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Graphical Abstract

Reversble C-H bond activation at a triosmium centre: A compar ative study
of the reactivity of unsaturated triosmium cluster s Os;(CO)g(n-dppm)(p-H),
and Os3(CO)g(p-dppf)(pn-H), with activated alkynes

Md. Arshad H. Chowdhury, Mohd. Rezaul Haque, Shishir Ghash, Shaikh M. Mabin,
Derek A. Tocher, Graeme Hogarth, Michael G. Richmond, Shariff E. Kabir, Herbert W.
Roesky

The reactivity of two unsaturated triosmium clusters Os;(CO)g(u-dppm)(n-H), and Os3(CO)s(u-
dppf)(u-H), toward activated alkynes has been investigated.
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ABSTRACT

Heating a benzene solution of the unsaturated esluSg(CO)(pu-dppm)@-H)2 (1) [dppm =
bis(diphenylphosphino)methane] with Mg@C=CCO,Me (DMAD) or EtGQ,CC=CCOEt
(DEAD) at 80 °C furnished the dinuclear compounds,(©O)(p-dppm)(uy%ntix’-
RO,CCCHCQOR)(u-H) (3a, R = Me, 3b, R = Et) and the saturated trinuclear complexes
0s(COY(u-dppm)(t-n%n*n-RO,CCCCQR)(1-H), (4a, R = Me, 4b, R = Et). In contrast,
similar  reactions using unsaturated  3@O)(u-dppH)-H). (2 [dppf =



bis(diphenylphosphino)ferrocene] afforded only thauclear complexes Q&O)(u-dppf)(u-
n%n-RO,CCHCCQR)(u-H) (53, R = Me; 5b, R = Et) and OfCO)/(u-dppf)(ke-n>n’n’
RO,CCCCQR)(u-H), (6a, R = Me; 6b, R = Et). Control experiments confirm tHad and 5b
decarbonylate at 80 °C to giéa and 6b, respectively. Bottba and5b exist as a pair of isomers in
solution, as demonstrated by NMR and®P{*H} NMR spectroscopy. DFT calculations on clugie(as
the dppf-Me derivative) indicate that the isomeric mixtureivks from a torsional motion that promotes
the conformational flipping of the cyclopentadieggbups of the dppf-Mdigand relative to the metallic
plane. VT NMR measurements on cluséarand6b indicate that while the hydride ligand associatid

the dppf-bridged Os-Os bond is nonfluxional at raemperature, the second hydride rapidly oscillates
between the two non-dppf-bridged Os-Os edges. B&miaation of this hydride fluxionality confirms a
“windshield wiper” motion for the labile hydrideahgives rise to a time-average coupling of theridg

to both phosphorus centers of the dppf ligand. fiblgsis of 6a and6b in refluxing toluene yielded
Os5(COY(u-dppf)(unZntx’-CCHCQR) (7a, R= Me; 7b, R= Et). The vinylidene moieties ifa
and 7b derive from the carbon-carbon bond cleavage ofdetaied alkyne ligands, and these two

products exhibit high thermal stability in reflugitoluene.

Keywords: Unsaturated osmium clusters; Diphosphines; RedersiC-H bond activation;
Aactivated alkynes; C-C bond scission; DFT.

1. Introduction

Over the past three decades, the chemistry adniiam complexes bearing a bridging
bis(diphenylphosphino)methane (dppm) ligand hagived considerable attention because of
their interesting chemistry, giving rise to manywaband potentially useful compounds [1-12].
In contrast, fewer examples of triosmium carbonlster complexes containing the more
flexible backbone functionalized derivative, 1,is{diphenylphosphino)ferrocene (dppf), have
been reported [12-14]. The high reactivity asseciatwith electronic and coordinative
unsaturation in mononuclear transition metal congdehas been extensively studied due to their
potential catalytic applications and interesting erdistry [15]. In comparison and
notwithstanding the widespread interest in clustegmistry, the number of unsaturated clusters

is limited [1, 15-17]. Among these, the most stddexample of electronically unsaturated



cluster is OfCO)o(u-H), [17, 18] which is unsaturated based on its 46ent;and it exhibits
rich and diverse chemistry that includes fundamdmad activation processes at a wide range
of substrates. The reactivity of this unsaturatéuster towards alkynes was studied with
particular interest since coordinatively unsatutdtgdride complexes play an important role in

various homogeneous catalytic processes [19].

The coordination of an alkyne to trinuclear metmplexes depends on both the metal
and the substituents on the alkyne [20]. Such i@atiead to a number of different products,
with hydrometalation to yield alkenyl complexesrgeithe most prevalent. As early as 1984,
Mays and Dawoodi [18i] demonstrated thatz@®©)o(u-H). reacts with the activated alkyne
CRC=CCEF; to give the zwitterionic alkenyl complex §0)[us-CRCCC(H)CR](p-H) in
which the hydrocarbyl fragment caps the osmiummgie. Smith and coworkers reported that the
reaction of the orthometalated dppm derivativg(O®)[u-PhPCHP(Ph)GH,](p-H), another
example of an interesting 46-electron triosmiumridel cluster, with diphenylacetylene led to
the formation of the 46e cluster £080),(PhC=CPH(u-dppm), in which the alkyne was bonded
in a pzn?) mode. They also reported that the addition of @Othe latter resulted in
Os(CO)(n-CO)(PhGCPH(u-dppm) in which the alkyne is bonded inuan®(l) mode [3a,b].
Recently, we also reported the reactions of O9)(u3-benzoheterocycle)fH), another type of
electronically unsaturated triosmium cluster, walkynes which yielded various products via

insertion of alkynes into the metal-hydride bond][2

Although the reactivity of the unsaturated clusbes(CO).o(u-H), has extensively been
investigated [17, 18], few studies have hitherterbpublished involving the dppm and dppf
derivatives OgCO)(u-dppm)@-H), (1) and Os(CO)(u-dppf)(u-H). (2). In a recent
contribution, we reported the reactivity of the atusated compounds and2 towards PkSnH,
which is highly dependent on the nature of diphosgh[12]. With the rigid dppm ligand i
the stannylene complex ¢€0)/(u-SnPh).(u-dppm)(H) was the major product, resulting from
both Sn-H and Sn-C bond activation in addition he tinor products Q&O)s(SnPh)(u-
dppm)@-H), and Og(CO)(SnPh){u-PhPCHP(Ph)GH4}(u-H),. Cluster 2 containing the
highly flexible dppf ligand gives a mixture of monali- and triosmium complexes that include



Os(COXSnPR)H,  O(CON(SNPR)2(u-HSNPh)(u-dppf)(u-H) and  Os(CO)k(SnPh)(u-
dppfH(p-H). [12].

Exposing the previously reported reactivity of #len-deficient triosmium clusters
toward alkynes and the reactivity of the resultalgyne derivatives, we thought it would be
useful to perform a similar study of the reactiohsactivated alkynes with unsaturated triosmium
hydride clusters Q8CO)(u-dppm)@-H), (1) and Og(CO)(u-dppf)(-H). (2). These show
significant difference in reactivity depending dre tflexibility of diphosphine. Herein we report
our results on the reactions of the activated akypMAD and DEAD withl and2 which are
quite different as expected. New modes of clustactivity are demonstrated, and the resulting
products characterized by a combination of speoctims methods and X-ray diffraction

analyses.

2. Experimental Section
2.1. General procedures

Unless otherwise stated, all reactions were cawigdunder a dry nitrogen atmosphere
using standard Schlenk techniques. Reagent-grddent® were dried using appropriate drying
agents and distilled prior to use by standard noshdnfrared spectra were recorded on a
Shimadzu FTIR 8101 spectrophotometer, and NMR spetere recorded on a Varian Unity
Plus 500 spectrometer. All chemical shifts are regbin 6 units and are referenced to the
residual protons of the deuterated solveti) @nd to external PO, (C*P). Elemental analyses
were performed by the Microanalytical Laboratorefsthe Wazed Miah Science Research
Center at Jahangirnagar University. DMAD and DEABrevpurchased from Aldrich Chemical
Co. and used without further purification. Cluste®s(CO)(pn-dppm)p-H), [22] and
Os(CO)(u-dppf(u-H)2 [13] were prepared according to the literaturecpdures. Product
separations were performed by TLC in air on 0.5 sihca gel (Gksstype 60, E. Merck,

Germany) glass plates.



