H,) ligand. This geometry has been previously estab-
lished”:30 by Jyp coupling constants for 20H*; 21H* exists as a
1:2 mixture of cis-(n?-H,) and trans-(H), isomers, while complex
22H* has exclusively the trans-(H), geometry as evidenced by
'H NMR studies.”*® Molecular orbital calculations on cis- and
trans-CpRu(PR;),H,* have been used to examine the tendencies
of these complexes to exist with n2-H, or (H); ligands.3

In contrast to 20H*, the structure of CpOs(dppm)(Br)(H)*
(12H*) cannot be definitively assigned on the basis of the 'H and
3IPNMR spectra in CD,Cl,. At room temperature this complex
exhibits a broad singlet for the hydride resonance at -11.43 ppm
in the 1TH NMR spectrum. If the sample is cooled to -20 °C, the
fluxionality of the system is slowed and the hydride resonance
appearsas a triplet (3Jpy = 22.5Hz). The3!'P{!H} NMR spectrum
of 12H* shows sharp doublets at —38.3 and -58.5 ppm (Jpp =
101 Hz for both doublets) in the temperature range from —78 to
15 °C, which indicates that the P atoms are inequivalent.
However, selective irradiation of the methylene protons (5.8 ppm
in the 'H NMR spectrum) while running the 'H coupled 3!P
NMR spectrum at -30 °C results in a doublet of doublets (2/py
=22.1Hz, 2Jpp = 101 Hz) for both phosphorus atoms. Comparing
this coupling constant (22.1 Hz) with the 2Jpy coupling constant
(22.5 Hz) of the hydride peak from the 'H NMR spectrum
indicates that the inequivalent phosphorus nuclei are equally

(30) Conroy-Lewis, F. M.; Simpson, S. J. J. Chem. Soc., Chem. Commun.
1987, 1675.

(31) Chinn, M. S.; Heinekey, D. M. J. Am. Chem. Soc. 1990, 112, 5166.

(32) (a) Hart, D. W,; Bau, R.; Koetzle, T. F. J. Am. Chem. Soc. 1977, 99,
7557. (b) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson,
D. G.; Taylor, R. J. Chem. Soc., Dalton Trans. 1989, S1-S83.

(33) Jones, W. D.; Maguire, J. A. Organometallics 1987, 6, 1301.

(34) Lin, Z.; Hall, M. B. Organometallics 1992, 11, 3801.
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Table III. Heats of Protonation (AHum) of Cp’M(PR3)(PR’3)X
Complexes

metal complex —AHwum,*? keal/mol
CpOs(PPh;),Cl, 1 19.7 (£0.2)
CpOs(PPh3),Br, 2 16.3 (£0.1)
CpOs(PPhy),], 3 14.1 (£0.1)
CpOs(PPhy),H, 4 37.3 (£0.1)
CpOs(PPh;Me);,Br, § 20.0 (£0.2)
CpOs(PPh;Me),H, 6 39.2(£0.3)
CpOs(PPhMe3);Br, 7 26.2 (£0.1)
CpOs(PMe;).Br, 8 29.4 (£0.4)
CpOs(PPhs)(PMe3)Br, 9 25.6 (£0.4)
CpOs(PMe3),], 10 26.6 (£0.4)
CpOs(PPhs)(P(OEt)3)H, 11 33.6 (£0.3)
CpOs(dppm)Br,* 12 17.5 (£0.4)
CpOs(dppp)Br,© 13 20.1 (£0.4)
CpRu(PMe;),Cl, 14 21.2 (£0.4)
CpRu(PMe3),Br, 15 20.9 (£0.3)
CpRu(PMe3),], 16 20.6 (£0.2)
CpRu(PPh;),H, 17 29.7 (£0.2)
Cp*Ru(PMe;),Cl, 18 30.2 (£0.2)
Cp*Ru(PPh;),H, 19 35.2(£0.2)
CpRu(dppm)H;¢ 20 28.9 (£0.2)
CpRu(dppe)H,4 21 29.0 (£0.1)
CpRu(dppp)H, 22 29.6 (£0.1)

< For protonation with 0.1 M CF3SO3H in DCE solvent at 25.0 °C.
4 Numbers in parentheses are average deviations from the mean of at
least four titrations. ¢ dppm = Ph,PCH,PPh,, dppe = Ph,P(CH,),PPh,,
and dppp = Ph,P(CH,)3PPh,. ¢ Cis and trans isomers of the product
contribute to the AHpy of this complex. See text for details.

coupled to the hydride ligand, which would be consistent with the
cis four-legged piano-stool geometry for 12H* if the coupling
constant 2Jpy for the cis and trans P were coincidentally the
same. On the basis of these results, we cannot confidently assign
a structure to 12H* although the other dppm complexes have cis
structures; attempts to grow crystals for X-ray diffraction were
unsuccessful.

