3666 J. Am. Chem. S0d.999,121, 3666—-3683

Metal—Metal Cooperativity Effects in Promoting-€H Bond
Cleavage of a Methyl Group by an Adjacent Metal Center

Jeffrey R. Torkelsonj Frederick H. Antwi-Nsiah,* Robert McDonald,*
Martin Cowie,* # Justin G. Pruis,® Karl J. Jalkanen,® and Roger L. DeKock®

Contribution from the Department of Chemistry, Waiisity of Alberta, Edmonton, AB, Canada T6G 2G2,
and Department of Chemistry and Biochemistry, @alCollege, Grand Rapids, Michigan 49546-4388

Receied October 5, 1998

Abstract: The reaction of [I5(CO)(dppm}] (dppm= PhbPCHPPh) with methyl triflate yields the methylene-
bridged hydride [IsH(CO)s(«-CHa)(dppm}][CF3SOs] (2), in which the hydride and methylene hydrogens are
rapidly scrambling at ambient temperature. Under CO this species yields the methyl and acyl proglucts [Ir
(R)(COX(dppm}][CF3SGOs] (R = CHg, C(O)CHs). Removal of one carbonyl froyields the fluxional methyl
complex [IE(CH3)(CO)X(dppm}][CFsSO;] (3) in which the methyl group readily migrates from metal to metal.
Addition of CO, PR, CN'Bu or SQ to 3 results in C-H bond cleavage of the methyl group yielding the
methylene-bridged, hydride speciesyH{CO)L(«-CHy)(dppm}][CF3:SOs] (L = CO, PR, CNBu) or [lr,H-
(CO)(u-CHy)(u-SO,)(dppm}][CF3SO5] (11). Both the carbonyl and SCadducts are fluxional, having the
hydrogens of the hydrido ligand and the methylene group exchanging rapidly at ambient temperature. The
activation parameters for this reversible-8 bond-making and -breaking step have been determifed &

10.3 kcal/mol,ASF = —11.2 cal/mol K (CO);AH* = 6.1 kcal/mol,ASt = —6.2 cal/mol K (SQ)). X-ray
structure determinations of compou8d[Ir,H(CO)(PMes)(u-CHy)(dppm}][CF3SO5] (6), and compound 1

have been determined to confirm the proposed structures. Density functional theory calculations have been
carried out on cations related 8and 11 by substitution of the phenyl substituents on the dppm ligands by
hydrogens, and on key isomers of these, to gain an understanding of the factors promdtitipad cleavage

in this system. A proposal is presented rationalizing the facitéH®ond cleavage i3 upon addition of the
substrate molecules, in which the roles of the adjacent metals are described.

Introduction analogous clusters of two or more metals often give rise to

. . . a-hydrogen eliminatiort:® This difference is readily rationalized
As pointed out by Earl Muetterties more than 15 years ago, upon consideration of the geometries of both systems. In a

“Surface chemistry is coordination chemistry. If the molecule |\ \ohonuclear complex, represented by strucitirehe -hy-
or molecules in question are organic then the surface ChemiStrydrogens are favorably disposed for formation of an agostic

is organometallic chemistry.” We therefore expect that organic jnteractiof with the metal, often leading to-€H bond cleavage.
transformations occurring on metal surfaces will be fundamen-

tally no different than those occurring with homogeneous metal H H

complexes. With these parallels in mind, it is therefore not \

o . CH,(B) CH,(0)
surprising that homogeneous, organometallic complexes can /
serve as useful models for heterogeneous catalysts in organic M—CH, M—M
transformationd. Although heterogeneous systems are notori- A B

ously difficult to study, homogeneous systems are more

amenable, with the aid of a battery of spectroscopic techniques.In clusters, in which the alkyl group is bound to one metal while
The simplest model systems are based on single-metal (mono-adjacent to at least one additional metal, as represent&] by
nuclear) complexes; however, one aspect that distinguishes metathe a-hydrogens are oriented so that favorable interactions with
surfaces from mononuclear systems is the presence of adjacentheadjacentmetal can occuf leading to activation of this €H
metals in the former, which may have a significant effect on bond.

the chemistry of interest. The influence of an adjacent metal is  Our current interest in binuclear complexes is aimed at
clearly indicated in a comparison of alkyl complexes of determining how adjacent metals can influence the reactivity
mononuclear systems and those of clusters. In mononuclear late= (3) Collman, J. P.- Hegedus, L. S.. Norton, J. R.. Finke, Ro@nciples

metal systemgi-hydrogen elimination is commohwhereas and Applications of Organotransition Metal Chemistgniversity Science
Books: Mill Valley, CA, 1987; p 383.

* To whom correspondence should be addressed. (4) Crabtree, R. HThe Organometallic Chemistry of the Transition

* University of Alberta. Metals John Wiley & Sons: New York, 1988; p 327.
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8 Calvin College. (6) (a) Brookhart, M.; Green, M. L. Hl. Organomet. Cheni983 250,

(1) Muetterties, E. LPure Appl. Chem1982 54, 83. 395. (b) Brookhart, M.; Green, M. L. H.; Wong, L.-Prog. Inorg. Chem.

(2) See for example: (a) Marks, T.Acc. Chem. Red.992 25, 57. (b) 1988 36, 1.
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of catalytically relevant molecules, with a view toward modeling or as solutions in KCl cells with 0.5-mm-window path lengths. Carbonyl

substrate activation by adjacent metals in heterogeneous systemstretches reported are for isotopically nonenriched samples. The
We begin by considering one of the simplest multinuclear €lemental analyses were performed by the microanalytical service within
organometallic systems, the binuclear methyl complex. In such the department. Spectroscopic data for all compounds are given in Table

complexes the methyl group is capable of displaying several
coordination mode%For late-metal systems, three arrangements
are possible as diagrammed below.Gnthe methyl group is

H
CH & H\C?—H
3
/ N\ / \
M———M M——M M——M
c D E

terminally bound to one metal and to a first approximation

resembles a mononuclear alkyl species. When methyl groups

bridge two late metals, two binding modes have been identified.
In structure D the methyl group bridges the metals sym-
metrically, giving rise to a three-center metahrbor-metal
interaction? whereas in structurg, the methyl group bridges

in an unsymmetrical manney! bound to one metal via carbon
and %2 bound to the adjacent metal via a-@ bond° This
latter agostic interaction has important implications relating to
the activation of the €H bond, as noted earlier. In this article
we attempt to determine the factors influencing the coordination
modes of methyl groups in a binuclear Ir complex, with
emphasis on factors leading to—@& bond activation.

Experimental Section

General Comments.All solvents were dried (using appropriate
drying agents), distilled before use, and stored under nitrogen. Deu-
terated solvents used for NMR experiments were degassed and store

under argon over molecular sieves. Reactions were carried out at room
temperature (unless otherwise stated) using standard Schlenk proce

dures, and compounds, which were isolated as solids, were purified
by recrystallization. A flow rate of ca. 0.2 mL-swas used for all

reactions that involved purging a solution with a gas. Prepurified argon
and hydrogen were purchased from Linde, carbon monoxide and sulfur

dioxide were purchased from Matheson, and carbon-13-enriched CO

(99%) was supplied by Isotec Inc. All gases were used as received.
Ammonium hexachloroiridate(lV) was purchased from Vancouver
Island Precious Metals, and the chemicals, methyl triflatendthyl
triflate, 13C-methyl triflate,tert-butyl isocyanide, 2,3,6,6-tetramethylpi-
peridine, all phosphines, and triphenyl phosphite were purchased from
Aldrich. The compound [K(CO)(dppm}] (1) was prepared as previ-
ously reported:!

Standard NMR spectra were recorded on a Bruker AM-400
spectrometer operating at 400.1 MHz fét, 161.9 MHz for3'P, and
100.6 MHz for3C spectra. The solid-statéC{*H} NMR spectrum
was recorded on a Bruker AMR-300 spectrometer [with a magic-angle
spinning (MAS) accessory] operating at 75.5 MHz. T#e{ *H}{ 3P}

NMR spectra were obtained on a Bruker WH-200 spectrometer
operating at 50.3 MHz. ARC NMR spectra were obtained usitig¢O-

or 13CHz-enriched samples (the latter obtained frs@-methyl triflate).
Infrared spectra were obtained on a Nicolet 7199 Fourier transform
interferometer, either as solids in Nujol, as £H casts on KBr plates,

(8) See for example: Schwartz, D. J.; Ball, G. E.; Andersen, RJ.A.
Am. Chem. Sod 995 117, 6027.

(9) See for example: (a) Schmidt, G. F.; Muetterties, E. L.; Beno, M.
A.; Williams, J. M.Proc. Natl. Acad. Sci. U.S.A981 78, 1318. (b) Kulzick,

M. A.; Price, R. T.; Andersen, R. A.; Muetterties, E. .. Organomet.
Chem.1987, 333 105. (c) Reinking, M. K.; Fanwick, P. E.; Kubiak, C. P.
Angew. Chem., Int. Ed. Endl989 28, 1377.

(10) See for example: (a) Dawkins, G. M.; Green, M.; Orpen, A. G.;
Stone, F. G. AJ. Chem. Soc. Chem. Commu®82 41. (b) Calvert, R.
B.; Shapley, J. RJ. Am. Chem. S0d.978 100, 7726. (c) Brookhart, M.;
Green, M. L. H.; Wong, L.-L.Prog. Inorg. Chem.1988 36, 1; and
references therein.

(11) Sutherland, B. R.; Cowie, MDrganometallics1985 4, 1637.

Preparation of Compounds. (a) [Ir2(H)(CO)3(u-CH2)(dppm),]-
[CF3S03] (2). The compound [K(CO)(dppmy] (1) (100 mg, 0.081
mmol) was dissolved in 10 mL of benzene, to which was added 1 equiv
of methyl triflate (9.1uL, 0.081 mmol). The light yellow solution
immediately darkened to orange and turned cloudy after about 10 min.
The mixture was stirred fo3 h by which time a yellow precipitate
had formed. Removal of the solvent under vacuum gave a yellow
product which was recrystallized from GEl,/Et,O. This solid was
dried under a stream of argon and put under vacuum for about 18 h,
during which time the color changed from yellow to light brown (86%
yield). Anal. Calcd for 15SPFs06CssHa7: C, 47.20; H, 3.37. Found:

C, 47.32; H, 3.40.

(b) [Ir 2(CH3)(CO)(1-CO)(dppm)2][CF 5SO5] (3). Compound2 (80
mg, 0.057 mmol) was dissolved in 5 mL of @El,. One equivalent of
anhydrous MeNO (4.3 mg, 0.057 mmol), dissolved in 5 mL of GH
Cl,, was added dropwise from an addition funnel to the solutiof of
during 15 min, while maintaining a slow stream of argon over the
solution. The mixture was stirred for 45 min, resulting in a color change
to dark red, and the solvent was removed under vacuum. The solid
was then recrystallized from GBI,/Et,O, dried under argon, and then
in vacuo (78% yield). Anal. Calcd for 38PF30sCs4Hs7: C, 47.23; H,
3.45. Found: C, 46.81; H, 3.24.

(c) [Ir 2(H)(CO)2(PMes)(u-CH2)(dppm)2][CF sSO;] (6). Method A.

A solution of PMg [71.4uL of a 1 M solution in tetrahydrofuran (THF)
(0.071 mmol)] in 10 mL of THF was added to a 20-mL THF solution
of compound? (100 mg, 0.071 mmol), resulting in an immediate color
change from orange to bright yellow. The solution was stirred for 2 h
during which time a yellow precipitate formed. Removal of the solvent
under vacuum gave a light yellow microcrystalline solid, which was
ahen recrystallized from THF/ED (70% vyield).

Method B. To a solution of compound (30 mg, 0.022 mol) in 0.6
mL of CD.Cly, in an NMR tube capped with a rubber septum, was
added 1 equiv (2.2L, 0.022 mmol) of PMeleading to an immediate
color change to bright yellow. The NMR spectra showed that the
product was compoungl Anal. Calcd for IsSRF;0sCsHss: C, 47.23,;

H, 3.89. Found: C, 47.12; H, 4.12.

(d) [Ir 2(H)(CO)2(PMezPh)(u-CH2)(dppm)2][CF sSO;] (7). Method
A. The procedure was the same as that described for comBcexwbpt
that PMePh (99%) was used insteaflad1 M THF solution of PMe
(67% yield).

Method B. To a solution of compoun8 (30 mg, 0.022 mmol) in
0.6 mL of CD,Cl,, in an NMR tube capped with a rubber septum, was
added 1 equiv (3.4L, 0.022 mmol) of PMgPh leading to an immediate
color change to yellow. The NMR spectra showed that the product
was compoun@. Anal. Calcd for IsSRF:0sCs2Hss: C, 49.27; H, 3.87.
Found: C, 49.08; H, 3.71.

(e) [Ir o(H)(CO)2(PPhg)(-CH)(dppm)2][CF 3SO;] (8). Method A.
Compound?2 (100 mg, 0.071 mmol) was dissolved in 20 mL of THF,
to which was added 1 equiv of PP{19 mg, 0.071 mmol) dissolved in
10 mL of THF. The solution color changed from orange to yellow.
After stirring for 2 h, the solvent was removed under vacuum, and the
yellow solid recrystallized from C,CIl/ELO.

Method B. Compound3 (20 mg, 0.015 mmol) and PRI¥.3 mg,
0.016 mmol) were placed in an NMR tube to which 0.6 mL of CB
was added resulting in an immediate color change to orange. The NMR
spectra showed that the product was componnd

() [Ir 2(H)(CO)(P(OPh)s)(u-CH2)(dppm)][CF sS04 (92 and 9b).