2.2. Reaction of QECO)(u-dppm)fi-H)2(1) with DMAD at 80 °C

A benzene solution (20 mL) df (50 mg, 0.042 mmol) and DMAD (30 mg, 0.21 mmol)
was heated to reflux for 4 h. The solvent was resdownder reduced pressure and the residue
separated by TLC on silica gel. Elution with cyaahne/CHCI, (3:2, v/v) developed four
bands. The first band was unreactedtrace) and the second band afforded,(O®),(u-
dppm)(unZ%ntix’-MeO,CCCHCQMe)(u-H) (3a) (18 mg, 24%) as pale yellow crystals, while
the third band gave @E€O)(u-dppm)(is-n“nin*-DMAD)(p-H), (4a) (15 mg, 27%) as red
crystals after recrystallization from hexaneiCh at 4 °C. The fourth band was too small for
complete characterization. Spectral data 3ar Anal. Calcd for GsH30OsOSP.-2CHCl,: C,
37.32; H, 2.88. Found: C, 37.63; H, 2.95. IRQ, CHCly): 2031 s, 1997 vs, 1963 vs,1925 s
cm™. 'H NMR (CDCk): 6 7.68 (m, 2H), 7.54 (m, 2H), 7.48 (m, 1H), 7.39 @hl), 7.26 (m, 3H),
7.18 (m, 3H), 7.07 (m, 2H), 7.01 (m, 3H), 6.86 @h), 5.32 (s, ChCl,), 4.75 (d, J 24, 15 Hz,
1H), 4.43 (d, J 5 Hz, 1H), 4.01 (d, J 24, 15 Hz),1H77 (s, 3H), 3.66 (s, 3H), -12.92 (dd, J 9, 7
Hz, 1H).3'P{*H} NMR(CDClIs): 6 -2.3 (d, J 52 Hz, 1P), -11.9 (d, J 52 Hz, 1P).cBpkdata for
4a: Anal. Calcd for GgH3001:0%P,: C, 35.24; H, 2.34. Found: C, 35.41; H, 2.53. IRQ,
CH,Cl,): 2070 vs, 2035 s, 2013 s, 1990 vs'chd NMR (CDCh): d 7.58 (m, 2H), 7.49 (m, 2H),
7.43 (m, 1H), 7.35 (m, 2H), 7.21 (m, 3H), 7.13 @h), 7.02 (m, 2H), 6.96 (m, 3H), 6.81 (m,
2H), 4.71 (m, 1H), 3.97 (m, 1H), 3.73 (s, 3H), 3(633H), -15.90 (t, J 11.5 Hz, 1H), -19.85 (d, J
33 Hz, 1H)3'P{*H} NMR(CDCl3): § -21.5 (d, J 45 Hz, 1P), -23.4 (d, J 45 Hz, 1P).

2.3. Reaction of with DEAD at 80 °C

The reaction ofl (50 mg, 0.042 mmol) and DEAD (36 mg, 0.21 mmol)ldaled a
protocol similar to that described in the abovecpoure. Here the workup afforded(@30),(u-
dppm)(unntik*-EtO,CCCHCQEN(u-H) (3b) (13 mg, 29%) as pale yellow crystals and
Os(CO)(-dppm)(15-n“n*n*-DEAD)(u-H). (4b) (9 mg, 16%) as red crystals from
hexane/CHCI, at 4 °C. Spectral data f@b: Anal. Calcd. for G/H3,0305P,: C, 42.36; H, 3.27.
Found: C, 42.50; H, 3.41%. IRGO, CHCI,): 2031 s, 1996 vs, 1962 vs, 1924 s'cid NMR
(CDCl): § 7.68 (m, 2H), 7.54 (m, 2H), 7.47(m, 1H), 7.40 (rhl)27.26 (m, 3H), 7.17(m, 3H),



7.03 (m, 5H), 6.86 (m, 2H), 4.82 (m, 1H), 4.47 J& Hz, 1H), 4.35 (m, 1H), 4.08 (m, 4H), 1.29
(t, J 6 Hz, 3H), 1.23 (t, J 8 Hz, 3H), -12.93 (ddl2, 8 Hz)3'P{*H} NMR(CDCl3): 6 -2.1 (d, J
52 Hz, 1P), -11.8 (d, J 52 Hz, 1P). Spectral datadlh: Anal. Calcd. for GoH3401:0P.: C,
36.31; H, 2.59. Found: C, 36.82; H, 2.65. IRQ, CHCl,): 2069 vs, 2035 s, 2012 s, 1989 S cm
! IH NMR (CDCk): § 7.56 (m, 5H), 7.38 (m, 6H), 7.22 (m, 9H), 4.41 @h), 4.25 (m, 1H),
4.13 (m, 1H), 3.94 (m, 2H), 1.31 (t, J 7.5 Hz, 3H)) (t, J 7.5 Hz, 3H), -15.77 (dd, J 16, 12 Hz,
1H), -19.81 (d, J 32 Hz, 1H}'P{*H} NMR (CDCls): § -22.1 (d, J 44 Hz, 1P), -23.7 (d, J 44 Hz,
1P).

2.4. Reaction of with DMAD at 110 °C

A toluene solution (20 mL) ot (50 mg, 0.042 mmol) and DMAD (30 mg, 0.21 mmol)swa
heated to reflux for 3 h. A similar chromatograpbkeparation and work up described above
afforded only3a (26 mg, 35%).

2.5. Reaction of with DEAD at 110 °C

A mixture of 1 (50 mg, 0.042 mmol) and DEAD (36 mg, 0.21 mmol) vwesited in boiling
toluene (20 mL) for 3h. A similar chromatographiparation and work up described above
furnished only8b (19 mg, 42%).

2.6. Thermolysis ofa and4b

A toluene solution (15 mL) ofa (15 mg, 0.012 mmol) was heated for 2 h maintaitivegbath
temperature 80 °C. The reaction mixture did nowshay significant change during this period.
The bath temperature was then raised to 110 °Cheaating was continued for further 2 h which
led to unspecific decomposition. A similar chrongatiphic separation described above led to
the recovery of unreactedla (7 mg) only. Thermal treatment of#b following the

abovementioned protocol showed similar results oely led to the recovery of unreactél (5
mgQ).