Calorimetry Studies. Table III contains the heats of protonation
(AHyy) as determined by calorimetric titration of complexes
1-5and 7-22 with CF;SO;H in 1,2-dichloroethane (DCE) solvent
at 25.0 °C according to eq 3. Plots of temperature vs amount
of acid added were linear, indicating that the protonations occur
rapidly and stoichiometrically. There was no decomposition of
either the neutral or protonated species during the titration as
evidenced by the normal pre- and post-titration curves. The
protonated halide complexes in DCE solution were easily
deprotonated with 1.0 equiv of diphenylguanidine; the resulting
complexes were recovered by passing the mixtures down a short
(~5 cm) alumina column with CH,Cl, as the eluent. Crystal-
lization of the complexes from CH,Cl; layered with hexanes
resulted in the pure unprotonated complexes. Recovery of the
original hydride complexes was unsuccessful due to the air
sensitivity of the protonated compounds in solution. Attempts
to determine AHyy for CpRu(PMe;);H were not successful
because of its high reactivity with traces of air.

Equilibrium Study of Reaction 4. A plot of In Keq vs 1/T,
where the slope = ~AAHum/R, was used to determine that
AAHyy = -1.9 (£0.3) kcal/mol for reaction 4; the error is one
standard deviation from a linear regression line. The AHpy for
CpOs(PPh;Me),H (6) was calculated (eq 6) to be —39.2 kcal/

AAHy = AHyy(of 6) - AHy,(of 4) 6)

AAG® = AAHy - TAAS® (6a)

mol by using the AHypm for 4 and AAHyy (-1.9 keal/mol) for
reaction 4. The AAS® at 298 K for reaction 4 was calculated to

be ~1.0 (+1.0) eu with eq 6a, where AAG® = -RT In Kq at 298
K.
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Discussion

Halide and Hydride Ligand Effects on Metal Basicity (A Hipy).
The heats of protonation (AHwuy) (Table III) for the halide
complexes CpOs(PPh;),X (1-3) increase in the following order:
I- (-14.1 keal/mol) < Br-(-16.3 kcal/mol) < CI- (~19.7 kcal/
mol). One might have expected the reverse order for AHym
since the higher electronegativity and lower polarizability of Cl-
should decrease the electron density on the metal, Previously,
we showed that the basicity (AHyy) of the metal in Cplr(CO)-
(PR;) and Fe(CO)3(PR;); increased with the basicity of the PR,
ligand, as measured by its enthalpy of protonation (AHyp) or
pK.. The simplest measure of the basicity of the halide ligand
is the gas-phase proton affinity (PA) of X~(g),35 which shows the
basicities increase in the following order: I-(314.3 kcal/mol) <
Br- (323.6 kcal/mol) < CI- (333.3 kcal/mol). This trend in
proton affinities is the same trend followed by the basicities of
the CpOs(PPh;),X complexes; thus, increasing the basicity of X-
increases the basicity of its complex. Theincreasing donor ability
of the halide ligands from I- to ClI- is supported by equilibrium
constantsli for halide displacement reactions (eq 7) in CH,Cl,
solvent, which increase with Y- as follows: I- (3.5 X 10-4) < Br-
(1.3 X 10-2) < CI- (0.34).

Rh(PPh,),(CO)(F) + PPN*Y- =
Rh(PPh,),(CO)(Y) + PPN*F (7)

While the basicity (AHgwm) of the metal in CpOs(PPh;),X
complexes is quite sensitive to the particular halide ion, changes
in AHyy for the ruthenium complexes CpRu(PMe;),X are much
smaller: I-(-20.6kcal/mol) < Br-(-20.9 kcal/mol) < CI-(-21.2
kcal/mol). Although thesametrendis observed, the AHym values
are nearly the same within experimental error.