The procedure was the same as that describe@ldacept that P(OPh)
(97%) was used instead @ 1 M THF solution of PMeg, and the mixture
was stirred fo 3 h instead of 2 h. Two isomers were formed (see Results
and Characterization) (60% total yield). Anal. Calcd faiSIF;Os-
CrHe2: C, 51.36; H, 3.71. Found: C, 51.40; H, 3.82.

(9) [Ir 2(H)(CO)2('BUNC)(u-CH2)(dppm),][CF 5SO5] (10). Method
A. To a solution of compoun@ (100 mg, 0.071 mmol) in 5 mL of
CH,Cl,, was added 1 equiv BUNC (8.1uL, 0.071 mmol), causing
an immediate color change from orange to yellow. The mixture was



Table 1. Spectroscopic Data for the Compounds
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compound® O(IP{H})° O(tH)de O(3C{H})¢ IR, cm 1o
[Ir 2(H)(CO)(u-CHy) (dppm}][CF3SOy] (2)" —0.9(m),—12.5(m)  5.19 (m, 2H), 4.60 (m, 2H), 177.4(t, 1C), 177.0 (t, 1C), 162.0 (t, 1C), 2018 (vs), 2000 (vs), 1970 (vs)
3.59 (M,%Jc_n = 140.6 Hz, 2HY; 49.4 (b, 1C)
—11.35 (t, 1H)
[Ir 2(CH3)(COX(dppm}][CF3SOy] (3) 22.1(s) 4.45 (m, 2H), 3.79 (m, 2H), 171.4 (b, 2C), 17.5 (Jc-p = 3.9 Hz, 1C) 1964 (s)1886 (w)
0.58 (q,3Jp-n = 4.1 Hz, 3H,
lJc—H =127 HZ)
187.8 (m, 1C¥167.0 (m, 1CY 1974 (vs), 1832 (s)
[Ir2(CHs)(COM(dppm}][CF3S O] (4) —8.9(m),—16.0(m)  4.59 (m, 4H), 0.38 (t, 3H) 194.2 (t, 2C), 182.9 (t, 2C) 2038/ (0977 (b, vs), 1956 (vs)
[Iro(COCH)(COM(dppm)][CF3SOy] (5) —9.6(m),—25.5(m)  4.61 (b, 4H), 0.63 (s, 3H) 225.1 (t, 1C), 195.6 (b, 2C), 179.9 (t, 2C)  20191@88 (sh),
1959 (s), 1622 (w)
[Ir 2(H)(CO)(PMes)(u-CHy) (dppm)][CFsS O] (6) —7.7(m),—11.3(m), 4.05 (m, 2H), 3.45 (m, 2H), 183.0 (t, 1C), 180.1 (b, 1C) 1961 (vs), 1950 (vs)
—79.2(b) 3.05 (m, 2H), 0.75 (d, 9H),
—12.35 (dm3Jp_y = 21.1, 4.8,
ZJFLH =135 HZ, lH)
[Iro(H)(COY%(PMePh)u-CH,)(dppm)][CF:SOs (7)  5.7(m),—12.1(m),  3.82 (m, 2H), 3.35 (m, 2H), 182.6 (t, 1C), 180.6 (b, 1C) 1963 (vs), 1952 (s)
—71.6(b) 3.30 (m, 2H), 1.12 (d, 6H),
—12.2 (dm2Jp_y = 21.6 Hz, 1H)
[Ir 2(H)(COY(PPh)(-CHy)(dppm)y] [CF3SOy (8) —4.1(m),—13.7(m), 3.84 (m, 2H), 3.71 (m, 2H), 183.4 (t, 1C), 180.5 (b, 1C) 1975 (vs), 1948 (vs)
—33.9(b) 3.13 (M, 2H),—13.25
(dm,3.Jp7H =223 Hz, 1H)
[Ir2(H)(COX(P(OPh})(u-CH,)(dppm)][CFsSQy] (98) 43.9(m),—4.1(m),  5.2-3.7 (m),—12.69 180.4 (b, 1C), 179.7 (t, 1C), 167.1 (dt, 1C) 1985 (vs), 1975 (vs),
—12.6(m) (dm,3Jp_p = 37.3 Hz, 1H) 1951 (s)
[Ir 2(H)(CO)(P(OPh})(u-CH,)(dppm)][CF3SO3] (9b)  82.7(t),—5.6(m), 5.2-3.7 (m),—11.71
—8.1(m) dt, 2Jp_y = 17.7 Hz, 1H)
[Ir2(H)(COX(CNBu)(u-CHy)(dppm}][CF3SOy] (10)  —6.6(m),—8.5(m)  3.92 (m, 2H), 3.58 (m, 2H), 179.2 (b, 1C), 179.1 (t, 1C) 2163 (975 (s), 1970 (s)
3.57 (m, 2H), 0.60 (s, 9H),
—11.46 (t, 1H)
[Ir2(H)(COX(u-CHz) (1-SOo)(dppmy][CFsSOy] (11)  —1.0(s) 4.50 (m, 2H), 3.94 (m, 2H), 170.8 (t, 2C), 36.1 (FJc-p = 4.5 Hz, 1C) 2044 (vs), 1997 (vs)
—-2.15 (b,lchH =98 Hz, SH)
[Ir2(CH3)(CO)s(u-SO)(dppmy][CFsSOy] (12) —0.4(m),—14.7(m) 4.9 (m, 2H), 3.40 (m, 2H), 0.01 (t, 3H)  177.9(t, 1C), 177.8 (, 1C), 160.2 (1, 1C) 2042 (s), 2010 (vs), 1987 (s), T0O70 (M)
[Ir2(CH3CO)(COX(u-SO) (dppm)][CF3SOs] (13) —5.0(m),—13.8(m)  5.03 (m, 2H), 3.18 (m, 2H), 1.28 (s, 3H) 2013 (s), 1990 (vs), 1646 (m)

aNMR abbreviations: s= singlet, d= doublet, t= triplet, m= multiplet, g= quintet, dm= doublet of multiplets, b= broad.” NMR data at 25C in CD,Cl, unless otherwise statet*'P{'H} chemical
shifts are referenced vs external 85%PK,. ¢ *H and**C vs external TMS¢ Chemical shifts for the phenyl hydrogens are not given intth&lMR data.” IR abbreviations(CO) unless otherwise stated]:
Vs = very strong, s= strong, m= medium, w= weak, sh= shoulder, b= broad.9 Nujol mull or CH,Cl, cast unless otherwise statédata at—40 °C. ' CH,Cl, solution.) {Jc_ coupling values for
13C-labeled compound$.Solid-state NMR! »(CN). ™ »(SO).
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Table 2. Crystallographic Data

J. Am. Chem. Soc., Vol. 121, No. 15, 1986869

compd [16(CH3)(CO)u-CO)(dppm)][CFsSOy] (3)  [Irz(H)(PMes)(CO)(u-CHz)(dppm)l-  [Ir2(H)(CO)(u-CHz)(u-SO,)(dppmy]-
[CF3SOs)-2CHCI; (6) [CFsSO;)-CH:CI, (11)2

formula GaHa7F3lr205P4S GsgHeoClaF3lr205PsS Gsa.878H48.625Cl2.1253I1 207P2S2

formula wt 1373.26 1619.18 1524.79

color dark red yellow dark red

crystal system monoclinic triclinic monoclinic

space group
unit cell parameters

P2y/n (an alternate setting ¢2,/c [No. 14]) P1 (No. 2)

P2,/c (No. 14)

ad) 13.8372 (14) 11.910 (2) 13.974 (2)
b (A) 15.569 (2) 12.8934 (15) 18.422 (3)
c(A) 23.629 (2) 20,532 (3) 22.264 (3)
a (deg) 90.0 91.256 (10) 90.0
B (deg) 96.413 (9) 95.308 (13) 105.25 (1)
v (deg) 90.0 102.601 (12) 90.0
V(AY 5058.5 (10) 3060.9 (8) 5532.6 (12)

Z 4 2 4

R0 0.0405 0.0598 0.0505

[Fo? > 20(F?)]

WRP 0.0815 0.1798 0.1298

[Fo? > —30(Fo?)]

GOF©° 1.003F ¢ = —30(Fs)] 1.082F? = —30(F2)] 0.993F 2 = —30(F2)]

2 Compound11 cocrystallized with 12.5% [KCO)(u-Cl)(u-SOs)(dppmy][CFsSOs]-CH:Clo. PRy = F||Fo| — |Fl /3 |Fol; WR = [SW(Fo? —
FAASW(FoHY2 ¢ S= [SW(Fo? — FA&(n — p)]¥? (n = number of datap = number of parameters varied;= [0%(Fo?) + (a0P)? + a;P] %, where
P = [Max(Fo?, 0) + 2F2]/3), anday anda; are suggested by the least-squares program for each structue gfor 0.0216,a, = 2.2944; for6,

ap = 0.1278,a; =10.1840; forll, ay = 0.0554,a; = 0).

stirred fa 2 h by which time the color was green. The solvent volume

H NMR Magnetization Transfer Experiments on Compound

was reduced to about 2 mL, and the green product was precipitated2. Magnetization transfer between the hydride and the methylene-ligand

and washed with E©. After drying under an argon stream, the solid
was recrystallized from C¥L/EL,O (70% vyield).

Method B. Compound3 was substituted for compour@glin the
above-mentioned procedure yielding compodfdessentially quanti-
tatively (by NMR).

Elemental analyses for compoud® always gave low values for
%C and %H because of decomposition in air.

(h) [Ir 2(H)(CO)2(u-CH2)(1-SO2)(dppm)2][CFsSOs] (11). Sulfur
dioxide gas was passed through a solution of compd@ié0 mg,
0.044 mmol) in 5 mL of CHCI, for 1 min, leading to an immediate
color change of the solution from red to dark red. After stirring for 10

protons was examined by selective inversion. The hydride signal was
selectively inverted by means of a DANTpulse sequence. Typically,
after a delay of 1.5 s, a series of eighteensbpulses, each separated
by a 550us delay was used. The relaxation of this signal after the
inversion was monitored using a 9fonselective observation pulse,
applied at variable delays of between 0.001 and 2.5 s, after the selective
pulse.

Nonselective inversion recovery experiments were performed initially
to measure the relaxation tim& for the hydride as well as that for
the methylene ligand protons. The nonselectivé p0lse width for
H, with an attenuator set at 10 dB, was 44 This pulse width

min, the solution was concentrated to about 2 mL under an argon streamwas calibrated at the beginning of the experiment. NMR probe
and the dark red-brown solid was precipitated and washed twice with temperatures were measured with an independently calibrated thermo-
Et,0. The solid was dried under an argon stream and then under vacuumcouple immersed in the appropriate volume of toluene in an NMR tube

(72% yield). Anal. Calcd for kS;P4F30;CssHs7 C, 45.12; H, 3.30; S,
4.46. Found: C, 45.40; H, 3.16; S, 4.19.

(i) [Ir 2(CH3)(CO)3(u-SO)(dppm),][CF3SO;] (12). Sulfur dioxide
gas was passed through a solutiorB¢B80 mg, 0.022 mmol) in 5 mL
of CH,CI, for about 2 min, resulting in a color change from red to
dark red indicating the formation dfl.. CO was then passed through

before and after the experiments.

X-ray Data Collection. For each of compounds; 6, and11, crystals
suitable for X-ray diffraction were grown via slow diffusion of diethyl
ether into a concentrated GEl; solution of the compound. Crystals
were mounted and flame-sealed in glass capillaries under solvent vapor
to minimize decomposition or deterioration caused by solvent loss. Data

the solution for 5 min and the color changed from dark red to light \yere collected at-50 °C on an Enraf-Nonius CAD4 diffractometer
yellow, then to green. The solution was stirred under a static atmosphereusing graphite-monochromated Maxadiation. Unit cell parameters
of the gas for 15 min, after which time the green solid was precipitated 5, space group assignments were obtained as described below. For

with E,O. The solid was collected, washed with@&tand dried under
an argon stream. It was then recrystallized from,CHELO (73%
yield). Anal. Calcd. for 15S,P4F:0sCssHa7: C, 45.19; H, 3.23; S, 4.37.
Found: C, 44.54; H, 3.21; S, 4.77.

(j) Reaction of Compound 3 with CO. To a solution of compound
3 (30 mg, 0.022 mmol) in 0.6 mL of CEZI,, in an NMR tube capped

with a rubber septum, was added 2 mL of CO, by means of a gas-tight
syringe, leading to an immediate color change from red to yellow. The

NMR spectra showed that the reaction mixture containedCHis)-
(CO)(dppm}|[CF5SO; (4) and [I(COCH;)(COMdppmY][CFsSOy (5)

in a typical ratio of about 1.0:0.2. However, the products were not
isolated as solids, because they are unstable in the absence of a C

atmosphere.

(k) Reaction of Compound 12 with CO.The procedure was the
same as the reaction of compoudievith CO. The NMR spectrum of
the reaction mixture showed that it contained unreacted compb2ind
and [IR(CH3;CO)(CO}(u-SO,)(dppm}][CFsSOs] (13), in a typical ratio

each compound, three reflections were chosen as intensity standards
and were remeasured every 120 min of X-ray exposure time; in no
case was decay evident. Absorption corrections were applied to the
data as described below. Crystal parameters and final agreement factors
are summarized in Table 2.
Unit cell parameters for compoun@s6, and11 were obtained from

a least-squares refinement of 24 reflections in the approximate range
20° < 20 < 24°. For compound8 and11 the cell parameters and the
systematic absences defined the space groupB2gs and P2,/c,
respectively, whereas fd the cell parameters, the lack of absences,

nd the diffraction symmetry suggested the space gRiupr P1, the

atter of which was established by successful refinement of the structure.
Absorption corrections t8 and6 were applied by the method of Walker
and Stuart? whereas forll the crystal faces were indexed and
measured, and a Gaussian integration carried out.