2.7. Reaction of QECO)(u-dppf)(n-H) (2) with DMAD

A benzene solution (30 mL) &f(0.10 g, 0.075 mmol) and DMAD (45 pL, 0.37 mmol)swa
heated to reflux for 2.5 h, during which time thaoc of the solution changed from green to
yellow. The solvent was removed under reduced presand the residue chromatographed by
TLC on silica gel. Elution with cyclohexane/@El, (1:1, v/v) developed two bands which
afforded, in order of elution, GEEO)%(H-dppf)(-n*n'-MeO,CCHCCQMe)(u-H) Ga) (17 mg,
30%) and OZCO),(u-dppf)(-n%n n’*-DMAD)(u-H), (6a) (25 mg, 46%) as yellow crystals
after recrystallization from hexane/@El, at -4 °C. Spectral data fdsa: Anal. Calcd. for
CugHzeFe O 205P,- CHCl,: C, 37.29; H, 2.43. Found: C, 37.65; H, 2.54.1RQ, CHCI,): 2077
s, 2037 vs, 2013 vs, 1990 vs, 1966 w'chid NMR (CDCLk): both isomerp 7.74 (m, 6H), 7.61-
7.56 (m, 12H), 7.46 (m, 3H), 7.37 (m, 8H), 7.29 @hl), 7.14 (m, 2H), 7.07 (m, 6H), 5.30 (s,
CH,Cl,), 5.01 (s, 1H), 4.83 (s, 1H), 4.38 (s, 1H), 4.851H), 4.30 (s, 1H), 4.26 (s, 2H), 4.13 (s,
1H), 3.97 (s, 1H), 3.85 (s, 1H), 3.77 (s, 2H), 3(§0LH), 3.67 (s, 3H), 3.64 (s, 3H), 3.60 (s, 1H),
3.56 (s, 2H), 3.41 (s, 3H), 2.98 (s, 3H), -17.63(t0 Hz, 1H), -17.81 (dd, J 15, 10 HZP{*H}
NMR (CDCl): both isomerp 3.1 (s, 1P), -6.0 (s, 1P), -8.3 (s, 1P), -9.4LB®, Spectral data for
6a: Anal. Calcd. for G/HzsFe(Q10sP,: C, 38.53; H, 2.48. Found: C, 38.75; H, 2.66. iRQ,
CH.Cl,): 2076 vs, 2035 s, 2011 s, 1970 w, 1941 vi‘ctl NMR (25 °C, CDCJ): & 7.53 (m,
4H), 7.42 (m, 16H), 4.34 (s, 2H), 4.18 (s, 2H),74(8, 2H), 3.98 (m, 2H), 3.41 (s, 6H), -16.65 (t,
J 10 Hz, 1H), -19.80 (t, J 10 Hz, 1HP{*H} NMR (CDCls, -40°C): § 3.2 (s, 1P), -9.7 (s, 1P).

2.8. Reaction a2 with DEAD

A solution of2 (0.10 g, 0.075 mmol) and DEAD (59 pL, 0.37 mmolpenzene (30 mL)
was heated to reflux for 3 h. The solvent was rezdounder reduced pressure and the residue
chromatographed by TLC on silica gel. Elution waitlohexane/CkLCl; (1:1, v/v) afforded two
bands, which gave the following compounds in orderelution, Os(CO)(u-dppf)(nn’-
EtO,CCHCCQEt)(u-H) 6Bb) (15 mg, 26%) and QEOY(u-dppf)(e-n*n'n'-DEAD)(u-H),

(6b) (24 mg, 63%) as yellow crystals after recrystaliion from hexane/CiEl, at -4 °C.



Spectral data fobb: Anal. Calcd for GoHsoFeO,0%P,: C 39.46; H 2.65. Found: C 39.62; H,
2.78%. IR (CO, CHCl,): 2077 vs, 2036 vs, 2012 vs, 1990s, 1967w ctii NMR (CDCL):
both isomer (aromatic protons),7.76 (m, 5H), 7.60 (m, 5H), 7.55 (m, 6H), 7.4677(&, 16H),
7.29 (m, 2H), 7.14 (m, 1H), 7.07 (m, 5H); majormser (Cp and Et protons), 4.30 (s, 1H), 4.25
(s, 1H), 4.14 (m, 3H), 3.96 (s, 1H), 3.91 (m, 481RO0 (s, 1H), 3.78 (s, 1H), 3.70 (s, 1H), 1.24 (t,
10 Hz, 3H), 0.85 (t, 10Hz, 3H), minor isomer (Cdd#t protons), 4.83 (s, 1H), 4.34 (s, 1H),
4.27 (s, 1H), 3.94 (s, 1H), 3.87 (s, 1H), 3.82 H), 3.75 (s, 1H), 3.61 (s, 1H), 3.51 (s, 1H),
3.46 (m, 2H), 1.00 (t, 10 Hz, 3H), 0.72 (t, 10 BH); major isomer (hydride), -17.69 (t, J 10 Hz,
1H), minor isomer (hydride), -17.76 (t, J 10 Hz,)1#P{*H} NMR (CDCls): major isomerj
3.0 (s, 1P), -8.4 (s, 1P); minor isomér;6.0 (s, 1P), -8.9 (s, 1P). Spectral data@or Anal.
Calcd. for GgHaoFeO110sP,: C, 39.41; H, 2.70. Found: C, 39.61; H, 2.85% (RO, CHCl,):
2076 vs, 2035 vs, 2010 vs, 1970 m, 1941nt.ciH NMR (CDCh): § 7.56 (br, m, 4H), 7.42 (m,
16H), 4.08 (br, 2H), 3.94 (overlapping singlets,) 68183 (m, 4H), 1.00 (t, J 10 Hz, 6H), -16.70
(t, J 10 Hz, 1H), -19.12 (t, J 10 Hz, 1F%{*H} NMR (CDCls, 25 °C):8 -6.5(br, s).

2.9. Conversion dia to 6a

A benzene solution (20 mL) 6& (20 mg, 0.075 mmol) was heated to reflux for 3 he T
solvent was removed under reduced pressure ancsidie was chromatographed by TLC on
silica gel. Elution with cyclohexane/Gal, (1:1, v/v) developed two bands. The major band
afforded6a (18 mg, 89%), while the minor band gave unreabtefrace).

2.10. Conversion d@b to 6b

A similar thermolysis obb (20 mg, 0.075 mmol), following the above mentiopeatocol, at
80 °C for 3.5 h afforde@b (18 mg, 90%) after chromatographic separation amidkup.

2.11. Thermolysis da



A toluene solution (20 mL) ofa (25 mg, 0.017 mmol) was heated to reflux for 3.5 h
The solvent was removed under reduced pressur¢hanesidue chromatographed by TLC on
silica gel. Elution with cyclohexane/Gal, (1:1, v/v) developed two bands. The major band
gave Os(CO)(u-dppf)(unZnt:k’-CCHCO:CHs) (7a) (24 mg, 50%) as yellow crystals after
recrystallization from hexane/G8l; at -4 °C, and the minor band (trace) was not dtaraed.
Spectral data fora: Anal. Calcd for GsHz FeQOsP,: C, 38.46; H, 2.30. Found: C, 38.65; H,
2.48. IR ¢CO, CHCI,): 2038 vs, 1989 s, 1959 w, 1942 shcrtH NMR (CDCh): 6 8.07 (m,
2H), 7.76 (m, 3H), 7.58 (m, 4H), 7.51 (m, 4H), 7(®2, 3H), 7.20 (m, 4H), 7.01 (m, 1H), 5.33
(s, 1H), 5.04 (s, 1H), 4.32 (s, 1H), 4.25 (s, 1409 (s, 1H), 3.81 (s, 1H), 3.73 (s, 1H), 3.70 (s,
1H), 3.33 (s, 1H), 2.83 (s, 3H'P{*H} NMR (CDCls): § 14.5 (s, 1P), 7.1 (s, 1P).

2.12. Thermolysis @b

A similar thermolysis oBb (25 mg, 0.016 mmol) at 110 °C for 3.5 h gave(O8)(u-
dppf)(un%ntx’-CCHCOEL) (7b) (12 mg, 48%) as yellow crystals after recrystaliion from
hexane/CHCI, at -4 °C. Spectral data fath: Anal. Calcd. for GsH3zsFeQOsP,- CHCl,: C,
37.53; H, 2.41. Found: C, 37.76; H, 2.65. IRQ, CHCl,): 2038 vs, 1989 s, 1959 m, 1943 sh
cm™. 'H NMR (CDCL): § 8.07 (m, 2H), 7.74 (m, 3H), 7.58 (m, 4H), 7.48 GHhl), 7.32 (m, 1H),
7.19 (m, 3H), 7.01 (m, 2H), 5.33 (s, 1H), 5.30Q$},Cl,), 5.28 (s, 1H), 5.04 (s, 1H), 4.32 (s,
1H), 4.24 (s, 1H), 4.10 (s, 1H), 3.81 (s, 1H), 3(301H), 3.34 (s, 1H), 3.19 (m, 1H), 2.93 (m,
1H), 0.96 (t, J 10 Hz, 3H}'P{*H} NMR (CDCl3): § 14.2 (s, 1P), 6.8 (s, 1P).