In earlier studies, % equilibrium constants ( Ky+) for the reaction
of CF3SO;H or RC(O)OH with Ir(CO)(PR3),(X) (PR; = PPh;,
PPhMe,; X = Cl, Br, I) to give Ir(CO)(PR;)(X)(H)(sol) (eq
8) were determined. Equilibrium constants for the PPh; com-

H
K
PhsPruyuX \ CRigOH 3= PhaP“"n’/[\“x @®
ocC PPhy oc” | YPPh,
sol

plexes increase in the following order: Cl- (1.14 X 102 M) <
Br (4.16 X 102 M!) < I- (7.04 X 102). For the PPhMe,
complexes they increase in the same order: Cl-(0.60 M-!) <Br-
(4.0 M) <I- (6.2 M), Itisnot suprising that these reactions
follow a different trend than we observe for simple protonation
since the K+ values include not only protonation of the metal but
also coordination of a sixth ligand (sol = either a solvent molecule
or the anion of the acid). The energetics of protonation and of
ligand coordination probably follow trends that are opposite, as
the halide (X) is changed. In these reactions (eq 8), it is not
possible to determine whether it is the protonation or coordination
of the sixth ligand that determines the overall trend.

Hydride compounds CpOs(PPh;);H (4) and CpOs(PPh,-
Me),H (6) (AHyym = -37.3 and -39.2 kcal/mol, respectively)
aredramatically more basic than the analogous halide compounds.
For example, they are 21.0 and 19.2 kcal/mol more basic than
the bromo complexes 2 and § (AHyy = -16.3 and -20.0 keal/
mol, respectively). The magnitude of these differences is
illustrated by the estimated equilibrium constants (X) for the
bromide-hydride pairs of complexes. They can be estimated if

(35) (a) Bartmess, J. E.; Scott, J. A.; Mclver, R. T. J. Am. Chem. Soc.
1979, 101, 6046. (b) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes,
J. L.; Levin, R. D.; Mallard, W. G. Gas-Phase Ion and Neutral Thermo-
chemistry. J. Phys. Chem. Ref. Data 1988, 17,Suppl. No. 1, 1-872. (c) Lias,
S. G,; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data 1984, 13, 695.

(36) (a) Pearson, R. G.; Kresge, C. T. Inorg. Chem. 1981, 20, 1878. (b)
Deeming, A. J.; Shaw, B. L. J. Chem. Soc. A 1969, 1802.
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AS® is assumed to be the same for the protonation of both CpOs-
(PR;);H and CpOs(PR;),Br. This assumption is supported by
the AAS® value (~1.0 (£1.0) eu) for reaction 4, which means
that TAAS® (-0.30 kcal/mol) is small compared to AAHym (-1.9
% 0.3 kcal/mol); thus, AAG® ~ AAHyy and AAHyy ~ -RT In
K. Assuming that AAS® is also small for the equilibrium
constant comparisons of 2 vs 4 and 5 vs 6, CpOs(PPh;),H is 2.5
X 105 times (i.e., AAHyy = 21.0 kcal/mol) more basic than
CpOs(PPh3),Br, and CpOs(PPh,Me);His 1.2 X 1014 times (i.e.,
19.2 kcal /mol) more basicthan CpOs(PPh;Me),Br. While these
comparisons are approximate, they do demonstrate that the
hydride complexes are remarkably more basic than the bromide
and other halide analogs of CpOs(PR3),X (Table ITI). Thelargest
difference in basicity (23.2 kcal /mol) is between CpOs(PPh;),H
and CpOs(PPh,),I; this difference means that the hydride complex
is approximately 1.1 X 10!7 times more basic than the iodide
complex.

Tilset et al.5® determined that a 1e- oxidation of CpM(CO);H
(M = Cr, Mo, W) produces the 17-electron radical cation CpM-
(CO);H*, which is up to 22.8 pK, units more acidic than the
corresponding neutral CpM(CO);H complex. For example,
CpW(CO);H* (pK, = -3.0) is 19.1 pK, units more acidic than
CpW(CO);H (pK, = 16.1);at25.0 °Cthe 19.1 pK, units translate
into 26.0 kcal/mol when the equation AAG® = -RT In K, is
used. The increase of 19.1 pK, units (AAG® = 26.0 kcal/mol)
caused by a one-electron oxidation is only slightly larger than the
23.2-kcal/mol increase in basicity (AAHgy) that results from
substitution of an I- ligand by a hydride ligand. Thus, the
replacement of I~ by H- has nearly the same effect as reducing
the metal by one unit (+3 to +2 for the CpW(CO);H system).
Thus, if Os has a +2 oxidation state in CpOs(PPh;),I, CpOs-
(PPh;),H behaves in its protonation reaction as if its oxidation
state is approximately +1, i.e., the hydride ligand behaves as an
H atom. Support for this view is found in molecular orbital
calculations of Low and Goddard,’” who concluded that the
addition of H; to Pt(PHs), is not oxidative, since covalent bonds
areformed. Theysuggested that formal oxidation numbersdenote
the maximum covalency of the metal not its oxidation state.