(12) Bodenhausen, G.; Freeman, R.; Morris, GJAVlagn. Resorl976

of 3:1. However the acyl product was not isolated as a solid, because23 171.

it reverted tol2 in the absence of a CO atmosphere.

(13) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 39, 158.
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Structure Solution and Refinement. For each structure, the
positions of the iridium and phosphorus atoms were found using the
direct-methods program SHELXS-86and the remaining atoms were
found using a succession of least-squares and difference Fourier maps.
Refinement of each structure proceeded using the program SHELXL-
9315 Hydrogen atom positions (except for hydride ligands as noted
below) were calculated by assuming idealized spsp geometries
about their attached carbon atoms (as appropriate), and were given
thermal parameters 120% of the equivalent isotropic displacement
parameters of their attached carbons. Further details of structure
refinement (other than described below) and final residual indices may
be found in Table 2.

For [Irz(CHs)(CO)(u-CO)(dppm)][CFsSO;] (3) electron density
maps in the equatorial plane, essentially perpendicular to th®@ Ir
vectors, indicated similar coordination environments for both iridium
atoms. Although the bridging carbonyl group was well behaved, each Figure 1. A view of the equatorial plane of compourid. (87.5%

Ir apparently had a terminal CO in which the peaks corresponding to occupancy), showing the disorder involving the superimposed 12.5%
the oxygens were of low intensity. This suggested a disorder involving occupancy [I5(CO)(u-Cl)(u-SOy)(dppm}]*. The major species is
superposition of the terminal carbonyl and methyl ligands, resulting shown with solid bonds, whereas the minor species having CI(1)
from the two orientations of the complex as diagrammed below (dppm replacing C(3)Hand H(1), and C(}O(1) replacing C(1)O(1) is shown
groups, above and below the plane of the paper, omitted for clarity). with these changes designated by open bonds.

o

0 0 Disorder of the carbonyl group attached to Ir(1) was suggested by
/C\ /C\ the elongation of the thermal ellipsoids of C(1) and O(1) in a direction
. - . perpendicular to the Ir(£)C(1) bond axis. In addition, the Ir(2)r-
o oc—H 12— CH; (1)—C(1) angle observed fdk1 (ca. 144) was substantially different
from that previously determined for the chloro-bridged complex (ca.
Subsequent difference Fourier maps showed that the disordered167°) indicating that these carbonyl groups for the two disordered
carbonyl and methyl carbons were not exactly superimposed but weremolecules would not be superimposed. This carbonyl group was
slightly offset from each other, and these two half-occupancy positions therefore disordered over two sites having occupancy factors of 0.875
on each Ir refined well. The atoms corresponding to the disordered and 0.125, corresponding to those of the bridging methylene and chloro
CO and CH groups were refined isotropically with an occupancy factor groups, respectively. The placement of QQi(1') was initially set at
of 0.5. the coordinates previously found for the pure chloro-bridged species,
Location of all atoms in [(H)(CO)(PMes)(u-CHg)(dppm)][CFs- and was refined as a rigid group having I(1'), C(1)—0O(), and
SO;]-2CH,CI; (6) proceeded smoothly, and even the hydride ligand Ir(1)—O() distances approximating those within the IHZ)(2)—0(2)
H(2) was located and refined with a fixed Ir¢2}(2) distance of 1.70 unit. Atom C(2) was given a fixed isotropic thermal parameter roughly
A equal toUeq for C(2) whereas O() was refined isotropically. Carbonyl
Although all the nonhydrogen atoms of liH)(CO)(«-CH.)(u- C(1)O(1) having the major occupancy was refined anisotropically
SQO,)(dppm}][CFsSO;]-CHLCI2 (11) were located, the carbon atom of  without restriction. A drawing of the equatorial plane of the disordered
the bridging methylene group [C(3)] did not behave well in least-squares structure (dppm groups omitted) is shown in Figure 1. Atoms Ir(1),
refinements. A difference Fourier map at this stage located another Ir(2), C(2), O(2), S(1), O(3), and O(4) are common to both disordered

H,C—1Irl

peak near C(3), but at approximately 2.5 A from each metal!m molecules and C(}, O(1), and CI(1) corresponding to the chloro-
{*H} NMR spectrum obtained on a few of the single crystals showed bridged species and C(3)HC(1), O(1), and H(1) belonging to the
about 16-15% of the previously characterized JIEO)(u-Cl)(u- methylene-bridged compleX 1). Superposition of the atom positions

SO,)(dppm}][CFsSO4], 18 which had apparently resulted from reaction  of complex11 with the pure chloro-bridged species shows that, apart
of 11 with the chlorinated solvent. All subsequent attempts to obtain from the atoms involved in the disorder, all atoms superimpose almost
suitable crystals ofl1 without the chloro-bridged impurity failed,; exactly.

attempts to grow crystals in nonchlorinated solvents gave poor quality — Theoretical Methods and Software.We have used the Gaussian
crystals. Inclusion of a chlorine atom [CI(1)] in the least-squares 9417 and Mulliken 2.0.28 software suites running on the SGI Indigo II
refinement with an occupancy factor of 0.125 [and concomitant (G94, Rev. D.1) and IBM RS/6000 (G94, Rev. D.2) workstations at
reduction of the occupancy factor for C(3) to 0.875] yielded the most Calvin College. Selected Gaussian 94 calculations were performed on
satisfactory results. The hydride ligand H(1) was not located from a the SGI Power Challenge Array at the National Center for Supercom-
difference Fourier map, but its position was idealized at 1.70 A from puting Applications (NCSA). Details regarding methodology and basis
Ir(1) in a position that minimized contacts with the surrounding ortho- gets may be found in the Gaussian User’s Refer&hiceGaussian 94
hydrogen atoms of the dppm groups. Unfortunately, owing to the we used density functional theory (DFT) with the B3LYP methodol-
disorder in which the fractional Cl atom was essentially superimposed

on the CH group, the methylene hydrogens could not be located. (17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
(14) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—473. G. A;; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
(15) Sheldrick, G. MSHELXL-93 program for crystal structure deter- V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
mination; University of Gttingen: Germany, 1993. Refinement Bgt for Nanyakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
all reflections except for those havilfg? < —30(F.?). WeightedR-factors Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
WR; and all goodnesses-of-f§ are based oif,%; conventionalR-factors Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
R; are based oifr,, with F, set to zero for negativ€,?. The observed Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revisions D.1, D.3,
criterion of Fo2 > 20(F,?) is used only for calculatingy, and is not relevant and D.4; Gaussian, Inc.: Pittsburgh, PA, 1995.
to the choice of reflections for refinemer®-factors based oifr,? are (18) Lengsfield, B. H., lll; Horn, H.; Swoe, W. C.; Carter, J. T.; McLean,
statistically about twice as large as those base8gmandR-factors based A. D,; Carter, J. T.; Replogle, E. S.; Rice, J. E.; Barnes, L. A.; Maluendes,
on ALL data will be even larger. S. A, Lie, G. C.; Gutowski, M.; Rudge, W. E.; Sauer, S. P. A.; Lindh, R.;
(16) (a) Torkelson, J. R.; Cowie, M. Unpublished results, 1994. (b) Andersson, K.; Chevalier, T. S.; Widmark, P.-O.; Bouzida, D.; Nesbet, R.;
Crystal data for [I5(CO))(u-Cl)(u-SOy)(dppmp][CF3SCs]-CH2Cly: mono- Singh, K.; Gillan, C. J.; Carnevali, P.; Liu, B.; PacanskyMillliken, 2.0
clinic; P2y/c; a = 14.053(3) A,b = 18.485(4) A,c = 22.544(6) A g = ed.; IBM Research Division, Scientific & Technical Application Software,
105.89(1y; V = 5633(2) A; Z = 4; Dcaic = 1.819 g cm3; u(Mo Ka)) = Almaden Research Center: San Jose, CA, 1996.
51.11 cmy; T = 22 °C; 6489 independent observatioRg > 20 (Fo?); (29) Frisch, M. J.; Frisch, A.; Foresman, J. Baussian 94 User's

676 variablesRy(F) = 0.0532 (observed datayR,(F?) = 0.1273 (all data). ReferenceGaussian, Inc.: Pittsburgh, PA, 1996.
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ogy?° The basis set made use of effective core potentials and is
designated LANL2DZ in the Gaussian libra#y2* This basis set is of
double€ quality but does not include polarization functions. Because
of the long Ir-Ir bond length that we obtained with this basis set (see
results), and the long bond lengths surrounding the sulfur atom, on the
calculations for [I(H)(CO)(u-CHy)(u-SO,)(dhpm)] ™ (dhpm = Hyp-
PCHPH,), we completed additional studies using a modified set of
valence p orbitals on the iridium atom as specified by Hall and co-
workers? We also added a set of polarization functions to the sulfur
atom with an exponent obtained from the database of Feller and co-
workers?® Minima on the potential energy surface were located using
standard methodologies available in Gaussian 94.

The Mulliken software was used on our IBM RS/6000 workstation.
We used DFT and made use of the effective core potential basis library
called ECP_QD95*. This basis set is of doublequality and includes
polarization functions on the nontransition metal atoms. The effective
core is of type ECP.CEP-DZ?"-2° The B3LYP results within Mulliken
use the local correlation functional of Perdew and Waimgstead of
the Vosko et af! which is used in Gaussian 92.

Within both Gaussian 94 and Mulliken, full-geometry optimizations
were completed on each of the cations for which we report data. No
theoretical vibrational frequencies were computed for any of these
species. The bis(diphenylphosphino)methane (dppm) and bis(dimeth-
ylphosphino)methane (dmpm) ligands were modeled by replacing the
organic substituents on the phosphorus atom with hydrogen atoms to
form the bis(dihydrogenphosphino)methane (dhpm) ligand. In all our
work we began with the #dhpm} portion of each molecule in a
boatlike configuration, and it retained that configuration throughout
the geometry optimization procedure.

In the discussion of the theoretical results (vide infra) we refer to
energy differences between different isomers. These are simply
differences in internal energy at 0 K. We have not computed vibrational
frequencies, so we cannot include any zero-point energy. However,
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Scheme 1

obtained for dirhodiudf and a product containing a methyl
group terminally bound to Ir was obtained for REtrThe
reaction with the diiridium precursor also does not proceed

because we are comparing only differences in isomeric energies, theStrictly according to expectation, although, as will be explained,
differences in zero-point energy will be miniscule. Furthermore, we @ Methyl-bridged species is no doubt involved. Instead of the
will simply compare our differences in internal energy to experimental targeted methyl-bridged product, the methylene-bridged hydrido

enthalpy changes.

Results and Characterization of Compounds

Earlier work in this research group and by Eisenberg and
co-workers had shown that protonation of the complexes [Ir
(CO)(dppm}] (1), [Rhx(CO)(dppmp], and their heterobi-
nuclear analogue, [Rhir(Ceippm}], yielded the respective
hydrido-bridged complexes, MHCO)(u-H)(u-CO)(dppmj)]-
[BF4],** [Rhy(CO)(u-H)(u-CO)(dppm)][BF4],** and [Rhir-
(CO)(u-H)(dppm)][BF 4],%3 by apparent electrophilic attack at
the metat-metal bond. An obvious extension of these proto-
nations was to substitutetHoy CHs* [in the form of methyl
triflate (MeOTf), for example] in attempts to obtain methyl-
bridged analogues. This expectation was not realized for the
Rh-containing complexes, for which an acyl-bridged species was

(20) Becke, A. D.J. Chem. Phys1993 93, 5648-5652.

(21) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28.

(22) Hay, P. J.; Wadt, W. Rl. Chem. Physl1985 82, 270.

(23) Wadt, W. R.; Hay, P. 1. Chem. Phys1985 82, 284.

(24) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(25) Couty, M.; Hall, M. B.J. Comput. Cheml996 17, 1359-1370.

(26) Feller, D.; Schuchardt, K.; Jones, Bxtensible Computational
Chemistry Enironment Basis Set DatabaskO ed.; Feller, D., Schuchardt,
K., Jones, D., Eds.; Molecular Sciences Computing Facility, Environmental
and Molecular Sciences Laboratory, 1998.

(27) Stevens, W.; Basch, H.; Krauss, 8.Chem. Physl984 81, 6026.

(28) Stevens, W.; Jasien, P. G.; Krauss, M.; BaschCah. J. Chem.
1992 70, 612.

(29) Cundari, T. R.; Stevens, W. J. Chem. Phys1993 98, 5555.

(30) Perdew, J. P.; Wang, Yhys. Re. B. 1992 45, 1324.

(31) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(32) (a) Kubiak, C. P.; Woodcock, C.; Eisenbergiorg. Chem1982
21, 2119. (b) Kubiak, C. P.; Eisenberg, R. Am. Chem. S0d.98Q 102,
3637.

(33) McDonald, R.; Cowie, MInorg. Chem 199Q 29, 1564.

species [I5(H)(CO)(u-CHa)(dppm}][CFsSGs] (2) results from
C—H bond cleavage of the methyl group, as shown in Scheme
136 This result parallels an earlier study in which methyl triflate
addition to [Cp*Iru-CO)], yielded the methylene-bridged
hydride [Cp*Ir 2(CO)(u-CHy)(u-H)][CF3SO;].%7

Compound2 was characterized by extensive spectroscopic
investigations!H NMR experiments with selective and broad-
band®'P-decoupling, carried out at40 °C, clearly differentiate
the methylene group bridging the metads4.60) from the two
dppm methylene resonances (see Table 1). Théridging
methylene appears as an apparent quintet in*fRecoupled
IH NMR spectrum and simplifies to a singlet upon broad-band
decoupling and to a triplet upon selective decoupling of each
31p resonance in turn, whereas the titt resonances for the
dppm methylenes simplify to the expected AB quartet upon
broad-band3!P-decoupling. The hydride resonance, which
appears as a triplet in thtH NMR spectrum at—40 °C,
collapses into a singlet upon selectively decoupling the lower
field 3P resonance but remains unchanged on decoupling the
higher field3lP resonance, showing that it is terminally bound
to one of the metals, and is therefore coupling to only the pair
of 31P nuclei on this metal.