2.13. X-ray crystallography

Single crystals 08a, 4b, 5a, 6a, 6b, and7b suitable for single-crystal X-ray diffraction apsés
were mounted on Nylon loops with inert oil or Appezgrease. For compourda, data were
collected on a Bruker D8 SMART APEX CCD diffractome For compoundib, data were
collected on a Rigaku XtaLab mini bench-top diffcaneter. Data for compounés, 6a, 6b and
7b were measured on an Agilent Technologies SuperaNdiffractometer. Data collection
temperatures and X-ray sources are reported ineTablogether with other crystallographic



details. Data reduction and absorption correctisese carried out using SAINT+ and SADABS
[23] for 3a and with Crystal Clear [24] fotb. For compound$a, 6a, 6b and7b, data reduction
and absorption corrections were carried out withis@lis Pro [25]. Structures were solved by
direct methods and refined by difference fourientBgsis using the SHELX [26] suite of
programs within either the WinGX [27] or Olex 2 [2faphical user interfaces. Non-hydrogen
atoms were refined anisotropically and hydrogerduded using a riding model. Hydride
ligands were located as weak features in the &ledtron density maps. The quality of the single
crystals of5a available for XRD analysis was relatively poor ahied to the collection of low

quality data hence the resolution of the dataaethis complex is poor.

2.14. Computational Methodology

The DFT calculations were carried out with the Gars 09 package of programs [29]
using the B3LYP hybrid functional. This functionial comprised of Becke's three-parameter
hybrid exchange functional (B3) [30] and the catiein functional of Lee, Yang, and Parr
(LYP) [31]. The iron and osmium atoms were desdibpéth the Stuttgart-Dresden effective
core potential and SDD basis set [32], and the &(8) basis set [33] was employed for the P,
O, C, and H atoms. To facilitate the calculatiotne phenyl groups on the dppf ligand were
replaced with methyl groups (dppf-We

The reported geometries for clusté&xsD_alt were fully optimized, and the analytical
Hessian was evaluated at each stationary poinotdirm that the geometry was an energy
minimum (no negative eigenvalues). Intrinsic reatticoordinate (IRC) calculations were
performed onl SDD_alt in order to establish the reactant and productiepexssociated with
this transition-state structure. Unscaled vibraldrequencies were used to make zero-point and
thermal corrections to the electronicenergies drel resulting free energies are reported in
kcal/mol relative to the specified standard. Staddadate corrections were applied to all species
to convert concentrations from 1 atm to 1 M acawgdio the treatise of Cramer [34]. The
geometry-optimized structures have been drawn wighJIMP2 molecular visualization and
manipulation program [35].
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3. Results and discussion
3.1. Reactions of Q& O)(u-dppm)g-H)2 (1) with DMAD and DEAD

Refluxing clusterl with DMAD or DEAD in benzene afforded the dinuade@ampounds
Os(CON(u-dppm)(prZntixk’-RO,CCCHCOR)(u-H) (3a, R = Me, 24%:3b, R = Et, 29%) and
the saturated trinuclear complexess@©),(1-dppm)(-n*n'-RO,CCCCOR)(u-H), (4a, R =
Me, 27%;4b, R = Et, 16%) after chromatographic separation. 8eh#& highlights the results of
the reaction of clustet with the two alkynes. The formation of dinucleaogucts in this
reaction is consistent with that observed from phetochemical reaction of g{€0O), with
DMAD [36]. Compounds3a and 3b were the only products isolated when the same iozect
were carried out in toluene at 110 °C. Heating conmgls4a and 4b at 80-110 °C did not
produce any oBa and3b indicating that these trinuclear clusters do resve as precursor for
the dinuclear products i.e., they are formed viéedint reaction pathways. Both the dinuclear
compounds were characterized by a combination ehehtal analyses, infrared aftd and
3p{'H} NMR spectroscopy, together with a single crystalay diffraction analysis foBa.

“‘O
|
A /H\ J/ alkyne/80 °C

/O,S\ /(|)S\ —_— = +
H
F’th’\/PPh2
1 4a, R = CO,Me
4b, R = CO,Et

Scheme 1
An ORTEP diagram of the molecular structure3afis depicted in Fig. 1 and selected
bond distances and angles are quoted in the cagtienmolecule has 34 valence electrons and
consists of a dinuclear framework of two osmiumnaowhere the Os-Os bond is spanned by
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edge-bridging hydride and dppm ligands. Each osnm@anter contains two terminal CO groups
and bonded to “flyover” ¥ :x-MeO,CCCHCQMe ligandwhich functions as a 5e donor. It
is coordinated to the dimetallic centre through alleenyl functionality in a,z-vinyl fashion in
such a way that the C(5) carbon is coordinated g1 0through an Os-G-bond [Os(1)-C(5)
2.143(8) A)] and atinteraction between C(5)-C(6) and Os(2) [Os(2)a¢1(8) A and Os(2)-
C(6) 2.177(9) A]. The alkenyl carbon, C(6), is alsonded to a hydrogen atom. A similar
bonding mode of the alkenyl ligand was reportedhim diiron compound RLECOu(U-PPh)(u-
dppm)(un%n*-MeO,CCCHCQMe), obtained from the reaction of KEO)(H-H)(u-CO)(u-
PPRh)(u-dppm) with DMAD [37]. There is also an additadnbonding interaction between a
carbonyl oxygen, O(5), of one of the carboxylateugis and the Os(1) atom. The C(5)-C(6)
bond distance i8a [1.460(11)] is significantly shorter than the exigecsp-sp’ carbon-carbon
single bond distance and is very similar to theébearcarbon bond distance in 4g8O)y(l-
n%nt:k*-MeO,CCCHCQMe)(u-GH4NS) [21a]. The conversion of the alkyne to an ayken
moiety is facilitated by the transfer of one of thieginal hydride ligands il to the DMAD
substrate. The Os-Os distance of 2.9254(6) 8airs slightly longer that found in QEOXk(u-
n*m*-DMAD) [36] [2.8975(1)A] and OZCO)(u-n"n*-CH.CHCO:Me) [38] (2.8850(1) A). The
Os-P bond lengths iBa, while are asymmetrical in nature, [Os(1)-P(1)03{2), Os(2)-P(2)
2.346(2) A] agree with those Os-P bond distancesrted for the parent compourid[1b]
[2.336(5) and 2.337(5) A] whose Os-P bond distatizasare highly symmetrical.

Place Figure OneHere

The spectroscopic data f8a are consistent with the solid-state structure. Moee, the
spectral data foBb closely parallel the data recorded f&a, confirming that both products
possess a similar structure. The IR spectra reddiae3a and3b in the carbonyl region show
four strong bands, whose frequencies and inteasatie virtually identical as expected for this
genre of tetracarbonyl complexes. In addition t® Well-separated resonances associated with
the dppm ligand and ester groups, #HeNMR spectra display a doublet&@a#.43 (J 5 Hz) foBa
and 4.47 (J 8 Hz) fasb due to the C-H proton of the alkynyl ligand whibuples to one of the
phosphorus atoms of the dppm ligand. The hydridgorein the’H NMR spectra shows a
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doublet of doublets &t-12.92 (J 9, 7 Hz) foBa and -12.93 (J 8, 12 Hz) f@b, each integrating
for 1H, confirming the presence of an edge-bridduydride ligand coupled toboth phosphorus
atoms.The’P{*H} NMR spectra recorded f8a and3b reveal two doublets)[-2.3 and -11.9 (J
52 Hz) for3a; ¢ -2.1 and -11.8 (J 52 Hz) fdb], reaffirming the presence of inequivalent

phosphorus atomsin the formulated structure2aaind3b.