The trend in AHyy values (I < Br- < CI- « H-) for the
CpOs(PPh3),X complexes can be understood in terms of the
basicity of the X~ ligand, as measured by the proton affinity (PA)
of X-(g). These PA values increase in the same order, I~ (314.3
kcal/mol) < Br- (323.6 kcal/mol) < CI- (333.3 kcal/mol) < H-
(400.4 kcal/mol),35 as the AHyy values of their CpOs(PPh;),X
complexes. As the strongest X donor to the Os in the CpOs-
(PR3),X complexes, the hydride ligand should make 4 and 6 the
most basic complexes in the series, as is observed (Table III). In
fact, thereisan excellent correlation (» = 0.9995 for eq 9) between

-AHyy (keal/mol) = 0.2698(PA) - 70.64  (9)

the donor ability of the halide or hydride ligand as measured by
the PA of X~(g) and ARy for complexes 1-4 (Figure 2). Since
PA values of a variety of anions (A-) (e.g., F-, CN-, CH;CO,,
C=CH-, and CHj") are known,3* eq 9 allows one to estimate
basicities for a range of CpOs(PPh;),(A) complexes.®
Phosphine Effect on Metal Basicity (A Hypy) in CpOs(PR;)4Br.
The basicities (AHgp) of the CpOs(PR;),Br complexes increase
in the following order: PPh; (-16.3 kcal/mol) < PPh,Me (-20.0
kcal/mol) < PPhMe, (-26.2 kcal/mol) < PMe; (-29.4 kcal/
mol). The basicities (AHyym) of the free phosphines in DCE?
[PPh; (-21.0 kcal/mol) < PPh;Me (~24.7 kcal/mol) < PPhMe,
(—28.4 kcal/mol) <PMej (-31.6 kcal/mol)] increase in the same
order. A plot of ~AHypy vs ~AHyp (Figure 3) is fit by eq 10a

(37) Low, J. J.; Goddard, W. A., III J. Am. Chem. Soc. 1984, 106, 6928.

(38) It is also possible that the increasing w-donor ability of the halide
ligands (I~ < Br- < CI-) accounts for the halide complex basicity trend (Poulton,
J. T.; Folting, K.; Streib, W, E.; Caulton, K. G. Inorg. Chem. 1992, 31, 3190).
However, it does not explain the high basicities of the H- compounds.
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Figure 2. Correlation of metal basicities (AHym) of CpOs(PPh;),X with
gas-phase proton affinities (PA) of X~(g).
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Figure 3. Correlations of metal basicity (AHywm) with phosphine basicity
(AHyp) in DCE for Cplr(CO)(PR3) (top line), CpOs(PR3),Br (middle
line), and Fe(CO)3;(PR3); (lower line).

~AHyy = ~1.31AH,p~ 11.6 (10a)
~AHyy = 2.30pK, + 10.1 (10b)

with a correlation coefficient of 0.995. Equation 10a indicates
that for the osmium series a 1.0 kcal/mol increase in the basicity
of the phosphine ligands increases the basicity of the complex by
1.31 kcal/mol. Since there are two phosphine ligands, each
contributes an average of 0.655 kcal/mol toward the basicity of
the compound.