The 13C{*H} NMR spectrum of2 shows triplets ab 177.4,
177.0, and 162.0, corresponding to three terminally bound
carbonyl groups; and selectiv€P-decoupling experiments

(34) Shafiq, F.; Kramarz, K. W.; Eisenberg, Rorg. Chim. Actal993
213 111.

(35) Antwi-Nsiah, F. H.; Oke, O.; Cowie, MOrganometallics1996
15, 1042.

(36) A preliminary report of this has appeared: Antwi-Nsiah, F.; Cowie,
M. Organometallics1992 11, 3157.

(37) Heinekey, D. M.; Michel, S. T.; Schulte, G. Krganometallics
1989 8, 1241.
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establish that the high- and low-field carbonyls are bound to and the!3C{*H} NMR spectrum shows one singlet carbonyl
one iridium center whereas the third is bound to the other resonance ai 171.4 and a sharp quintet@tl7.5 €Jp_c = 4.5

iridium, to which the hydride is also bound. TH&C{H}

Hz) for the methyl group. However, at low temperatures the

resonance for the bridging methylene group, obtained on a spectral parameters are more in keeping with an unsymmetrical

sample prepared usingC-methyl triflate, appears as a broad
singlet atd 49.9; the carborhydrogen coupling constaritt—y
= 140.6 Hz) was obtained from tHeél NMR spectrum of the
13C-labeled sample.

Although the high-fieldH resonance could result from either
a hydride ligand or an agostic methyl interaction, it can be
unambiguously ascribed to a hydride ligand becaus&’@e

species having a terminally bound methyl group. Thus &®

°C the3P{*H} NMR spectrum shows two resonances for two
chemically distinct phosphorus environments (by virtue of the
chemically inequivalent metal centers), and ##&{'H} NMR
spectrum displays two carbonyl resonance$ ¥82.5 and 162.1.

In the solid-staté3C NMR spectrum the carbonyl resonances
(6 187.8 and 167.0) are close to those observed in solution at

1H coupling is observed. In addition, agostic methyl groups are —80 °C, whereas the IR spectrum (Nujol mull) shows carbonyl

highly fluxional; for mononuclear complexes we know of no

case in which such groups are static on the NMR time scale,

even at low temperatui,whereas for polynuclear species we
know of only two examples in which a static structure (at
between—80° and —90 °C) was observed in solution for a
bridging agostic methyl grouff. The observation of separate

bands at 1974 and 1832 cfp suggesting one terminal and one
bridging carbonyl group. Compourglis therefore formulated
as [In(CHs3)(CO)(u-CO)(dppm)][CFsSO;] in the solid state,
having a structure much like that of Eisenberg’s Rhalogue**
Upon dissolving compoung, the strong IR band at 1832
cm! disappears and is replaced byeary weak band at ca.

hydride and methylene signals at the relatively high temperature 1886 cnmi’, and the stretch caused by the terminal carbonyl

of —40°C is more consistent with the formulation shown for
than for a bridged agostic methyl interaction.
At temperatures greater tham0 °C the'H NMR resonances

moves from 1974 to 1964 cm It would appear that in solution,
the dominant species i®t the same as that found in the solid
state, and instead has the structure shown belovBdoiThe

for the methylene and the hydride ligands ®&fbroaden,

suggesting an exchange between the two, which has been p e ¥
confirmed by aH NMR, spin—saturatior-transfer experiment. ‘ °c\
Presumably the exchange between the hydride and the meth- oc—Ir i,
ylene hydrogens occurs through an intermediate methyl com- \CHa
plex, not unlike the targeted methyl-bridged species. The rates b P

of exchange between the bridging methylene protons and the ~
hydride ligand were determined at various temperatures between 3a

—29.7°C and—56.4 °C, by selective inversion recoveiH ) ) )

experiments, and the activation parameters for this exchangetWo terminal carbonyls in this compound absorb at ap-

process AH* = 10.3+ 0.4 kcal/mol andAS = —11.2+ 1.5 proximately the same frequency, giving rise to the broad band

cal/mol K) have been obtaindf Compound? is therefore the ~ at 1964 cm™. Although this structure type has not, to our

result of an unusually facile and reversible-8 activation of knowledge, been observed in dppm-bridged complexes of Rh

the methy! group. or Ir, related structures have been observed or proposed for

. : . . : losely related PNP-bridged complexes of rhodium (PNP

Compound? bears an interesting relationship to two previ- ¢ !

ously reporteddicarbonyl methyl compounds. In [RECH3)- (RORPN(EYP(OR))™ and dppm complexes of platinum and

- 34 ; ; palladium?3 In addition, as will be addressed later, DFT
E)%Sr)](g gogglpmﬂggnisigﬂtert’h\?vrr:;;hgsl ?:to(ggf@imé?;l)ly calculations have shown thgt struct\Ba is the.ground-state
(dmpm)][CFsSOy%! (dmpm = Me:PCHPMe,) the methyl structure for the |solated. cation. In any case, in all subsequent
groupbridgesthe metals in a symmetrical fashion. The existence schemes, cpmpounﬂ_ will be s_hovx_/n having the structure
of these dicarbonyl, methyl complexes suggested that CO estabhshe(_j n t_he solid state (V'd.e '”f“f‘)- .
removal from2 may reversethe C-H bond cleavage step, The fluxionality of 3a which gives rise to time-averaged
regenerating a related methyl product. If this were the case, theequalence of both metals, results from transfer of the methyl

further question arose as to the subsequent binding mode ofd"oup fr(_)m one f_“eta' to the oth_er (preSl_Jmany via a methyl-
the methyl group. The answer to the first suggestion is bridged intermediate) accompanied by slight movement of the

affirmative; one carbonyl is readily removed fréhiy reaction carbonyls from opposite the-ir bond to opposite the methyl

. : . , and vice versa. A full merry-go-round motion of these
with Me3sNO, generating the dicarbonyl methyl complex{Ir group, an . .
(CHs)(COM(dppm)][CF5SOy] (3). This species is highly flux- IlganQS aroun_d the 4P, corde is ruled out b(_eflausg-:tdthw],c would
ional, so at ambient temperature all spectral parameters sugges3!Ve '1S€ 10 a time-averaged symmetry on either side of gt Ir

a symmetrical species having a bridging methy! group. tRe plane, leading to only one resonance for the dppm methylene
{1H} NMR spectrum at this temperature shows a singlet at hydrogens; at ambient temperature two resonances are observed

22.1, the!H NMR spectrum displays the methyl signal as a indicating different environments on either side of thgPjr

uintet atd 0.58, with equal coupling to all fout'P nuclei, plane. . ) ) .
q q Ping Confirmation of the proposed structure fin the solid state

comes from the X-ray structure determination, as shown in
Figure 2, with selected distances and angles given in Table 3.

(38) Green, M. L. H.; Hughes, A. K.; Popham, N. A.; Stephens, A. H.
H.; Wong, L.-L.J. Chem. Soc., Dalton Tran992 307.

(39) (a) Park, J. W.; Mackenzie, P. B.; Schaefer, W. P.; Grubbs, R. H.
J. Am. Chem. Sod986 108 6402. (b) Ozawa, F.; Park, J. W.; Mackenzie,
P. B.; Schaefer, W. P.; Henling, L. M.; Grubbs, R. H.Am. Chem. Soc.
1989 111, 13109.

(40) Data analysis was carried out according to the method of McClung
and co-workers: Muhandiram, D. R.; McClung, R. E.DMagn. Reson.
1987 71, 187.

(41) Reinking, M. K.; Fanwick, P. E.; Kubiak, C. Rngew. Chem., Int.
Ed. Engl.1989 28, 1377.

(42) (a) Haines, R. J.; Meintjies, E.; Laing, Morg. Chim. Actal979
36, L403. (b) Haines, R. J.; Laing, M.; Meintjies, E.; Sommerville,JP.
Organomet. Cheni981 215 C17.

(43) (a) Brown, M. P.; Cooper, S. J.; Frew, A. A.; Manojlovic-Muir, L.;
Muir, K. W.; Puddephatt, R. J.; Seddon, K. R.; Thomson, M.I#org.
Chem.1981, 20, 1500. (b) Hill R. H.; Puddephatt, R. J. Am. Chem. Soc.
1983 105 5797. (c) Xu, C.; Anderson, G. KOrganometallics1996 15,
1760.
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Figure 2. A perspective view of the [CHz)(CO)(u-CO)(dppm)]*
cation of3. Thermal ellipsoids are drawn at the 20% level except for
methylene and methyl hydrogens which are shown artificially small.
Phenyl groups are numbered starting at the ipso carbon, and hydrogen
on these groups are omitted.

Table 3. Selected Interatomic Distances and Angles for Compound
3; X-Ray Data

(a) Distances (A)

atom1l atom?2 distance atoml atom2  distance
Ir(1) Ir(2) 2.7775(5) Ir(2) C(2) 2.089(9)
Ir(1) P(1) 2.307(2) Ir(2) C(3) 2.16(2)
Ir(1) P(3)) 2.308(2) P(1) C4) 1.816(8)
Ir(1) C(1) 1.77(2) P(2) C(4) 1.828(8)
Ir(1) C(2) 2.110(8) P(3) C(5) 1.837(8)
Ir(1) C(3)? 2.15(2) P(4) C(5) 1.825(8)
Ir(2) P(2) 2.315(2) 0(1) C(1) 1.19(2)
Ir(2) P(4) 2.313(2) o1 C(1) 1.15(2)
Ir(2) C(1) 1.76(2) 0(2) C(2) 1.095(9)
(b) Angles (deg)
atom1l atom2 atom3 angle atom1l atom2 atom3 angle
Ir(2) Ir(1) C(1) 176.4(6) P(2) 1Ir(2) P(4) 173.46(8)
Ir(2) 1Ir(1) C(2) 483(2) CO Ir(2) C(2) 134.5(7)
Ir(2) 1Ir(1) C(@3) 166.0(5) C(2) Ir(2) C(3) 148.5(6)
P(1) Ir(Q) P(3) 170.96(8) Ir(1) C(1) O() 177.6(16)
C(l) Ir(1) C(2) 128.2(7) 1Ir(2) C(} O(1) 175.8(20)
C(2) Ir(1) C(3) 145.7(6) Ir(1) C(2) Ir(2) 82.8(3)
Ir(1) 1Ir(2) C(1) 176.6(6) Ir(1) C(2) O(2) 137.9(8)
Ir(1) 1Ir(2) C(2) 48.9(2) 1Ir(2) C(2) 0O(2) 138.8(7)
Ir(1) 1Ir(2) C(@3) 162.4(5)

aPrimed atoms are those of the carbonyl [§0K1)] and methyl
[C(3")] groups and are 50:50 disordered with C(1)O(1) and C(3). See
the experimental section.
Compound3 has an unsymmetrical A-frame structure in which
one carbonyl group is bridging, but the other carbonyl and the
methyl group occupy a terminal position on each metal. These
terminal ligands are not opposite the bridging carbonyl, but are
in a “flattened A-frame” arrangement being almost trans to the
Ir—Ir bond [C(1)-Ir(1)-Ir(2) = 176.4(6}, Ir(1)—Ir(2)-C(3) =
162.4(5)]. This arrangement results in somewhat different
angles between the bridging carbonyl and the different terminal
groups [C(1)Ir(1)-C(2) = 128.2(7} and C(2)}-Ir(2)-C(3) =
148.5(63]. The Ir—Ir separation of 2.7775(5) A is consistent
with a single bond and is shorter than the-R&h separation of
2.811(2) A in the dirhodium analogtfe otherwise the two
structures are closely comparable. Although the disorder in the
equatorial ligand positions (see Experimental Section) was
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resolved satisfactorily, the almost superposition of the terminal
methyl and carbonyl groups does result in an uncertainty in their
exact positions precluding an in-depth discussion of the
structural parameters.

The conversion of a hydrido methylene specigsifito a
methyl complex 8) upon removal of a carbonyl group, and the
reverse process,-€H bond activation of a methyl group upon
addition of a carbonyl ligand, is a fascinating transformation.
Usually C-H bond activation in low-valent, late transition-metal
complexes is induced by ligand loss to generate the required
coordinative unsaturatiol.We know of one other example of
ligand addition resulting in €H bond activation, in which phos-
phine addition to a diruthenium complex resulted in cleavage
of an agostic GH bond*® It was therefore of interest to deter-
mine the scope of the present-@ bond cleavage by reacting
compound3 with several ligands having a range of electronic
properties. Although the reactionsdWwith alkynes, allenes, and
olefins were also investigated as part of this study, the diversity
observed in this series of reactions requires separate réports.

Reaction of3 with 1 equiv of carbon monoxide regenerates
the tricarbonyl comple®, accompanied by €H bond cleavage
of the methyl group and formation of the bridging methylene

and terminal hydrido groups. This is, of course, essentially the

reverse of the conversion @fto 3 upon reaction with MgNO.
Under excess CO compou@dransforms into a mixture of two
tetracarbonyl species, the methyl complexy([iHz)(CO),-
(dppm)][CF3SG;] (4) and the related acyl product (€(O)-
CH3)(COu(dppm)][CF3SO;] (5), in varying ratios depending
on the CO pressure (see Scheme 1). In compdutheé methyl
resonance appears0.38 as a triplet in thtH NMR spectrum,
displaying coupling to the two adjacent phosphorus nuclei,
whereas irb the 'H resonance for the methyl group appears as
a singlet atd 0.63. The!3C{1H} spectra for both compounds
are comparable apart from the low-field resonance for the acyl
carbonyl aty 225.1; this group also displays a characteristic IR
stretch at 1622 cni. It is an interesting dichotomy that
conversion of the methylene and hydrido moietieR afito a
methyl group occurdoth on addition and rem@l of CO
(vielding 4 and 3, respectively). The migratory insertion,
transformingd to 5, is readily reversible, so that in the absence
of excess CO the mixture &fquickly regenerated, and under
vacuum4 transforms quantitatively t@.