Compounds4a and 4b were characterized by analytical and spectroscapethods,
together with a single crystal X-ray diffraction adysis for 4b. An ORTEP diagram ofthe
molecular structure afb is shown in Fig. 2 with selected bond distancesargles contained in
the caption. Compoundb is electronically saturated and contains 48 vaeelectrons. The
three osmium atoms display a scalene triangulaydrased on three distinctly different metal-
metal bond lengths [Os(1)-Os(3) 2.7881(17), Os(4(2p2.8729(19), Os(2)-Os(3) 3.0128(13)
A] and the dppm ligand bridges the Os(1)-Os(2) bdrk presence of seven terminal carbonyl
ligands, two edge-bridging hydride ligands, andaeefcapping DEAD ligand complete the
ligand coordination sphere. Theg-READ ligand, which acts as a 4e donor, interacith all
three metal atoms through aff(n)-interaction between C(8)-C(9) and Os(1) [Os(1$)C(
2.251(8) and Os(1)-C(9) 2.060(7) A] and through famal Os-Cos-bonds to Os(2) and Os(3)
[Os(2)-C(8) 2.153(8) and Os(3)-C(9) 2.063(8) A]. eTtC(8)-C(9) bond distance idb
[1.408(10)] compares well to the C-C bond distamice.40(2)A in the related alkyne-substituted
cluster Og(CO)o(pz-n*n’n-DMAD) [39]. The two Os-P bond distances are neadyal in
length [Os(1)-P(1) 2.355(3), Os(2)-P(2) 2.340(2)alkp comparable to the Os-P distances in the
parent clustet [2.336(5) and 2.337(5) A] [1a]. The hydrides4im could not be located from the
structural studies, but are assumed to span Og@}@nd Os(2)-Os(3) edges based on the

disposition of the ancillary ligands about the ghosmium centers.
Place Figure2 Here
The spectroscopic recorded #y are consistent with the solid-state structure. Githe

similarity of the IR and NMR data ofla and 4b, we conclude that these products are

isostructural. The spectroscopic data4arand4b are summarized in the experimental section.
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Important features displayed by both products ideluwo distinct hydride resonances that
appear as a triplet and doublet. The former reptestne hydride that shares the Os-Os edge
with the bridging dppm ligand while the doubletaissigned to an adjacent Os-Os bond whose
splitting is attributed to the vicinal phosphorusm of the dppm ligand. The observéiy
coupling in the latter hydride confirms that thalhgles are non-fluxional under these conditions.
Finally, the two doublets recorded in tH® NMR spectrum for the dppm ligand in each product

are consistent with the formulated structure.
3.2. Reactions of Q& O)(u-dppf)(p1-H) (2) with DMAD and DEAD

Two sets of new triosmium complexes, s(@O)%(u-dppf)(LnZn -RO,CCHCCQR)(u-
H) (5a,R = Me,30%35b, R = Et, 46%) and QECO)(u-dppf)(ts-n>n m*-RO,CCCCOR)(H-H)
(6a, R = Me, 26%6b, R = Et, 63%), were obtained wh2nvas reacted with DMAD and DEAD,
respectively, in refluxing benzene. Scheme 2 shivse reactions leading to the new triosmium

clustersba,b and6a,b.

6a, R = CO,Me
6b, R= CO,Et

6a, R=CO5Me -co
5b, R = CO,Et
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Scheme 2

Clusters5a and5b have been characterized by a combination of IR, anand>*P{*H}
NMR spectroscopy, and the solid-state structurBadiias been established by single-crystal X-
ray diffraction analysis. The molecular structufe5a, which is depicted in Fig. 3 and whose
caption includes pertinent bond distances and lamgles, confirms the formal insertion of the
alkyne into one of the hydride bonds in clusteto yield an edge-bound alkenyl moiety. The
closed triangular array of osmium atoms exhibieghdistinctly different metal-metal bond
lengths that range from 2.8156(5) A [Os(1)-Os(8)]3t1191(5) A [Os(1)-Os(2)] with a mean
distance of 2.9514 A. There are eight terminal caybgroups irba and one of the CO groups at
the Os(CQO) center inl has migrated to the adjacent Os(2) atorBanThe dppf ligand bridges
the Os(1)-Os(2) edge, and while the position of ligdride ligand in5a could not be located
crystallographically, its association with the Qs{is(2) edge is confirmed 1) by the disposition
of the ancillary ligands about this Os-Os bond anhthe fact that it is split into a triplet due to
equal coupling with both phosphorus atoms of thgf digand [40]. The p-Me@CCHCCQMe
ligand asymmetrically spans the Os(1)-Os(3) edgedisplays a formad bond to Os(1) [Os(1)-
C(9) 2.097(9) A] and ar-bond interaction to Os(3) [0Os(3)-C(9) 2.212(8) As(3)-C(10)
2.274(9) A]. Thes-n?vinyl-type interaction observed here is in keepinith the bond lengths
found in other trimetallic systems with similar whe-derived ligands [41, 42]. The bridging
alkenyl ligand acts as a 3e electron donor, andetioerdinated C(9)-C(10) double bond
[1.453(13) Ajis elongated ca. 0.1 A with respecatisee C=C double bond of an alkene.

Place Figure 3Here

The recorded IR spectra in t¢CO) region for5a and 5b are similar, and the two
clusters are assumed to be isostructural with ptdpehe distribution of their ligands about the
Os; framework. Aside from the phenyl, cyclopentadieayid RQCCHCCQR (R = Me, Et)
proton resonances in thel NMR spectra, the hydride region of each produttilgts a triplet
and a doublet of doublets&t17.67 (major) and17.81 (minor) fosa ands -17.69 (major) and
-17.76 (minor) for5b, respectively, suggesting that each cluster exaststwo isomers in

solution. The existence of isomers is mirroredhe*P{*H} NMR spectra of5a and5b based
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on two sets of singlets for the inequivalent phasph atoms, as summarized in the experimental

section.

The possible composition of thea isomers was investigated by DFT, and here we
employed the X-ray diffraction structure Bd as our starting point. Geometry optimizatiorbaf
using an ancillary dppf-Mdigand furnished speciégs whose structure is shown in Fig. 4. The
calculated structure fo€C shows good agreement with the solid-state strectfrS5a and
reinforces the proposed location of the edge-bmiglgnydride across the dppf-Mbridged
Os-Os edge. We also optimized the structures oftting cluste? (speciesA) and DMAD
(speciesB) in order to evaluate the thermodynamics for wrenftion ofC. The reaction oA
with B to give C is exergonic, and the product lies 19.7 kcal/meloty the reactants. The
potential energy/XG) surface for the reaction is shown in Fig. 5.c3g=C_alt was confirmed as
the minor component of the isomers that constifiateand the main difference betwe€nand
C_alt concerns the disposition of the cyclopentadiemds of the dppf-Mgligand relative to
the metallic plane. We have described a similaiomial motion of the cyclopentadienyl ligands
in the parent cluste? in our earlier report [13]. The free energy difflece between the two
species is smallAG = 0.7 kcal/mol) and favorS. The computed k value of 0.30 for th€=
C_alt is somewhat greater than the experimentally foraide of 0.53 for the isomer pair. This
difference between the measured value gf (0.53) and the computed value (0.30) can be
attributed to the fact that DFT calculations werssf@rmed in the gas phase and no solvent

correction has been applied.

Place Figures4 and 5 Here

Independent control experiments established traipoundsba,b are precursors téa,b.
Thermolysis ofba and5b cluster in refluxing toluene leads to CO loss #malformation of the
corresponding produ@a and6b, respectively. This conversion of alkenyl compkexXea,b) to
alkyne and hydride complexe6a(b) is quite unusual as normally an alkyne inserts ie
metal-hydride bond to give an alkenyl complex [2Z]. However, an alkyne-hydride

intermediate has been proposed to form dusifigisomerisation of alkenyl ligands at binuclear

16



centers via this kind of conversion (Scheme 3) B, The only difference between the two
systems is that the alkenyl to alkyne conversiaeversible during.-p isomerisation of alkenyls

at the binuclear centers, whereas the alkyneapped’ here due to loss of CO which requires a
change in coordination mode of the alkyne to preséne EAN count of 48 at the trinuclear

centers.