It is of particular interest to note that the basicity (AHwuwm) of
the mixed phosphine ligand complex CpOs(PPh;)(PMe;)Br (9)
(-25.6 kcal/mol) is not intermediate between that of CpOs-
(PPh;),Br (2) (~16.3 kcal/mol) and that of CpOs(PMe;),Br
(-29.4 kcal/mol). Complex 9 is only 3.8 kcal/mol less basic
than CpOs(PMe;),Br (8), but it is 9.3 kcal /mol more basic than
CpOs(PPh3),Br (2). Steric or electronic factors could be
responsible for 9 having a basicity closer to 8 than to 2. The
9.3-kcal/mol increase in the AHyy caused by substituting one
PPh;ligand in 2 with PMe; is similar to the 10.4-kcal/molincrease
in basicity (AHyp) of the free phosphines in DCE (AHyp =-21.2
kcal/mol for PPhj and -31.6 kcal/mol for PMe;).8 Since such
alarge change in AHyy upon PPh; replacement by PMe; has not
been observed in any other metal complex system (vide infra),
it seems unlikely that it can be caused by an electronic effect
only. Ontheother hand, steric repulsion among the ligands around
Os increases when the metal is protonated. Thus, protonation
will be sterically disfavored by bulky ligands such as PPh;. For
this reason, the basicity of CpOs(PPh;);Br may be unusually
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low. Replacement of one PPh; group in 2 by PMe; to form
CpOs(PPh;)(PMe;)Br (9) would reduce ligand repulsion and
make 9 more basic than would be expected from the electronic
effect of PMe; alone. Replacement of the second PPh; would
result in less steric reduction and less change in basicity, as is
observed.

Substitution of one PPh; ligand in CpOs(PPh;),H (4) (AHym
= -37.3 kcal/mol) with P(OEt); results in a decrease of 3.7
kcal/mol in the basicity of CpOs(PPh3)[P(OEt);]H (11) (AHum
= -33.6 kcal/mol). Since CpOs(PPh;)}[P(OEt);]Br is not
protonated by CF3SO;H, it was not possible to measure its AHppy.
However, in order to compare the effect of P(OEt); on the basicity
of CpOs(PPh;)(L)Br complexes, one can estimate that CpOs-
(PPh3){P(OEt);]Br would be ~21 kcal/mol less basic than
CpOs(PPh;3)[P(OEt);]H, which s based on CpOs(PPh;),Br being
21.0 kcal/mol less basic than CpOs(PPh;),H. With this as-
sumption, AHym for CpOs(PPh;)[P(OEt);]Br would be -12.6
kcal/mol. Therefore, the basicities (AHyy) of the CpOs-
(PPh3)(L)Br complexes increase in the following order: L =
P(OEt); (-12.6 kcal/mol, estimated) < PPh; (-16.3 kcal/mol)
< PMe; (-25.6 kcal/mol). Thus, P(OEt); is the weakest donor
ligand in this series.

The influence of phosphine ligand basicity (AHyp) on metal
complex basicity (AHyym) has previously been observed in the
Cplr(CO)(PR;) and Fe(CO);3(PR;); series of complexes (PR3 =
PPh;, PPh,Me, PPhMe,, and PMe;),° which were also studied
by titration calorimetry under the same conditions as in this present
study. Plotting -AHpyy of these complexes vs —AHgyp of the free
phosphine results in linear correlations for Ir (eq 11) and Fe (eq
12) (Figure 3). In the Ir series, the phosphine causes a 0.298-

~AHy, (keal/mol) = —0.298(AH,p) + 23.9
(for CpIr(CO)(PR,)) (11)

~AHyy; (keal/mol) = ~0.916(AH,p) = 5.36
(for Fe(CO),(PR,),) (12)

kcal/mol change in the Ir basicity per 1.00-kcal/mol change in
PR; basicity (AHyp); in the Fe series each phosphine causes an
average 0.458-kcal/mol (0.916/2) changein Fe basicity (AHym)
as the basicity of the phosphine (AHyp) changes by 1.00 kcal/
mol. Thus, the average change in AHyy per PR; ligand per
1.00-kcal/mol change in AHyp increases in the following order:
CpIr(CO)(PR3), 0.298 < Fe(CO);(PR3);, 0.458 < CpOs(PR;),Br,
0.655. A possible reason why the basicity of the Os compounds
is the most sensitive to the phosphine is that the higher coordination
number (6) of the Os complexes causes more crowding in
complexes which contain bulky PR; ligands, e.g., PPhs, as noted
above. These steric effects should be less important in the less
crowded CplIr(CO)(PR;) and Fe(CO);(PR3), complexes. An-
other reason for the greater sensitivity of the Os complexes is the
absence of CO ligands which could absorb some of the electron
density donated to the metal by basic PR; ligands. The
w-accepting CO ligands in the Fe and Ir complexes would make
the metals in these systems less sensitive to the donor ability of
the PR; ligands.