Reaction of3 with various phosphines and triphenyl phosphite
also results in methyl €H bond cleavage, yielding the
methylene-bridged, hydride products ,[i)(CO)(PRs)(u-
CHp)(dppm)][CF3SO;3] [PRs = PMes (6), PMePh (7), PPhy
(8), and P(OPh)(9)] as shown in Scheme 2. Compour@is8
all have very similar spectral parameters, apart from3tfe
{1H} resonances for the monodentate phosphine groups, and
also spectrally resemble compoudn which a PR group is
replaced by CO; therefore all are assumed to have similar
structures. This has been confirmed by the X-ray structure
determination o6 (vide infra). However, unlike the tricarbonyl
(2), the phosphine adducts do not undergo exchange of the
hydride and methylene hydrogens at ambient temperature.

(44) (a) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistiyiver-
sity Science Books: Mill Valley, CA, 1987; pp 29804, and references
therein. (b) Arndtsen, B. A.; Bergman, R. G.; Mobley, T. A.; Peterson, T.
H. Acc. Chem. Red995 28, 154. (c) All publications inJ. Organomet.
Chem1995 504, 1-155.

(45) Kuhlman, R.; Folting, K.; Caulton, K. GOrganometallics1995
14, 3188.

(46) (a) A preliminary report of some of this chemistry has appeared:
Torkelson, J. R.; McDonald, R.; Cowie, M. Am. Chem. S0d.998 120,
4047. (b) Torkelson, J. R.; McDonald, R.; Cowie, M. Manuscript in
preparation.
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Scheme 2
P/\P + P/\P +
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H” [N | entau
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The reaction o8 with P(OPh) actually yields two isomers
(9a and 9b). Isomer 9a has spectral parameters closely
resembling those of compoun@s-8 so it is assumed to have  Figure 3. A perspective view of the [BH(CO)(PMes)(u-CHy)-
an analogous structure, whereas the structurgbafould not (dppm}]* cation of6. Thermal parameters and numbering as in Figure
be established conclusively by NMR spectroscopy. The two 2.
structures shown below (aB and G) for isomer 9b are
suggested on the basis of the two carbonyl resonances, one o

able 4. Selected Interatomic Distances and Angles for Compound

O . . . . . ; X-Ray Data
which is in the region of those ifia, suggesting that it also is Dist A
opposite theu-CH, group, and one of which is clearly in a (_a) istances (A) _
different environment. We favor structufe for 9b, because atoml atom2  distance atoml atom2  distance
both dppm 3P resonances are at similar chemical shifts, Ir(1) Ir(2) 2.8308(6) Ir(2) C(3) 1.909(9)
suggesting similar environments with one carbonyl on each Ir(1) P(1) 2.332(2) Ir(2) H@2) 171
metal. However we could not carry out a selectit®- :r(i) E(g) g-ggg(g) E%) g(i) i-gég(g)
decoupling experiment to conclusively rule out the alternate I;glg C((l)) 1_'887é9)) P((S)) C§5)) 1_‘81859))
structure G). Ir(1) C2)  2.172(9) P(4) Cc(5)  1.850(9)
Ir(2) P(2) 2.304(2) 0o(1) c(l)  1.141(11)
p— ~p *+ p— ~p *+ Ir(2) P(4) 2.305(2) 0o(3) C(3) 1.117(12)
l o Ir(2) Cc(2)  2.098(9)
. . Oc.. _.P(OPh
gt S e (b) Angles (deg)
oc/ \ﬁ/ H oc/ \ﬁz/ H atom1l atom?2 atom3 angle atom1l atom?2 atom3 angle
2
P P P P Ir(2) Ir(1) P(B) 131.72(7) C(2) Ir(2) C@) 157.9(4)
~ ~ ) (1) C(l) 1233@3) Il) P(G) COL) 116.7(4)
E G Ir2) Ir(l) C(2) 47.4(2) Ir(1) P(B) C(92) 116.9(5)

P(1) (1) P@B) 163.1609) Ir(l) P(5) C(93) 115.5(4)
_ _ o P(5) (1) C(1) 104.93) C(91) P(5) C(92) 99.5(6)
The structure of6, as determined by X-ray diffraction is  p») (1) C(2) 84.4(2) C(O91) P(5B) C(93) 102.6(7)
shown in Figure 3. A compilation of important bond lengths C(1) Ir(1) C(2) 170.7(4) C(92) P(5) C(93) 103.2(8)
and angles is given in Table 4. This structure confirms the :rgg :r% gg; 123-2((2; I"((B gg)) IO((ZI)) 1;3?&(%)
methylene-bridged, hydride formulation and also displays the " r X r ' :
arrangement of carbonyl, hydride, and Peoups as proposed P@2) 2 P(@) 154.79(8) Ir2) C® ©® 17740
from the spectral results. The overall geometry is that of an
A-frame structure having the carbonyls essentially opposite the  The reaction o8 with 'BUNC also occurs readily, producing
bridging methylene group, with the PMand hydride ligands  the C-H-activated product [iH)(CO)(CNBu)(u-CHy)(dppm)]-
on the outside of the A-frame, almost bisecting the angles [CF;SQ;] (10) analogous to the phosphine addu@s 9a). As
between theu-CH, and terminal carbonyl groups. Both ends with the phosphine adducts, no exchange between the hydride
of the diphosphine ligands are bent significantly from a trans and methylene protons is observed at ambient temperature. All
alignment owing to repulsions involving the PMgroup, (P(1)- spectroscopic parameters support the structure shown, and in
Ir(1)-P(3) = 163.16(9) and P(2)-Ir(2)-P(4) = 154.79(8Y). particular, the characteristic=N stretch in the IR spectrum
These repulsions may also be responsible for largeP fdppm)  for the'BuNC appears at 2163 crth consistent with this group
distances at the more crowded Ir(1) center (2.330(2), 2.332(2) being terminally bound® The increase in frequency of thesC
A] than at Ir(2) (2.304(2), 2.305(2) A], as well as the larger N stretch compared with that in freBUNC (2125 cni?) is
Ir(1)—C(2) distance [2.172(9) A] compared with Ir2E(2) consistent with this group functioning primarily assalonor.
[2.098(9) A] involving the methylene group. The angle at the As for the CO ) and PR (6—9) adducts, no kH stretch could
methylene carbon [83.0(3)is typical of such a group when  be detected in the IR spectrum of compouir@
bridging a metal-metal bond’ as suggested by the short-Ir

Ir separation of 2.8308(6) A. (48) (a) Treichel, P. MAdv. Organomet. Chem1973 11, 21. (b)
Lukehart, C.Fundamental Transition Metal Organometallic Chemistry
(47) Herrmann, W. AAdv. Organomet. Cheni982 20, 159. Brooks/Cole Publishing Company: Belmont, CA, 1985; p 77.
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The reaction of compour@iwith SO, appears to be somewhat
analogous to the reactions with CO, phosphines, BudC,
producing a methylene-bridged, hydrido complex(H)(CO),-
(u-CHo) (u-SO)(dppm)][CF3SO;] (11). Like the CO adductd),
compoundl1 is fluxional, undergoing facile exchange of the
hydride ligand and the methylene hydrogens. The unusually
facile exchange process it (vide infra) caused some initial
uncertainty about its formulation, because it was necessary to
rule out a species, CO)(u-171,7*CHs)(1-SOy)(dppm)][CF-
SQ], containing an asymmetrically bound methyl group of the
type shown in structurk. In this case hydrogen exchange would
occur by rotation about the HCH3 bond, interchanging the
agostic interaction between the three l& bonds. At ambient
temperature thé'P{*H} NMR spectrum appears as a singlet at
0 —1.0, consistent with the chemical equivalence of all four
phosphorus nuclei. In théd NMR spectrum the three hydrogens
of the methyl group appear as a broad singlet at2.15, with
coupling of 98 Hz observed to carbon whEa@H;" is used. At
50 °C the “CHs signal” appears as a well-resolved quintet,
coupling equivalently to all four phosphorus nuclei. The high-
field shift of this resonance and the small averageHZoupling
constant are consistent with a fluxional process involving either
the methylene-hydride or the agostic methyl formulations,
although the average value &k._y is slightly lower than has
previously been suggested for asymmetrically bridged methyl
groups? At ambient temperature thBC NMR spectra add
additional support for the symmetric time-averaged structure
with only one signal (ad 170.8) for both carbonyls and a sharp
quartet ato 36.8 for the methyl carbon, showing equivalent
coupling to the three hydrogens.

Lowering the temperature causes the methyl resonance in the

IH NMR spectrum to broaden until at60 °C the signal has
fully collapsed into the baseline. At110°C a very broad signal
at ca.6 4.2 (2H) and an equally broad signal at éa—14.6
(1H) start to appear, but are only barely discernible above th
baseline. Support for the exchange process was shown b
irradiating the low-field signal at-110 °C and observing that
the high-field signal disappeared (although the barely discernible
signal at this temperature makes such a conclusion equivocal)
The activation parameters for this exchange procass’ (=

6.1 + 0.1 kcal/mol andAS" = —6.2 + 0.5 cal/mol K) were
obtained from a line-shape analysis on variable-temperaitire
NMR spectré® At the outset, these activation parameters
appeared to us to be too small to correspond to-dd®ond-

e

cleavage process, being about half the value obtained in the

tricarbonyl compound2, and much less than values near 20
kcal/mol previously observed in binuclear systéth©n the
other hand, these values are in line with the activation energy
(AG* = 9.8 kcal/mol) for exchange of the methyl hydrogens in
a bridging agostic methyl interaction, by rotation about the
metal-carbon bond?

Attempts to prepare compountl with d3-methyl triflate
resulted in partial hydrogen incorporation (presumably from
solvent) such that the desired product was contaminated with
small, but significant amounts of the CHDCH,D, and CH
isotopomers. This inadvertent result presented us with the
opportunity to investigate the effects of isotopic perturbation

(49) (a) Brookhart, M.; Green, M. L. H.; Wong, L.-Prog. Inorg. Chem.
1988 36, 1. (b) Tolman, C. A,; Faller, J. W. Ihlomogeneous Catalysis
with Metal Phosphine ComplexeRignolet, L. H., Ed.; Plenum Press: New
York, 1983; pp 36-34.

(50) (a) The program used wiBVIR Exchangéor Windows 95, written
by R. E. D. McClung, 1997. (b) McConnell, H. M. Chem. Phys1958
28, 430.

(51) Jacobsen, E. N.; Goldberg, K. I.; Bergman, R.JGAm. Chem.
Soc.1988 110, 3706.

Y
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Figure 4. *H NMR spectrum in the “methyl” region for the GH
CH;D, and CHD isotopomers of compountil.

Table 5. Variation of Chemical Shift with Temperature for the
Isotopomers of Compountil

temp (’C) 6(CH3) (3(CH2D) 6(CD2H) Aq Az
25 —2.07 —3.48 —5.72 141 2.24
10 —2.05 —3.52 —5.90 1.47 2.38
0 —2.05 —3.56 —6.02 151 246
—20 —2.02 —3.62 —6.40 1.60 2.78

aFor a definition ofA; andA; see Figure 4.

of resonance (IPR) in compourid. Although first described

by Saunders et & in studies of carbocations, this effect was
ater used (first by Calvert and Shaptéynd subsequently by
otherd®59 to help establish the presence of agostic interactions
involving methyl groups. Owing to zero-point energy differences
an agostic interaction of a-€H bond is favored over that of a
C—D bond. As a result, théH chemical shift of an agostic
CHD; group appeatrs at a higher field than that of aBIgroup,
which is in turn at a higher field than that of a €igroup.
Furthermore, the chemical shifts of the CiH&hd CHD groups

are also temperature dependent, shifting upfield at lower
temperatures; this effect is greater for CiHtban for CHD.
The!H NMR spectrum in the methyl region for compouhi
which was prepared fromPdnethyl triflate, is shown in Figure

4, and the temperature variation of the chemical shifts is
presented in Table 5. Although these results clearly demonstrate
the IPR phenomenon, consistent with hydrogen exchange
between the agostic and anagostic hydrogens, they do not by
themselves establish the existence of an agostic interaction,
because it has been pointed out that this effect will also be
observed in a system in which facile exchange occurs between
a hydrido ligand and methylene hydrogéh&rom the IPR data,

the chemical shifts for the two different hydrogen environments
are calculatet?*5%at 6 4.13 and—14.47. It is encouraging that
these values are in very close agreement with the positions of
the very broad resonances that are beginning to appear in the

(52) Saunders: M.; Jaffe, M. H.; Vogel, .Am. Chem. Sod971, 93,
2558.

(53) Calvert, R. B.; Shapley, J. R. Am. Chem. Sod.978 100, 7726.

(54) See for example: (a) Casey, C. P.; Fagan, P. J.; Miles, W. H.
Am. Chem. Socl982 104, 1134. (b) Green, M. L. H.; Hughes, A. K.;
Popham, N. A.; Stephens, A. H. H.; Wong, L.-L.. Chem. Soc., Dalton
Trans.1992 3077.
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Figure 5. A perspective view of the [H(CO)(u-CHy)(u-SOy)-
(dppm}]* cation of11 Thermal parameters and numbering as in Figure
2. The hydride ligand [H(1)] and the hydrogens on C(3) were not located
in the X-ray study, but are placed in idealized positions.