R A h H_R o A
A A
~_

alkenyl alkyne and hydride alkenyl
Scheme 3.

Both 6a and6b were isolated by chromatography and structurdipracterized by X-ray
crystallography. The molecular structures @d and 6b are depicted in Figs. 6 and 7,
respectively. Compound6a and 6b consist of a closed triangular array of osmiumneto
whereone of the polyhedral faces is capped by lthaa ligand. The transformation froba,b
to 6a,b confirms that the original edge-bridging alkenybigty undergoes a C-H bond activation
during the reaction. The Os-Os bond common to tidging dppf and hydride ligands [Os(1)-
Os(2) 3.0719(6) A fola; Os(1)-Os(3) 3.0685(6) A fob] is longer than the other hydride-
bridged Os-Os edge [0s(2)-Os(3) 2.8726(17) Adamand Os(2)-Os(3) 2.8649(5) féb]. The
mean Os-Os bond distanceGa and6b is similar to that idb. The coordinated alkyne in each
product displays the expectedt model of ligand bonding where the Os-C distanocedHec
bonds [Os(1)-C(11) 2.080(3) A, 0s(2)-C(8) 2.129%8Jor 6a; Os(1)-C(9) 2.084(3) A, Os(3)-
C(8) 2.146(3) A fob] are shorter than the associated Os-distances [Os(3)-C(8) 2.215(3) A,
0s(3)-C(11) 2.300(3) A fosa; Os(2)-C(8) 2.235(3) A, Os(2)-C(9) 2.308(3) A &h].The Os-P
bond distances [Os(1)-P(2) 2.3437(8) A, Os(2)-R(3588(8) A for6a; Os(1)-P(1)2.3498(10)A,
0s(3)-P(2) 2.3653(8) A fosb] are similar to those distances found in the stgrtiuster2 [13].

Both products are electron precise based on atr@hecount of 48 valence electrons.

17



Place Figures6 and 7 Here

The IR spectra recorded for clustéessand6b are identical in the termina(CO) region
and consistent with a common distribution of theildary ligands about each @polyhedron.
Both clusters exist as a mixture of two isomer€MCl; solution that are in rapid equilibrium.
Since the NMR spectral data for the two clusteessamilar in nature, we will only discuss the
properties of6a in detail. The®'P NMR spectrum oBa at room temperature reveals a broad
resonance ab -3.8 that is barely distinguishable from the biasgland the visible absence of
inequivalent phosphorus nuclei confirms the existenf a fluxional process. The exchange
process creates a time-average environment fodgpéligand and the nature of the broadened
%1p resonance allows us to approximate the temperafucoalescence {Tas 298 K. ThéH
NMR spectrum exhibits two triplets &t-16.65 and -19.80 at 298 K whose splitting pattern
indicates that the two hydrides are coupled to hatlosphorus atoms of the dppf ligand.
Identical splitting patterns for the hydrides sigaaapid exchange of the hydride associated with
the Os-Os bond that is adjacent to the dppf-brid@seOs bond. While a triplet resonance is
expected for the hydride that shares the Os-Os edgenon to the dppf ligand, the second
hydride is situated asymmetrically to the dppf tiga(see the solid-state structure) and should
display either a doublet or a doublet of doublestgad of a triplet resonance. Figs. 8 and 9 show
the VT3P and'H NMR spectra, respectively recorded for cluS@iover the temperature range
318-233 K.

Place Figures8 and 9 Here

Lowering the temperature to 233 K leads to twasisinglets ab -9.7 and 3.2 in th&LP
NMR spectrum, and while the high-field triplet @t-19.80 does not exhibit any appreciable
change in théH NMR spectra as the temperature is lowered, thietratd -16.65 transforms to
a doublet with g4 = 20 Hz as the slow-exchange limit is approachidtese data support a
fluxional process that serves to equilibrate thtetahydride between the two Os-Os edges that

are not bridged by the dppf ligand. Hydride mobilbout polynuclear metal clusters is a well-
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established phenomenon [45]. At 233 K, two distittet and*H resonances are expected, with
one hydride effectively coupled to only one of tf#® centers. TheAG' value for the
equilibration of the hydride between adjacent Osv@dors is estimated as 11.9 kcal/mol based
on a separation frequency of tHe resonances\¢ = 2363 Hz) and aJof 298 K [46]. Scheme

4 illustrates the hydride exchange process thatnisistent with the VT NMR data.

Scheme 4

To better understand the observed ligand fluxionah 6a, we have investigated
different possible hydride exchange schemes emmpyepeciesD as a starting point.
Equilibration of the hydride between the two norpdpupported Os-Os bonds proceeds via the
transition statel SDD_alt that contains a triply bridged hydride ligand (@haThe computed
AG' value for the forward motion of the hydride is 7k2al/mol in agreement with the
experimentally estimated value for hydride fluxibtya The motion exhibited by the migratory
hydride is analogous to the windshield-wiper effdiplayed by related ligands across the
polyhedral face of other metal clusters [45b,e, #We product of hydride transit 3 alt, and it
lies 1.1 kcal/mol lower in energy th@&hdue to slight differences in the disposition of dtppf-
Me, and carbonyl ligands about the cluster. Under timm$ of rapid exchange, the hydride
would exhibit a time-average environment betweea @s-Os bonds and display mutual

coupling to both phosphines, giving rise to theembed triplet resonance at16.65.
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Chart

3.3. Carbon-carbon bond cleavage of the coordinat&gine ligand irba and6b

The cleavage of carbon-carbon bonds is a potenuskéful way of generating reactive
organic fragments at a metal center [48]. To timg, @ve have been exploring the reactions of
coordinated alkynes at different metal clusters @antreport that the coordinated alkyne ligands
in 6a,b yield new clusters containing a vinylidene moietyen heated at elevated temperatures.
Thermolysis of6a and 6b in toluene at 110 °C, followed by the usual chrtygeaphic
separation, afforded €O, (1-dppf){s-nZn’;k*-CCHCOR) (7a, R = Me, 50%:7b, R = Et,
48%) (Scheme 2). While we have not been able tatifigethe missing alkyne-derived atoms in
these reactions, we can confirm that corresponémngates HCGMe and HCQEt are not
observed in those reactions that are monitoredMRNT he cluster products are relatively stable
under the reaction conditions and show no evidefi@ecomposition when heated in refluxing
toluene over the course of several hours. Compouiadand 7b have been characterized
spectroscopically in solution and by X-ray diffriact analysis in the case @b, whose structure

is shown in Fig. 10.

Place Figure 10 Here
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The Os-Os bond distances7in range from 2.7740(11) A [Os(1)-Os(3)] to 3.048)(A1
[Os(1)-0Os(2)], leading to a triangular array of asm similar in nature to that found in clusters
6a and6b. The most noteworthy feature b is the face-capping CCHGEX ligand that derives
from the coordinated DEAD ligand Bb. The CCHCGQEt ligand, which functions as a 6e donor,
is coordinated to the cluster in gyf;n’;x’ fashion, where the C(8) and C(9) atoms exhibit Os-C
distances consistent withaart model of bonding common to other vinylidene ligafdi9]. Here
the twoo bonds are represented by the Os(1)-C(8) [2.13141 Bnd Os(2)-C(8) [1.963(15) A]
vectors and the interaction is defined by Os(3)-C(8) [2.187(12) &jd Os(3)-C(9) [2.331(14)
A] vectors. There is also an additional donatioefto the Os(1) center from the O(8) carbonyl
oxygen of the ester moiety. Clustéb contains 48 valence electrons and be viewed as an
electron-precise cluster containing three metalaimednds. The dppf ligand bridges the Os(1)
and Os(2) centers, and of the seven terminal cgrbgnoups, three are located at the Os(3)

center with the remaining four CO groups distriloupair wise at the other two metal centers.