With three w-accepting CO ligands in Fe(CO)3(PRj),, as
compared with only one in CpIr(CO)(PR;), the Fe complexes
are expected to be less sensitive to PR, basicity than the Ir
complexes; however, as noted above, the reverse is true. The
lower sensitivity of the Ir series could be due to the Cp ligand
acting as a substantial w-accepting ligand. This is supported by
MO calculations and ESCA studies of CpRh(CO); that show
the Cp 7* and filled metal orbitals have similar energies which
allows substantial 7-bonding from the metal to the Cp ligand.®

(39) Lichtenberger, D. L.; Calabro, D. C.; Kellogg, G. E. Organometallics
1984, 3, 1623.
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Effect of Chelating Phosphines on Metal Basicity (A Hipy).
The AHyy of CpOs(PPh,Me),Br (5) is —20.0 kcal/mol, while
the AHyy of the chelated complex CpOs(dppp)Br (13) is the
same within experimental error at—20.1 kcal/mol; both complexes
give trans protonated products (eq 3). Since the free phosphines
(AHpyp = -24.7 kcal /mol for PPh,Me® and AHyp, = -23.4 kcal/
mol for dppp*?) have nearly the same basicity, it is not surprising
that § and 13 have the same basicity. The basicity (-17.5 kcal/
mol) of CpOs(dppm)Br (12) is less than those of § and 13, which
is explained in part by the poorer o-donor ability of the dppm
ligand (AHyp, =-22.0kcal/mol).# Inaddition, thedppm ligand
constrains the product CpOs(dppm)(Br)(H)* (12H*) to adopt
a cis structure; since the monodentate phosphine complex SH*
could adopt either the cis or trans structure and it is observed to
form only the trans isomer, the cis isomer must be of higher
energy. The cis structure of CpOs(dppm)(Br)(H)* (12H*) is
therefore of relatively high energy which makes the protonation
of 12 less favorable than that of § or 13. Thus, the basicity of
the metalis decreased as a result of dppm constraining the complex
to the less stable cis structure.

A decrease in basicity of the metal complex also occurs when
dppp is replaced by the shorter chelates dppe and dppm that give
the cis isomers in the CpRu(F P)H series [F P = dppp (22,
AHpyy =-29.6 kcal/mol), dppe (21, AHyy = -29.0), dppm (20,
AHyy = -28.9)], although the effects are less dramatic. The
dppp product 22H* is completely trans, the dppe derivative 21H*
is a mixture of cis and trans isomers, and the dppm isomer is
completely cis with the n2-H; structure CpRu(dppm)(52-H;)*.730
In this series, it was not possible to study the monodentate analog
CpRu(PPh;Me),H due to its partial decomposition in the
calorimeter. However,comparison of 20-22 with CpRu(PPh;),H
(17, AHyy = -29.7 keal/mol) indicates that the basicities of the
CpRu(P),X complexes depend little on the monodentate or
bidentate nature of the phosphine ligands. Morris and Jia’
determined pK, values in CH,Cl; solvent for the same complexes
20H*-22H* and observed the same trend of decreasing basicity
as the product adopts the cis structure: trans-CpRu(dppp)(H),*
(pK. = 8.4) > trans-CpRu(PPh;),(H),* (8.3) > trans-CpRu-
(dppe)(H),* (7.3) > cis-CpRu(dppm)(H3)* (7.1) > cis-CpRu-
(dppe)(H,)* (7.0). For CpRu(dppe)H,*, where they were able
to determine pK, values for both the cis and frans isomers, the
cis isomer was less basic than the trans.

Those complexes that are constrained by the chelate to form
the less stable cis-CpRu(P P)(H,)* products are the least basic.
This effect was also observed in W(CO);(tridentate phosphine)!?
complexes in which the less flexible MeC(CH,PPh;); ligand forces
the tungsten in the protonated product into a higher energy
structure thereby decreasing the basicity of the metal by 6.2
kcal/mol compared to the basicity of the complex with the flexible
PhP(CH,CH,PPh,);ligand. The opposite effect is observed when
a small dppm chelate in Fe(CO);(dppm) distorts the geometry
from the favored diaxial structure of Fe(CO);(PPh,;Me); to a
higher energy structure.*! This distortion causes the Fe to be 6.4
kcal/mol more basic in Fe(CO);(dppm) than in Fe(CO);-
(PPh;Me),. Similarly, small-ring chelating ligands increase the
basicities of the metal in the M(CO)y(F P); (M = Cr, Mo, W)
complexes.2

Effect of Cp and Cp* on Metal Basicity (AHym). The data
in Table III show that the basicity of Cp*Ru(PMe;),Cl is 9.0
kcal/mol greater than that of CpRu(PMe;),Cl, Cp*Ru(PPh;),H
is 5.5 kcal/mol more basic than CpRu(PPh;),H, and Cp*Ir(COD)

(40) Sowa, J. R,, Jr.; Angelici, R. J. Inorg. Chem. 1991, 30, 3534.