IH NMR spectrum at-110°C. Furthermore, the chemical shift
of the low-field signal is more consistent with a methylene group
than a methyl group. This conclusion is supported by the low
average value ofJc_p (98 Hz), which would then result from
averaging of the two single-bond coupling constantdJef

~ 147 Hz with a two-bond coupling (between the methylene
carbon and the hydride ligand) 8§c—4 ~ 0 Hz. The C-H
coupling constant proposed for the methylene group is in good
agreement with previous determinatidfs.

In hopes of establishing conclusively (at least in the solid
state) whether compourid. contained an agostic methyl group
or methylene and hydride groups, the X-ray structure determi-
nation of 11 was undertaken. Unfortunately, the conclusions
were equivocal here also. Our only successful attempts to obtain
suitable crystals were from GBI, solvent, from which the
desired crystals were always contaminated by varying amounts
of [Ir2(COY(u-Cl)(u-SOy)(dppmy][CFsS O, %6 which resulted
from replacement of the methyl group by a chlorine atom
(crystals of compound1 and this chloro-bridged species are
isomorphous). The resulting placement of the fractional oc-
cupancy chloro ligand on top of the Glr CH, group prevents
location of the attached hydrogens; however, the metrical
parameters of the complex (vide infra) are consistent with the
methylene-hydride formulation suggested by the NMR study.

An ORTEP diagram for compouril is shown in Figure 5
with important bond lengths and angles given in Table 6.
Compoundl1 has the S@group in a bridging arrangement
with the carbonyl ligands bound terminally, one on each metal.
Although the hydrogen atoms originating on the methyl group
of the precursor3) could not be located, C(3) is assumed to be

associated with a methylene group which bridges the metals

on the face opposite the $@roup; the hydride ligand and the

methylene hydrogens have been idealized in the positions

shown. Excluding the metaimetal bond the geometry around

the metals is best described as octahedral at Ir(1) and trigonal

bipyramidal at Ir(2), with both diphosphine groups in the
expected trans arrangements [P{lkf1)—P(3)= 170.6(1} and
P(2)-Ir(2)—P(4) = 161.9(1)]. The SQ group bridges in an

(55) See for example, compou2dand refs 49a and 54.

Torkelson et al.

Table 6. Selected Interatomic Distances and Angles for Compound
11; X-Ray Data

(a) Distances (A)

atom1l atom?2 distance atom1l atom?2 distance
Ir(1) Ir(2) 2.8534(7)  Ir(2) C(2) 1.85(2)
Ir(1) CI(1) 2.66(2) Ir(2) C@3) 2.123(14)
Ir(1) S(1) 2.449(3) S(1) 0o(3) 1.459(8)
Ir(1) C(1) 1.88(2) S(1) O(4) 1.450(8)
Ir(1) C()» 189 o(1) C@1) 1.16(2)
Ir(1) C@3) 2.190(12) o C(1) 118
Ir(2) CI(1) 2.68(2) 0(2) C(2) 1.14(2)
Ir(2) S(1) 2.273(3) Ir(2) P(2) 2.337(3)
Ir(1) P(1) 2.353(3) Ir(2) P(4) 2.330(3)
Ir(1) P(3) 2.364(3)
(b) Angles (deg)
atom 1 atom2 atom3 angle atom1 atom?2 atom3 angle
Ir(2) Ir() S(@) 50.06(7) Ir(1) Ir(2) C(3) 49.6(3)
Ir(2) Ir(1) C(1) 141.6(5) Cl1) Ir(2) C(2) 141.3(7)
Ir(2) Ir(1) C(I) 170.3(32) S(1) Ir(2) C(2) 105.6(5)
Ir2) Ir(1) C@3) 47.6(4) S@) Ir(2) C(3) 105.3(3)
Cl(1) Ir(1) C(2) 130.7(32) P(2) Ir(2) P(4) 161.90(11)
S(1) I(l) C@1) 91.6(5) C(2 Ir(2) C(3) 149.1(6)
S(1) Ir(l) C(1) 120.933) Ir(1) CI(1) Ir(2) 64.6(5)
(1) Ir(1) C(8) 97.6(4) Ir(Q) S@A) Ir(2) 74.24(8)
P(1) Ir(1) P(3) 170.60(10) Ir(1) C(1) O(1) 172.3(17)
C(1) Ir(1) C(3) 170.7(6) Ir(1) C( O() 175.7(77)
Ir(1) Ir(2) CI(1) 57.45) Ir(2) C(2) O(2) 177.4(16)
Ir(1) Ir(2) S(@) 55.708) Ir(1) C(3) Ir(2) 82.8(5)

I2) C(2) 161.3(5)

a Primed atoms belong to WCO),(u-Cl)(u-SO,)(dppm}][CFsSOs)
which is superimposed on compourid in a 12.5:87.5 disorder.
b Distance fixed (within 0.01 A of this value) during refinement.

asymmetric manner with the Ir()5(1) bond length [2.449(3)

A] longer than the Ir(2)-S(1) bond length [2.273(3) A]; this
difference is consistent with the high trans influence of the
hydride ligand, which is assumed to be in the vacant coordina-
tion site on Ir(1) opposite S(1).

Although the crystallographic data do not unambiguously
differentiate between an asymmetrically bridged methyl group
and a methylene-bridged hydride structure, the structural
parameters are more supportive of the latter assignment. It is
clear that carbonyl group C(1)O(1) is bent back toward the
u-SO, group compared with C(2)O(2) [Ir(2)Ir(1)—C(1) =
141.6(5}, Ir(1)—Ir(2)—C(2) = 161.3(5)] giving rise to a larger
C(1)—Ir(1)—C(3) angle [170.7(6) than the C(2)Ir(2)—C(3)
angle of 149.1(6) and suggesting the location of the hydride
ligand in the resulting vacant site, as shown in Figure 5. All
spectroscopic and crystallographic data together support the
methylene-bridged, hydride structure for compourid as do
the DFT calculations reported below.

Reaction of compound.1l with CO parallels that of the
methylene-bridged tricarbonyP), yielding the SG-bridged,
tricarbonyl methyl species, BICHz)(CO)(u-SOy)(dppmY][CFs-

S0Os] (12), in which the methyl group is now terminally bound
to one of the metals. The three carbonyls are also shown to be
terminally bound, on the basis 5IC NMR and IR spectroscopy.
Although the relative positions of the methyl gme50, groups

are not known, the geometry shown fiizin Scheme 3 is based
on the assumption that hydride transfer from Ir to the methylene
group, yielding a methyl group-bound to the adjacent metal,
would leave coordinative unsaturation at the first metal, which
would be alleviated by CO coordination. In a further parallel
of the reaction o with CO, compound.2 reacts further with
CO to produce the acyl compound FI€H;CO)(CO}(u-
SO,)(dppm)Y][CF3SOs] (13), as shown by the loss of coupling
for the methyl group which now appears as a singlet inthe
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Scheme 3
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NMR spectrum ab 1.28, and by the IR spectrum which shows
an acyl band at 1646 crh. Again the geometry shown fdr3
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corresponding to the X-ray-derived structure8oSurprisingly,

the calculations did not converge to a structure close to that
input, but instead the bridging carbonyl migrated away from
the bridging site, with concomitant movement of the methyl
group, yielding the geometry shown in Figure 6a. In the
computed structurdlt , the square plane about Ir(2), defined
by P(2), P(4), C(2), and C(3), is not perpendicular to the Ir-
(1)—Ir(2) vector, but is tilted significantly such that the carbonyl
C(2)0O(2) is tipped toward Ir(1), with the methyl group tipped
away [Ir(1)-Ir(2)—C(2)= 78.6’; Ir(1)—Ir(2)—C(3) = 111.6].

This tilt may be favored by the retention of a small component
of = back-bonding from Ir(1) to C(2)O(2). It is significant that
the proposed structure 8fin solution @a) corresponds to that
calculated for the isolated cation, having a geometry rather
different from that in the solid state. The transformation from
the solid-state structure @fto that calculated folllt involves
very little change at Ir(1), because in both structures carbonyl
C(1)O(1) is essentially opposite the metatetal bond. The
change primarily involves twisting of the O(2)C2r(2)—C(3)

is not known but the structure shown is based on the assumedunit so that C(2)O(2) moves away from the bridging position.

migration of the methyl group to the adjacent carbonyl on the
same metal.

Theoretical Results

We have carried out DFT calculations on two different
cationic species related to compourddsnd11 and on isomers
of each, in efforts to learn more about the bonding involving
the methyl groups and about the-€& bond-activation process
of methyl groups in the vicinity of adjacent metals. The first
compound investigated wasfI€Hsz)(CO)(dhpm}]* (llIt ); this
is the analogue 08 in which the phenyl substituents on the
bridging diphosphine ligands were input as hydrogens to
facilitate the calculations (i.e., dhpm H,PCH,PH,). Calcula-
tions on the related A-frame, MICO)(u-CHz)(dhpm}]*, in
which the methyl group now bridges the metals, were also
carried out in attempts to establish which (if any) of the above-
mentioned structures (terminal or bridging §hivas favored

We next carried out calculations on €O)(u-CHs)-
(dhpmy]* (isomerlllb ), in which the methyl group itilt has
moved from a terminal position to a bridging site. Mulliken
computational studies on two isomerslibb have been carried
out; in the first, the methyl group is unsymmetrically bridged,
involving an agostic interaction, as shown earlier in structure
E, whereas the second isomer has the methyl group bridging
symmetrically (structur®). Both results are shown in Figure
6b and 6c¢, respectively. The unsymmetrically bridged isomer
is more stable by only 0.8 kcal/mol, and significantly, even the
more stable methyl-bridged structure is approximately 6 kcal/
mol less stableghan structuréllt , having the terminal methyl
group. Table 7 contains a comparison of the pertinent geometric
features of these three isomefHt[, Illb (agostig, andlllb
(symmetric)]. In general, the parameters filtb (symmetric)
agree reasonably well with those of the X-ray determination of
the dmpm analogug,and in particular the calculatedHir bond

for the isolated cation, and how the energies of these isomerslength is comparable with that in the X-ray structure.

compared. In our calculations, the structure having a terminal

methyl group is labeledll{t ), whereas the dhpm analogue of
Kubiak’s methyl-bridged compountis labeledillb .

Using the X-ray coordinates & as a starting point for the
calculations onlllt , we looked for an energy minimum

P13

(a)

(b)

Although conversion of the methyl compourito the
respective methylene hydride products requires the addition of
small molecules such as CO, RRBUNC, and S@, it is not
clear whether ligand addition induces-& bond cleavage or
whether prior C—H bond activation in3 occurs to yield

Cl4) Ct4)

P{2)

P(4)

P(3)

cis) CIS)

(c)

Figure 6. The calculated structures of three isomers of thgQliHs)(CO)(dhpm}]* cation: (a) structuréllt ; (b) structurelllb (agostig; (c)

structurelllb  (symmetric).
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Table 7. Geometric Features Calculated for Structuiés, Both Agostic and Symmetric
Methyl-Bridged Structures dflb , and Structuredlh andlll-TS

structurelllb structurelllb
atom 1 atom 2 atom 3 structuhiét (agostic) (symmetric) structurelllh structurell-TS
Distances (A)
Ir(1) Ir(2) 2.84 2.99 2.99 2.98 3.07
Ir(1) C@3) 4.14 2.37 2.34 2.09 2.16
Ir(2) C@3) 2.14 2.30 2.34 2.19 2.17
Ir P (av) 2.34 2.34 2.34 2.33 2.33
Ir(1) c(1) 1.84 1.85 1.86 1.96 1.92
Ir(2) C(2) 1.93 1.87 1.86 1.91 1.90
Ir(1) H(1) 2.09 2.92 1.59 1.62
C(3) H(1) 1.10 1.13 1.09 1.80
Angles (deg)
Ir(1) C@3) Ir(2) 79.6 79.6 88.3 90.3
Ir(1) Ir(2) C(2) 78.6 135.8 138.8 129.6 132.7
Ir(1) Ir(2) c@3) 111.6 51.2 50.2 44.4 44.7
Ir(2) Ir(1) c@3) 49.2 50.2 47.3 44.9
P Ir P 174.5 177.1 177.8 170.8 175.2
Cc(2) Ir(2) Cc@3) 169.8 173.1 170.6 174.0 177.4
Cc(1) Ir(1) C@3) 173.9 170.6 167.7 175.6
C(1) Ir(1) H(1) 145.5 90.4 121.1
C®3) Ir(1) H(1) 28.5 101.8 54.5

Table 7. Structurdl-TS very much resemblddlh except that
the hydrido ligand is substantially closer to the methylene group
(1.80 vs 2.87 A) but still retains hydride character, having a
normal Ir—H distance of 1.62 A.