The spectroscopic data recorded fta is consistent with the formulated structure
containing an ancillary CCHGM®e vinylidene ligand, and this premise is undersedoby the
near identical IR spectra displayed Tgyand7b. In addition to the phenyl proton resonances in
the aromatic region, thtH NMR spectrum of each product also contains nipeakintensity
singlets § 5.33, 5.04, 4.32, 4.25, 4.09, 3.81, 3.73, 3.3 far 7a andd 5.33, 5.28, 5.04, 4.32, 4.24,
4.10, 3.81, 3.70, 3.34 fafb] ascribed to the eight distinct cyclopentadiengdtpns and one
unique vinylic proton. The methyl group in the CGBle moiety appears as a singled 8t83 in7a,
while the ethyl group associated with the CCHEtdigand exhibits a triplet & 0.96 for the methyl
group and two multiplets ai 3.19 and 2.93, the latter two assigned to theteti@stopic
methylene hydrogens. Each cluster exhibits a faitrosinglets § 14.5 and 7.1 fora; & 14.2 and

6.8 for7b] due to the nonequivaleAtP nuclei.
4. Conclusions

The reactions of the unsaturated triosmium clus@ggCO)s(u-dppm)@-H), (1) and
Os(CO)(p-dppf)(u-H)2 (2) with activated alkynes DMAD and DEAD are examin€dusterl
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reacts with these alkynes to furnish the dinucle@s(CO(p-dppm)(prZntx™
RO,CCCHCQOR)(u-H) (3a, R = Me; 3b, R = Et) and the trinuclear e§€O),(1-dppm)(14-
nZnin-RO,CCCCQOR)(u-H), (4a, R = Me;4b). In contrast, no cluster fragmentation has been
observed wher? is allowed to react with these alkynes under caaiga conditions, instead
yields the trinuclear QECO)(u-dppf)(1-n*n*-RO,CCHCCQR)(u-H) (5a, R = Me;5b, R = Et)
and Os(COY(u-dppf)(-n%n'n*-RO,CCHCCQR)(u-H), (6a, R = Me; 6b, R = Et).
Independent control experiments reveal tbatand 5b serve as precursors &a and 6b,
respectively. These data are interesting insomhahthe latter products are not formed as the
initial products of ligand substitution and thakyade insertion into an Os-H bond precedes the
formal 1t coordination of the alkyne by the cluster in thesent examples. The computed
thermodynamics for the reaction reinforce thisralaHowever, this observation strengthened the
reversible alkenyl to alkyne and hydride conversmoposed for thex-f isomerisation of
alkenyl ligands at binuclear centers [43, 44]. Betland5b exist as a pair of isomers in solution due
to a torsional rotation within the cyclopentadiemyigs of the dppf ligandwith respect to the
osmium triangle. This fluxionality has been compotzally evaluated foba and the energy
difference between the two isomers is smad (= 0.7 kcal/mol). CO loss iBa and5b is facile,
and the accompanying unsaturated clusters faeilitia¢ C-H bond activation of the alkenyl
moiety to yield thercoordinated cluster8a and6b. Thermolysis of the latter two clusters leads
to alkyne activation and formation of the vinyligesubstituted clusterga and7b. The alkyne
activation observed here is related to the carlashen cleavage reported for triruthenium
compound [§>-CsMes)Ruls(1-H)s(1s-H)2 in its reaction with methylmethacrylate to furngh-
CsMes)Ruls(ps-CH=CCQOMe)(us-CH)(1-H), together with 2 equivalents of 2-methylbutanoic
acid [48¢e]. In contrast, formation of such vinyldesubstituted clusters via alkyne activation
was not observed upon heatingdafand4b. Overall, the present work shows that the flekipil

of substituted-diphosphine plays key role in theactwity of unsaturated QE&CO)(u-
diphosphine){-H), towards alkynes. Experiments designed to elucidage mechanism of
carbon-carbondouble bond cleavage and further iigag®n using a wider range of alkynes are

underway, and the results willbe reported in dugse.
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Table 1. Crystallographic data and structure refinemenB&#b, 5a, 6a, 6b, and7b.

Compouni

Empirical formula
Formula weight
Temperature (K)
Wavelength (A

Crystal system

Space group

a (A

b (A)

c (A)

a ()

BC)

v ()

Volume (&%)

Z

Calculated density (mg?)
Absorptioncoefficient (mn™)
F(000

Crystal size (mm)

0 range for data collectior)
Reflections collecte
Independent reflectiorR;.;)
Data / restraints / parameter
Goodnes-of-fit on F?

Final R indices| >2o(1)]

Largest diff. peak/ hole (e?)

3a
C37H34Cl40505,P,
1190.7¢

150(2)

0.7107:
Orthorhombis
Pbce

18.641(3)
18.670(3)
23.229(4)

9C

9C

9C

8085(%)

8

1.957

6.67:

456(

0.20 x 0.08 x 0.0
2.80to 28.3
6543:
9667[0.126]
9667/0/44:

0.90¢

R; = 0.0551wR, =
0.1141

2.443 anc-3.25¢

30

4b
CioH3,01,0%P,
1321.2(
29%(2)
0.7105
Triclinic
P-1
10.432(7
11.409(7
19.735(12
101.741(5
98.724(7
109.420(2
2107(%)
2
2.08:
9.157
123€
0.23x 0.18 x 0.C
1.08 to 27.5
2103¢
9641 [0.045¢
9641/0/50!
1.C87
R; = 0.(45C, WR, =
0.0918
1.403 anc-1.98(

5a

CagH3eCloFe Q0P
1576.0°

150(2)

1.541¢

Triclinic

P-1

11.2207(5,
11.8314(5)
21.2863(8)
79.282(3
83.351(4
69.020(4
2588.79(19

2

2.022

17.79:

148¢

0.32x0.28 x 0.2
4.05 to 50.0(
1140¢

5305 [0.019]
530%4/624

1.10:

Ry = 0.0327WR, =
0.0884

1.491 anc-0.96¢



Table 1. (Continued

6a
Cy7H36FeC1,055P,
1465.1¢

105(4)

0.7107:
Monoclinic

P2,/c

15.5899(3
11.7929(2)
24.9054(5)

9C

102.090(2

9C

4477.30(1)

4

2.17¢

8.93:

2760.(

0.24 x0.16 x 0.
5.832 t0 58.8C
7172

11441 [0.039]
11441/0/58
1.11¢

R; = 0.0224WR, =
0.0460

1.08 anc-1.22

6b
CagHsoFeCy,055P,
1493.2(

15((2)

0.7107.
Monoclinic

P2:/n

11.191(5
19.701(5
22.186(5

[0

94.631(5

9C

4875(3)

4

2.034

8.20¢

282¢
0.23x0.17x0.1
2.951025.0
4466¢
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8574/0/60!
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7b
C47H3sClLFeQ0sP;
1503.0¢
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Pca2:
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11.4243(4)
25.4610(14)