(41) Sowa, J. R., Jr.; Zanotti, V.; Facchin, G.; Angelici, R. J. J. Am.
Chem. Soc. 1992, 114, 160.

(42) Sowa, J. R, Jr.; Bonanno, J. B.; Zanotti, V.; Angelici, R. J. Inorg.
Chem. 1992, 31, 1370.

Rottink and Angelici

is 5.7 kcal/mol more basic than CpIr(COD).!! Converting the
Kq values for the protonation of various anions in acetonitrile to
AG?® values, Cp*Mo(CO);-is 4.5 kcal /mol (3.2 pK, units)4 more
basic than CpMo(CO);-, and Cp*Cr(CO);- is more basic6s than
CpCr(CO);-by 3.8 kcal/mol (2.8 pK units)#; while Cp*Fe(CO),-
is 9.4 kcal/mol (6.9 pK, units) more basic than CpFe(CO); .4
Thus, the basicity enhancement (3.8-9.4 kcal/mol) caused by
the replacement of Cp by Cp* depends on the metal and the
ligands in the complex.

Effect of the Metal (Ru vs Os) on Metal Basicity (A Hipy). It
has previously been reported by this group*? that the third row
metal complex Cp*,0s (AHyy = -26.6 kcal/mol) is 7.6 kcal/
mol more basic than the second row metal analog Cp*,Ru (AHym
= -19.0 kcal/mol). We expand this comparison (Table III) by
showing that CpOs(PPh;);H (4) is 7.6 kcal/mol more basic than
CpRu(PPh;),H (17), CpOs(PMe;),Br (8) is 8.5 kcal/mol more
basic than CpRu(PMe;),Br (15), and CpOs(PMe;),I (10) is 6.0
kcal/mol more basic than CpRu(PMe;),I (16); Norton and co-
workers determined that HOs(CO)4 is 2.9 kcal/mol (2.1 pK,
units) more basic (in CH3;CN) than HRu(CO)4 .4 These
comparisons illustrate that the magnitude of the increase in
basicity when Ru is substituted by Os depends on the ligands in
the complex.

Conclusions

Systematically changing the ligands and/or the metal in
Cp’M(PR3}(PR’;3)X complexes yields metal basicities (AHypy in
DCE) that range from -14.1 to —-39.2 kcal/mol. We have
demonstrated that the basicities of the CpOs(PPh;),X complexes
increase with the halide or hydride ligand in the following order:
I- < Br < ClI- « H~. In fact, the substitution of a halide (X-)
ligand by a hydride (H-) causes the basicity of the metal to increase
by as much as 23.2 kcal/mol. A linear correlation between the
AHyp of these complexes and the gas-phase proton affinities of
theanions X-is observed. Studies of the CpOs(PR;),Br complexes
show that there is a linear correlation between the basicity (AHym)
of the metal center and the basicity of the phosphine (pK, or
AHyp), which increases in the order PPh; < PPh,Me < PPhMe,
< PMe; (Figure 3). However, since the basicity (AHyy) of the
mixed phosphine complex CpOs(PPh;)(PMe;)Br does not lie
midway between those of CpOs(PPh;),Br and CpOs(PMe;),Br
asone might expect, the basicities of the CpOs(PR;),Br complexes
are probably determined not only by the basicities of the
phosphines but also by their steric properties. Inthe CpM(F P)X
compounds with chelating phosphines, there was little difference
in the basicity (AHwm) of the metal when compared to complexes
of monodentate phosphines; however, the basicities (AHym) of
the cis complexes are less than those of the trans complexes.
These titration studies show that complexes with the Cp* ligand
are 5.5-9.0 kcal/mol more basic than those with the Cp ligand,
and Os complexes are 6.0-8.5 kcal/mol more basic than the
analogous Ru complexes.
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