The initial ambiguities about the fate of the methyl group
(i.e., CH; or u-CHj/H) in the SQ adductllled us to carry out
DFT calculations, using Gaussian 94 software, on this species.
Again, the X-ray-derived positions were used as a starting point
for the [ILH(CO)(u-CHy)(1-SOy)(dhpm)]* cation Klh; “h”
signifies hydride). It is encouraging that geometry optimization
yields a structure that agrees with the methylene hydride
formulation deduced from the NMR and X-ray results. The
calculated geometry is diagrammed in Figure 8a. The most

it notable discrepancy between the calculated and X-ray structures

is the Ir—Ir distance, which was 0.47 A too long (3.32 vs 2.85
A) in the initial calculations. This discrepancy inHir bond
length is surprising because all other structures calculated in

Figure 7. Potential energy diagram for the different isomers of the this _artICIe have the expected metahe_tal separations; _and in

[Ir 2(CHs)(CO)(dhpm)]* cationlll . Energies in kcal/mol. Molecular ~ Particular, the structure dflb , involving the symmetrically

drawings are shown with the dhpm ligands, above and below the plane bridged methyl group, is close to the crystallographic value for

of the paper, omitted for clarity. the dmpm analogue. The Couty/Hall modification to the valence

. p orbitals of the Ir atom in the Gaussian 94 calculations did not
undetectable amounts of a methylene hydrideH(€O)(u- - .
CHy)(dppm)]™ which subsequenﬁy reac)t/s withqthe)Z(gdded proy@e much chz_mg_e in any of the param(_aters. Howe\_/er,
ligands to yield the final products. We have therefore carried addition of a polarization orbital to the S atom in the Gaussian

out DET calculations on the dhom analoaue of this methvlene 94 calculations resulted in significant improvement to theSr
X . e pm 9 y and S-O distances. The effect of the combined change in the
hydride cation (calledllh ; “h” signifies hydride) and a drawing

of the equatorial plane of this species (phosphine ligands Ir p orbital and the polarization orbital on the S atom was to
omitted) g ears ioni ure 7 (WhiChpShOWS tﬁe reIE)a\tive enger iesdecrease the 4Ir distance from 3.32 to 3.21 Aan improve-
of all isomF:eFr)s oflll ) w?th calculated bond lengths and an Igs ment, but still a long way from the experimental (X-ray) result
in Table 7. This strl,Jcture isonly 3.4 kcal/molgless stablegthan of 2.85 A. Scanning the remainder of the bond lengths in Table
structur elllb (agostid. A transitiox sfate betwedib (agostid 8, we see that Gaussian 94 (with modifications to the Ir p orbital

9 ) 9 and added polarization function on the S atom) and Mulliken
andlllh has been located at an energy of about 15.0 kcal/mol : ) .

. . - results give overall best agreement with experiment.

above that of the agostic structi#fed drawing of the equatorial te the di lculati .
plane of this transition-state structure (labeléd’S ) is shown Despite the discrepancy between calculations and experiment

in Figure 7, and important structural parameters are given in (Table 8), there is a remarkable correlation in the asymmetry
g P P g of binding in the SQ@ ligand in all models. The experimental

lilb(symmetric) v

é?l?% vge were un?ble tIOéocate tge tra_nsmon Mstﬁf bewﬁ(agoiﬂc) . asymmetry in S@binding [(Ir(1)—S(1))-(Ir(2)—S(1))] is 0.18
an Yy using automated procedures in the Mulliken software. Therefore, ; ; ;
we completed a linear synchronous transit calculation connedcting A, whereas the four theoretical results give asymmetries of 0.16,

(agostic) with I1lh . Then we picked selected points near the top of the 0.15,0.15, and 0.13 A. We previously attributed this asymmetry
energy barrier, and carried out several additional calculations in which we to the trans influence of the hydride ligand. Among the angles

optimized all of the parameters except the li—H angle. We believe that ; i i ; ;
we have located the transition state by this means to within 0.5 kcal/mol. in Table 8, there are several involving C(3) which deviate from

Additional studies are in progress to further examine the nature of the €XPeriment by as much as 1@5°; most of these can be
transition state for this system. attributed to the long tIr distance noted above. One exception
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(a) (b) (c)

Figure 8. The calculated structures of two isomers of the(@Hs)(CO)(u-SOy)(dhpm}]* cation; (a) [IeH(CO)(u-CH,)(u-SOz)(dhpmy]* (XIh)
and (b) [IE(COX(SO,)(u-CHs)(dhpm)}]* (Xla), and (c) the transition statX{-TS) between them.

Table 8. Comparison of Geometries of the Different Calculated Models for Struetilveand that of the X-Ray Structure of Compouhd
(a) Bond Lengths (A)

Go# G94 (with G94 (with mod Ir p Mulliken
atom 1 atom 2 expt B3LYP mod Ir p orb) orb and S d orb) B3LYP
Ir(1) Ir(2) 2.85 3.32 3.29 3.21 3.24
Ir(1) S(1) 2.45 2.64 2.61 2.52 2.54
Ir(1) P(1) 2.35 241 2.40 2.40 2.35
Ir(1) P(3) 2.36 241 241 2.40 2.35
Ir(1) c(@) 1.88 1.94 1.94 1.93 1.95
Ir(1) C@3) 2.19 2.18 2.18 2.20 2.19
Ir(1) H(1) 1.706 1.58 1.58 1.60 1.61
Ir(2) S(1) 2.27 2.48 2.46 2.37 2.41
Ir(2) P(2) 2.34 2.41 2.41 2.41 2.36
Ir(2) P(4) 2.33 2.41 2.41 2.41 2.36
Ir(2) c(2) 1.85 1.93 1.93 1.93 1.94
Ir(2) C@3) 2.12 2.13 2.13 212 2.14
S(1) O(3) 1.46 1.64 1.64 1.50 1.48
S(1) O(4) 145 1.64 1.64 1.50 148
0o(1) C@) 1.16 1.17 117 1.17 1.15
0(2) C(2) 1.14 1.17 117 1.18 1.15
(b) Bond Angles (deg)
Go%® G94 (with G94 (with mod Ir p Mulliken
atom 1 atom 2 atom 3 expt B3LYP mod Ir p orb) orb and S d orb) B3LYP
Ir(2) Ir() S(1) 50.1 47.6 56.4 50.9 47.4
Ir(2) Ir(1) c@) 1435 143.4 143.2 142.1 1425
Ir(2) Ir(1) c@3) 47.6 39.1 39.5 411 40.9
Ir(2) Ir(1) H(1) 128 123.6 123.8 124.6 125.6
S(1) Ir(1) Cc(1) 93.5 95.8 86.9 95.1 95.2
S(1) Ir(1) H(1) 175 171.2 177.7 171.6 173.0
P(1) Ir(1) P(3) 170.6 169.1 169.1 168.8 165.3
c(1) Ir(1) C(3) 168.8 177.5 177.3 176.7 176.6
C(1) Ir(1) H(1) 9F 93.0 93.0 93.3 91.8
C@3) Ir(1) H(1) 78 84.5 84.3 83.4 84.7
Ir(1) Ir(2) S(1) 55.7 51.8 52.8 50.9 50.8
Ir(1) Ir(2) C(2) 161.3 145.5 145.3 145.1 144.7
Ir(1) Ir(2) C(3) 49.5 40.1 40.7 429 42.2
S(1) Ir(2) C(2) 105.7 93.7 92.5 94.2 93.9
S(1) Ir(2) C(3) 105.2 91.9 93.5 93.9 93.1
P(2) Ir(2) P(4) 161.9 170.6 170.4 167.9 165.9
c() Ir(2) c@d) 149.1 174.4 174.0 172.0 173.1
Ir(1) S(1) Ir(2) 74.3 80.6 70.8 82.0 81.8
Ir(1) S(1) 0o(3) 115.5 120.0 123.6 116.7 117.3
Ir(1) S(1) 0o(4) 115.6 119.9 119.0 116.8 117.3
Ir(2) S(1) 0(3) 117.0 106.2 109.2 109.0 108.6
Ir(2) S(1) 0o(4) 115.8 106.2 105.3 109.0 108.6
0O(3) S(1) Oo(4) 113.3 114.9 115.1 117.0 116.6
Ir(1) Cc@) 0o(1) 175.3 175.3 175.7 175.8 175.1
Ir(2) C(2) 0(2) 177.8 174.4 174.5 173.3 173.6
Ir(1) C(3) Ir(2) 82.9 100.7 99.8 95.9 96.9

aX-ray structure ofl1l ® G94 = Gaussian 94¢ The H(1) position was placed in an idealized position in the X-ray structure.
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Table 9. Comparison of Geometries of the Different Calculated
Models for StructureXla

(a) Bond Lengths (A)

Torkelson et al.

Table 10. Selected Bond Lengths and Angles for the Calculated
(Mulliken, B3LYP) StructureXI-TS

(a) Bond Lengths (A)

Gog G941 Mulliken
atom 1 atom2 B3LYP  (with mod Ir p orb) B3LYP
Ir(1) Ir(2) 3.06 3.01 3.00
Ir(1) S(1) 3.29 3.30 3.43
Ir(1) P(1) 2.40 2.40 2.34
Ir(1) P(3) 2.40 2.40 2.34
Ir(1) c(1) 1.85 1.86 1.87
Ir(1) C(3) 2.30 2.30 2.28
Ir(1) H(1) 2.07 2.05 211
Ir(2) S(1) 2.62 2.59 2.64
Ir(2) P(2) 2.42 2.42 2.36
Ir(2) P(4) 2.42 2.42 2.36
Ir(2) C(2) 1.88 1.88 1.88
Ir(2) C(3) 231 231 2.38
S(1) 0o(®3) 1.63 1.64 1.48
S(1) 0o(4) 1.63 1.64 1.48
o(1) Cc(1) 1.18 1.18 1.16
0(2) Cc(2) 1.17 1.17 1.16
C(3) H(1) 1.13 1.14 1.13
(b) Bond Angles
Gog G94 Mulliken
atom1l atom2 atom 3B3LYP (withmod Irporb) B3LYP
Ir2) Ir(d)  S() 48.6 48.1 48.0
Ir(2) Ir(1) C(1) 138.1 137.6 134.7
Ir(2) Ir(1) C(3) 48.5 49.3 51.4
Ir(2) Ir(1) H(1) 77.9 79.0 80.9
S(1) Ir(1) C(1) 89.5 89.5 86.8
S(1) Ir(1) C(3) 97.1 97.4 99.3
S(1) Ir(1) H(1) 126.5 127.1 128.8
P(1) Ifl) P@) 1775 1775 177.3
Cc(@) Ir(1) Cc@ 1734 173.1 173.9
C(1) Ir(1) H@) 144.0 143.4 144.4
C(3) Ir(1) H(1) 29.4 29.7 29.5
Ir(1) Ir2)  S() 70.2 717 74.7
Ir(1) Ir(2) C(2) 157.2 159.7 163.3
Ir(1) Ir(2) C(3) 48.4 48.9 48.5
S(1) Ir(2) C(2) 87.0 87.9 88.6
S(1) Ir(2) C(3) 118.6 120.7 123.2
P(2) Ir(2) P(4) 179.0 177.6 177.7
C(2) Ir(2) C(3) 154.4 151.4 148.2
Ir(1) S(1) Ir(2) 61.1 60.2 57.4
Ir(1) S(1) 0o(®3) 122.2 1225 121.3
Ir(1) S(1) 0o(4) 122.2 122.1 121.3
Ir(2) S(1) 0(®3) 100.0 100.6 103.8
Ir(2) S(1) 0o(4) 100.0 100.6 103.8
OB S(1) 0@ 1143 114.3 117.1
Ir(1) C(1) 0(1) 179.6 179.6 178.8
Ir(2) C(2) 0(2) 176.2 176.1 176.7
Ir(1) C(3) Ir(2) 83.1 81.8 80.1

a2 G94 = Gaussian 94.

atom 1 atom 2 distance atom 1 atom 2 distance
Ir(1) Ir(2) 3.07 Ir(2) P(4) 2.36
Ir(1) S(1) 2.57 Ir(2) C(2) 1.92
Ir(1) P(1) 2.36 Ir(2) C(3) 2.09
Ir(1) P(3) 2.36 S(1) 0o(®3) 1.48
Ir(1) C(1) 191 S(1) 0o(4) 1.48
Ir(1) C(3) 231 0(1) C(1) 1.15
Ir(1) H(1) 1.61 0(2) C(2) 1.16
Ir(2) P(2) 2.36 C(3) H(1) 1.94
(b) Bond Angles (deg)
atom1l atom2 atom3 angle atoml atom2 atom3 angle
Ir(2) Ir(1) S(1) 50.8 S(1) Ir(2) C(2) 94.3
Ir(2) Ir(1) C(1) 150.2 S() Ir(2) C(3) 162.8
Ir(2) Ir(1) C(3) 429 C(2) Ir(2) C@3) 162.3
Ir(2) Ir(1) H(1) 98.9 Ir(2) S(1) Ir(2) 75.1
S(1) Ir(1) C(1) 99.4  Ir(1) S(1) Oo(3) 1171
S(1) Ir(1) C(3) 93.7 Ir(2) S(1) o4) 1171
S(1) Ir(1) H1) 149.7 Ir(2) S(1) O(3) 1117
C(1) Ir(1) C@3) 166.9 1Ir(2) S(1) 0o4) 1117
C(1) Ir(1) H(1) 1109 O(@) S(1) O@4) 116.8
C(3) Ir(1) H(1) 56.0 Ir(1) C(1) O(1) 1754
Ir(1) Ir(2) S(1) 54.0 Ir(2) C(2) 0(2) 1728
Ir(1) Ir(2) C(2) 1484 Ir(1) C(3) Ir(2) 88.3
Ir(1) Ir(2) C(3) 58.8

is the C(2)-Ir(2)—C(3) angle, which is computed to be near
175 but is observed at about 15@®ne troubling aspect of not
including the phenyl groups on the diphosphines in the
calculations is the possibility that they may significantly
influence the positions of the equatorial ligands through
nonbonded contacts. For example, an examination of Figure 5
shows that the phenyl groups are thrust between the equatorial
ligands and thus are capable of a significant influence in the
positions of these ligands. A further discrepancy between the
theoretical models and the X-ray structure lies in the tilt of the
SO, group with respect to Ir(2). In the X-ray structure the,SO
group is tilted slightly toward Ir(2) such that the angles between
the Ir(1)-S(1) and Ir(2)-S(1) vectors and the S&plane normal

are 54.2 and 51.8. However in the Mulliken calculation, for

In an attempt to gain information about the putative inter-
mediate, immediately preceding the—& bond activation
process that yieldeXIh , we moved the hydride ligand [within
the Ir(1)Ir(2)C(3) plane] to within bonding distance (1.13 A)
of C(3), as found in other complexes containing an asymmetri-
cally bridged methyl group’-58For this structureXla) we did
not complete a Gaussian 94 calculation with S polarization
function included in the basis set. Otherwise, the complete range
of results onXla is the same as that ofih . Upon convergence
of Xla, which is only 4.8 kcal/mol higher in energy thah,

a dramatic shortening of the calculated I<{1)(2) distance by
0.24 A occurs, resulting in a distance that is now in line with
that observed in the structure bf. However, the most dramatic
change is in the bonding of the $@gand, which has moved
from an almost symmetrically bridged position ¥ih to a
terminal position on Ir(1), leaving it bound in apt-pyramidal
geometry [Ir(1)-S(1) = 3.43 A; Ir(2-S(1) = 2.64 A]. The
resulting geometry at Ir(2), shown in Figure 7b and presented
in Table 9, is reminiscent of the $SCadduct of Vaska's
compound in which the Ir(2)S(1) distance and the tilt of the
SO,-plane normal to the S vector (27.2) are both compa-
rable with the X-ray-derived values (2.49(1) A and 32(2)
respectivelyd®;, we will comment later about the significance
of this calculation.