9C

9C

9C
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4
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Fig. 1. ORTEP drawing of the molecular structure of H@Ou(H-dppm)(Ur%n’K™
MeO,CCCHCQMe)(u-H) (3a) showing 50% probability thermal ellipsoids. Selecteond
lengths (A) and angles)( Os(1)-Os(2) 2.9254(6), Os(1)-P(1) 2.303(2), ®=22) 2.346(2),
Os(1)-C(5) 2.143(8), Os(1)-0O(5) 2.170(6), Os(2p)CR.141(8), Os(2)—-C(6) 2.177(9), C(5)-
C(6) 1.460(11), C(6)-C(7) 1.437(12), C(5)-C(H5b(12), O(5)-C(7) 1.237(10), Os(2)-C(5)—
Os(1) 86.1(3), C(5)-0s(2)-C(6) 39.5(3), O(5)-0OsPYl) 175.98(17), O(5)-0s(1)-0Os(2)
85.42(16), P(1)-Os(1)-0s(2) 90.58(6), P(2)—0s(2§4092.55(6), P(1)-C(11)-P(2) 113.4(5),
C(5)-C(6)—0s(2) 68.9(5), C(7)-0O(5)-0s(1) 109.6(6).
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Fig. 2. ORTEP drawing of molecular structure of @O (u-dppm)(-nZnin’
EtO,CCCCQEt)(u-H), (4b) showing 50% probability thermal ellipsoids. Sédecbond lengths
(A) and angles®: Os(1)-0s(3) 2.7881(17), Os(1)-Os(2) 2.8729(193(2)-Os(3) 3.0128(13),
0Os(1)-P(1) 2.355(3), Os(2)-P(2) 2.340(2), Os(1))C2&51(8) Os(1)-C(9) 2.260(7), Os(2)-C(8)
2.153(8), Os(3)-C(9) 2.063(8), C(8)-C(9) 1.408(103(8)-C(10) 1.478(11), C(9)-C(13)
1.493(11); Os(1)-0Os(2)-0Os(3) 56.49(4), Os(1)-O%p8)2) 59.22(4), 0Os(3)-0s(1)-0s(2)
64.288(14), C(8)-0Os(1)-C(9) 36.4(3), C(8)-Os(1)-®)s[0.70(19), C(8)-0Os(1)-Os(2) 47.82(19),
C(9)-0Os(1)-0s(2) 68.8(2), C(9)-Os(1)-0Os(3) 46.8(23(3)-C(9)-0Os(1) 80.2(3).

33



c14
08
07
A off
w c7 012 >
S\ (fpP)en

N
0s3/ ~ ot (S ’zo
04 03 0 . D \\'h
) IR e S
) ot ) o = e
c30 W” AT c6 Yo
& I

N B
Y 06 ¢ (J) , C18

LT
c29 '///015’.@ " 0s2

/. Q\
A0 N0
czo DR L T Au )
c27 '\ S \Z = \%
N\ ) =%
A\ ) - )~ AR
~ % e Do C1E3:20 'l% N
] ~ =

A ca10 B
c33 Vi, g2 [T

& !
cas ) C45 ldm?),

Fig. 3. ORTEP drawing of molecular structure of s@O%(U-dppd(e-nZnin®™
CH30,CCHCCQCHj3)(u-H) (6a) showing 50% probability thermal ellipsoids. Sédet bond
lengths (A) and angles®)( Os(1)-Os(3) 2.8156(5), Os(1)-Os(2) 3.1191(5),(2p©Os(3)
2.9195(5), Os(1)-C(9) 2.097(9), Os(3)-C(9) 2.212((3)-C(10) 2.274(9), Os(1)-P(1) 2.338(2),
0s(2)-P(2) 2.377(2), C(9)-C(10) 1.435(13), C(9)-D(11.495(13), C(10)-C(13) 1.509(14);
Os(3)-0Os(1)-0Os(2) 58.670(13), Os(1)-Os(3)-0s(2)865(14), Os(3)-0s(2)-Os(1) 55.464(12),
C(9)-0s(3)-C(10) 37.3(3), P(1)-0Os(1)-0Os(2) 114.062)-0Os(2)-0Os(1) 117.57(6), C(9)-Os(1)-
0Os(2) 90.4(2), C(9)-Os(1)-0s(3) 51.0(2), C(9)-O«1®)1) 47.4(2), C(10)-Os(3)-Os(1) 75.8(2),
C(10)-0Os(3)-0s(2) 86.0(2), Os(1)-C(9)-Os(3) 81.6(3)
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TSDD_alt

Fig. 4. B3LYP-optimized structures for cluster compoudd® _alt and the transition staleSDD_alt. The structures for the alkyne
DMAD (B) and liberated CO are not shown.
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Fig. 5. Potential energy surface for the conversiorAodndB to give D_alt and CO. Energy

values aré\G in kcal/mol with respect t& andB.
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Fig. 6. ORTEP drawing of molecular structure of s@O)/(-dppf)(-n*n*n'-CH;0,CCC-
CO,CHg)(u-H), (6a) showing 50% probability thermal ellipsoids. Seééetbond lengths (A) and
angles {): Os(1)-Os(2) 3.07188(17), Os(1)-0s(3) 2.7918Q(0¥(2)-0s(3) 2.87256(17), Os(1)-
P(2) 2.3437(8), Os(2)-P(1) 2.3588(8), Os(1)-C(1D8A(3), Os(3)-C(11) 2.300(3), Os(3)-C(8)
2.215(3), C(8)-C(11) 1.421(4), Os(2)-C(8) 2.12918)Y1)-0Os(3)-0s(2) 65.665(4), Os(3)-Os(1)-
Os(2) 58.433(4), Os(3)-0Os(2)-0Os(1) 55.902(4), O€I@)-0Os(3) 82.77(10), P(2)-0Os(1)-0s(2)
115.944(19), P(1)-Os(2)-Os(1) 114.702(19), C(8)3p€&i(11) 36.62(11), Os(1)-C(11)-Os(3)
79.03(10), C(8)-C(11)-0Os(1) 114.9(2), C(8)-C(11)®)68.44(16).
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Fig. 7. ORTEP drawing of the molecular structure of 3@O)(u-dppd(e-nZntin’
EtOOCCCCOOEt)(u-H) (6b) showing 50% probability thermal ellipsoids. Sétet bond
lengths (A) and angles®)( Os(1)-Os(2) 2.7849(6), Os(1)-Os(3) 3.0685(6),(2pOs(3)
2.8649(5), Os(1)-P(1) 2.3498(10), Os(3)-P(2) 2.38530s(1)-C(9) 2.084(3), Os(2)-C(8)
2.235(3), 0s(2)-C(9) 2.308(3), Os(3)-C(8) 2.146(B)8)-C(9) 1.417(4), Os(1)-0Os(2)-Os(3)
65.774(16), Os(2)-Os(1)-Os(3) 58.368(8), Os(2)-PES(1) 55.858(13), P(1)-Os(1)-Os(3)
117.71(2), C(8)-0s(2)-C(9) 36.29(11), C(9)-Os(2)Ds47.16(7), C(8)-0Os(2)-Os(3) 47.82(8),
P(2)-0s(3)-0Os(1) 115.63(3), 0s(3)-C(8)-0s(2) 81165, Os(1)-C(9)-0s(2) 78.53(9).
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Fig. 8. VT *P{*H} NMR spectra oféa recorded over the temperature range 298-233 K.
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Fig. 9. VT *H NMR spectra oBa recorded over the temperature range 298-233 K.
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Fig. 10. ORTEP drawing of the molecular structure of @) (u-dppf)is-n®ntintic’-
CCHCOOE)] b) showing 50% probability thermal ellipsoids. Selectond lengths (A) and
angles {):0s(1)-Os(3) 2.7740(11), Os(1)-Os(2) 3.0481(119(Xp-Os(3) 2.8082(11), Os(1)-P(1)
2.390(5), Os(2)-P(2) 2.339(4),0s(1)-C(8) 2.138(133(2)-C(8) 1.98(2), Os(3)-C(8) 2.185(17),
Os(3)-C(9) 2.341(19),C(8)-C(9) 1.42(2), Os(1)-O(8)134(12),0s(3)-0Os(1)-0s(2) 57.45(3),
0Os(3)-0s(2)-0s(1) 56.37(3), Os(1)-0s(3)-0s(2) 6@190s(1)-C(8)-0Os(3) 79.8(6), Os(2)-C(8)-
Os(1) 95.4(8), Os(2)-C(8)-0Os(3) 84.6(7), C(8)-0Osr8P) 36.4(7), O(8)-Os(1)-Os(3) 82.2(2),
0O(8)-0s(1)-0s(2) 117.6(2), P(1)-Os(1)-0Os(2) 116109(P(2)-Os(2)-Os(1) 116.12(11).
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Highlights

New triosmium clusters containing bridging dppm/dppf and akyne ligands

Alkyne activation at diphosphine-bridged triosmium clusters

Computational analysis of ligand fluxionality in triosmium clusters bearing flexible
diphosphine and alkyne

Reversible C-H bond activation at a triosmium centre

Alkenyl to alkyne and hydride