We have successfully located a transition state (labXled
TS) relating the two structureslh andXla, at about 4.5 kcal/

ol higher in energy than that ofla. The methodology we

sed to locate this transition state is the same as was described

for IlI-TS (see ref 56). The structure ofI-TS basically

resembles the hydride speci¥lh, as shown in Figure 8c. The
major difference in the two can be seen in the hydride position,

which is much closer to the methylene group (1.94 vs 2.59 A)

in the transition state. Other important bond lengths and angles
are given in Table 10.

example, this asymmetry is exaggerated, giving vector-normal
angles of 60.8and 37.4. We do not currently understand the

reasons for the discrepancies between the observed and calcuszgs.

lated structural parameters noted above.

(57) Jimmez-Catan, R.; Hall, M. B.OrganometallicsL996 15, 1889
1897.
(58) Su, M.-D.; Chu, S.-Y.J. Am. Chem. Socl997 119 5373-

(59) La Placa, S. J.; Ibers, J. morg. Chem.1966 5, 405.



Metal—Metal Cooperatiity and C-H Bond Cleaage J. Am. Chem. Soc., Vol. 121, No. 15, 199681

Scheme 4
et S i
0 o
OC.\ ®-\ _,.Co OC-\ s ¢ OC.\ é |
‘"‘Ir\ /Ir'f\ $0, ‘Ir\ b/\lr i ;lr<6>lr co
H
“/cﬂz @ site Y l H/cHz ﬁz
P\/P P\/P P\/P
P/\P + P/\P +
L Oc. S~ c® Oc.. <0
- “lr, Slel [ I, I
site Z e ™ AN
2 H,
P\/P P\/P

The binding energy of S£in the diiridium complexl1 is bridged intermediate analogous to Kubiak's dmpm-bridged
calculated as only 4.9 kcal/mol (i.e., the difference between the compound. Significantly, the predominant structure 3ofn
energies olllt + SO, andXlh). Although the other energies  solution is not that in the solid state; instead the-GO)-Ir-
resulting from our calculations are consistent with the energy Me” moiety appears to have twisted so that now both carbonyls
differences obtained from NMR studies, this binding energy and the methyl group are terminally bound. This structure is
seems to be underestimated. intermediate between both types of solid-state structures (dppm
and dmpm) in which either the carbonyl or the methyl group
. . bridges the metals. DFT calculations on the dhpm analogue of

As noted earlier, the reactions of the complexes [NBO)s- 3 converge to a structurdlif ) which is essentially that proposed
(dppm}] (M, M" = Rh, Ir) with methy triflate give rise to three i, sojution @a). Two local minima have been obtained for a
different classes of products, the natures of which are ConSiSIQ”tmethyl-bridged species; the one containing the symmetrically
with the different properties of Rh and Ir. Possibly the simplest bridged methyl group, exactly analogous to the Kubiak com-
of these reactions is that involving the mixed Rh/Ir complex, pound, is 0.8 kcal/mol less stable than the unsymmetrically
in which simple glectrophilic attack at t_he met_als occurs yielding bridged methyl species, in which the methyl group has an agostic
a product in which the methyl group is terminally bound to Ir, jieraction with the adjacent metal, and this is in turn ca. 6 kcal/

presumably reflecting the strongeH€ bond. For the dirhodium ) jess stable than that in which the methyl group is terminally
species the greater tendency for migratory insertion of the lighter 5 \nqg (structurdllt ). The fluxionality of3 in solution and the

congener gives rise to an acyl-bridged product. Reaction of the g5 energy differences obtained from the DFT calculations
diiridium complex with methyl triflate is the most novelin this 1, the gifferent geometries suggest that the differences observed
series, having resulted in facile, reversible @ bond activation i, the solid state do not reflect electronic stabilization of the
of the methyl group, to give [(H)(CO)s(u-CHz)(dppm}][CFs- different geometries by the two different phosphines, but more
SO (2). Again, the stronger #C and IF-H bonds, compared  jie|y result from subtle nonbonded contacts in the solid. DFT
ywth Fhose of Rh, appear to favor the methylene-hydride species .giculations were also carried out on H(CO(u-CH,)-
in this case. _ _ (dhpm)]* (llth ), the result of cleavage of the agostic-B
Although the at_)ov_e-mentloned _trlcarbonyl_ spe_(ﬁelsa_pre-_ interaction inlllb (agostig, and a transition state between the
sents our entry pomt.mto.the.chemlst[ry d,esc”bed n th's, artl_cle, two was located. More will be said later about these structures
the theme of this article is aimed primarily at an investigation when we discuss the-€H bond-activation process.
of ligand addition to theiicarbony!methyl compound [l(CHg)- In the reactions o8 with the substrates CO, SOCNR, and
(COR(dppmH[CFsSQy (3), obtained frome through loss of a PRs, C—H bond cleavage of the methyl grou,p occurs,to yield

carbonyl. We have attempted to determine the factors that . 4 .
influence the facile €H bond cleavage of the methyl group methylene-bridged hydride structures. Two mechanisms appear
that occurs upon addition of small molecules (COaRENR possible for this €H activation process: either-€H activation
and SQ) to 3 ¥ ' is induced by ligand addition, or it precedes ligand addition
Before considering the reactivity 8f however, it is instruc- and the resulting methylene-bridged hydride is stabilized by
’ subsequent ligand coordination. Let us begin by considering

tive to first consider its structure, particularly with regard to he f ibility in which ligand K I
the bonding of the methyl group. Two analogous complexest e former possibility in which ligand attack occurs on complex
3 (or one of its isomers) in which the methyl group is intact. In

having essentially the same stoichiometry (one having different . . . .
substituents on the diphosphine and the other having diﬁ‘erentthe reactions 0B, two b_asu: st_ruc_tural types resu_lt n Wh.'Ch
metals) have been characterized. In the solid state the dirhodium{n€ added ligand occupies a site n the product e|th<_ar gdjacent
species, [RECHz)(CO)u-CO)(dppm)]*, has a geometry iden- to (for CO, CNR' or P@ or opposite (for SO the brldglng

tical with 3, having a terminal methyl group, whereas the dmpm methylene unit. Th|s difference is reminiscent of the d.lffere_nt
analogue, [(CO)(u-CHs)(dmpm)]*, has a symmetrically sites of attack prewogsly observed in A-frame species, in which
bridged methyl group. It was clearly of interest to establish SO, attack occurred in the A-frame pocket bgtween the metals,
whether the different methyl-binding mode in the dmpm species whereas other ligands attac'ked on the outside of the A-frame
had resulted from the electronic influence of the diphosphine Structure, remote from the adjacent métalVe therefore suggest
ligands, because the binding mode of the methyl group that ligand attack occurs at either of two sites in an A-frame

presumably influences its reactivity. In any case, it seems clear SPECies such as that shown in Scheme 4 for the agostic, methyl-

that the different geometries do not differ appreciably in energy, — o e e "o 1679 18, 286, (b) Mague, J. T Sanger
because in solution, compouds fluxional, with the methyl A. R. Inorg. Chem.1979 18, 2060. ©) Géorge’ D. S. A.: McDonald, R.:

group transferring from metal to metal, presumably via a methyl- Cowie, M. Organometallics1998 17, 2553.

Discussion
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bridged structure [structutéb (agostig]. Under such a scheme  performed, the activation barrier to-E1 cleavage [starting from
ligand attack at sit& or Z could occur, followed (at some stage) the agostic structureldlb (agostic) and XIb] is substantially

by cleavage of the €H bond. This proposal is consistent with  less with SQ coordinated than without (ca. 5 vs 15 kcal/mol),
the DFT calculations that model theversetransformation. In indicating that this process is favored by Sgaldition. Second,
these calculations movement of the hydride ligand in the the experimental NMR evidence of facile and reversible
methylene-bridged hydride producXlp) to give a bridged exchange of the methylene hydrogens and the hydride ligand
agostic methyl group also resulted in movement of the SO inthe CO @) and SQ (11) adducts demonstrates that reversible
ligandawayfrom the metal at which €H activation occurred, C—H bond cleavage/formation is occurring in these adducts and
to a terminal position on the adjacent metal. As noted, the therefore argues strongly for the second mechanism.
resulting geometry of the SQigand is pyramidal (as in the

SQ; adduct of Vaska's compound), having the electron lone Conclusions

pair of the pyramidal S@pointed in the direction of the adjacent
metal. Presumably, the reverse movement of the Bfand
toward the adjacent metal results in donation of the,$@e

pair to this metal, resulting in an increase in the electron density
at this metal and concomitant-€ bond cleavage of the methyl
group. It is significant that under this scheme, initial ligand
addition to one metal results in-€H activation at the adjacent
metal via transfer of an electron pair from the first metal to the
electrophile (S@), and subsequent donation of this pair to the
second metal. Again, a transition state between the “agostic
intermediateXla and the product of €H bond cleavag&Ih

has been located at only 4.5 kcal/mol aboita and 9.3 kcal/
mol aboveXlh. It is encouraging that these energy differences

Facile C-H bond cleavage of the methyl group inIEHs)-
(COX(dppm}]* occurs upon addition of several small molecules
such as CO, Cu, phosphines, triphenyl phosphite, and,SO
yielding either [IeH(CO)L(u-CH)(dppm}]* (L = CO, CN-

Bu, PR) or [IrH(CO)y(u-CH2)(u-SOy)(dppm}]*. Although
C—H activation has been observed previously upon addition
of phosphined? it has not, to our knowledge, been observed
upon addition of strongr-acid ligands such as CO and 5
» all cases reported herein, we propose thaHbond cleavage
at one metal results from ligand binding at gdjacentmetal.
In this regard, S@is unique in this study. It functions first as
an electrophile and subsequently as a nucleophile, acting as an
N . . . electron conduit, accepting an electron pair from one metal and
z;emle:\:; sttlgéllt:se (\\//ieég l;):v rt;?rner 0f 6.1 keal/mol obtained passing it on to the adjacent metal. The resulting electron density
) ) pra). ) increase at the second metal presumably results-ik @ond
When ligand attack is on the outside of the A-frame complex cleavage by donation into the antibonding orbital of thekC

Ilb (agostig (site Z in Scheme 4), as with phosphines and pond that is involved in an agostic interaction with the adjacent
isocyanides, this electronic influence must be transmitted to the yetal. For other ligands the metal at which addition occurs

s_econo! metal_ via the _m_e{amQtal framev_vork, bec_ause_ the gdded attains an 18-valence electron count leading to dative metal
ligand is not in a position to interact directly with this adjacent metal bond formation to the adjacent metal. It is this dative
metal. In this case we propose that addition at Zitgives an  pond that supplies the necessary electron density to cleave the

18e center which can result in formation of a dative—trir C—H bond. We are unaware of any other system in which such
bond, which supplies the additional electron density at the metat-metal cooperativity effects result in-64 bond activa-
adjacent metal, leading to-€H bond cleavage. tion.

As in other A-frame complexes, we assume that CO attack  Thjs study has also demonstrated that the activation barrier
occurs at the outside sité), much as for PRand CNR groups.  to methyl group G-H bond cleavage can be unusually low in
Irrespective of site of attack, however, the net result of attack these binuclear systems. The value observed for interconversion
at one metal is €H bond cleavage by the other metal. The petween methyl and methylene groupdH¢ = 6 kcal/mol) in
major difference in attack at si¥ or Z is whether the electronic  the SQ adduct, [IEH(CO)(u-CHs)(u-SOy)(dppm)][CF3SO4,
effect of ligand coordination at one metal is transmitted to the s in fact very close to values of between 6 and 8 kcal/mol
adjacent metal via the attacking ligand, which assumes aobserved for platinum-surfaedound alkyls?* This supports
bridging coordination mode, or via a direct metatetal our contention that binuclear complexes can function as useful
interaction. In this scheme the preference of, 3@ site Y is models for adjacent-metal involvement in heterogeneous sys-
presumably thermodynamic, resulting from the preference of tems. As stated by Fehiner and co-work&rs, .reaction paths
the electrophile to access the electron density of both metalsdepend on small energy differences that can induce large
and therefore be in the bridging site, whereas the preference ofchanges in rates...if one wants to model catalytic reactivity with
other ligands for sit&Z is assumed to be kinetic, having less cluster chemistry, small barrier processes must be understood.”
steric repulsions in this site at one end of the complex. In this study we have developed an improved understanding of

An alternate mechanism for methyl-group activation involves the function of the adjacent metals in the facile and reversible
C—H bond cleavage in the precursdybeforeligand attack, to ~ C—H bond cleavage process of a methyl group.
give small, undetectable concentrations of an intermediate such
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