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a b s t r a c t 

Derivatisation of the osmium carbonyl cluster Os 2 (CO) 8 ( μ3 -SbPh)Os(CO) 3 (Cl) 2 , 1 , the precursor to the 

metalloligand Os 2 (CO) 8 ( μ-SbPh), 2 , was explored as a route to derivatives of the latter. The reaction of 

1 with PPh 3 in different stoichiometries and under trimethylamine N-oxide activation in CH 3 CN led 

to mono-, di-, tri- and tetra-substitution by PPh 3 and CH 3 CN. The first substitution occurred at the 

Os(CO) 3 Cl 2 “spike” and although subsequent substitution favoured CH 3 CN at the osmostibine moiety, 

the latter was not readily displaced by PPh 3 . Substitution at the “spike” also shut down release of 

the substituted osmostibine. The CH 3 CN-substituted osmostibine could, however, be generated in situ 

through the bis-acetonitrile derivative of 1 by conversion of the Os(CO) 2 (NCCH 3 )Cl 2 “spike” back into its 

removable Os(CO) 3 Cl 2 form through reaction with CO gas, and was then trapped with W(CO) 5 (NCCH 3 ). 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

A metalloligand may refer to a ligand comprising a coordina- 

ion complex in which the metal directs secondary donor sites re- 

iding on peripheral organic moieties, to suitably orientate them 

or coordination to other metal centres. The metalloligand coordi- 

ation strategy has long been exploited to synthesize a wide range 

f heterometallic complexes, clusters, and coordination polymers 

1] . Another type of metalloligands have their metal centres di- 

ectly coordinated to a second metal centre to form an M → M’ 

ewis pair [2] . They are more usually employed to introduce a 

ain group metal into organometallic compounds, and the direct 

 → M or E ← M (E = main group metal, M = transition metal) inter-

ction imbues distinct electronic properties which are not so read- 

ly available with organic ligands [3] . 

We previously reported that the unique metalloligand, the os- 

ostibine Os 2 (CO) 8 ( μ-SbPh), 2 , may be obtained by stirring the 

recursor cluster Os 2 (CO) 8 ( μ3 -SbPh)Os(CO) 3 (Cl) 2 , 1 , in γ -Al 2 O 3 

 Scheme 1 ) [4] . Given that organostibines and its derivatives are 

ften employed as L- or Z-type metalloligands to tune the catalytic 
∗ Corresponding authors. 

E-mail address: chmlwk@ntu.edu.sg (W.K. Leong). 
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ctivity of transition metal centers [5] , a metallostibine such as 2 is 

hus of interest. It can be viewed as a dual Os(CO) 4 -stabilized stib- 

nidene, and we have shown that it has a strong electron-donating 

bility that is comparable to that of alkyl phosphines. It is a versa- 

ile metalloligand, allowing the simultaneous introduction of the 

ransition metal Os and the main group metal Sb onto another 

etal complex/cluster [6] . Such metallostibine donor ligands are 

are [7] , and hence it is desirable if the two Os(CO) 4 moieties in

 can be modified to allow for fine-tuning of its electronic proper- 

ies. The highly nucleophilic nature of 2 made direct functionaliza- 

ion difficult and hence we explored the derivatization of 1 , which 

ay be regarded as a “protected” synthetic equivalent for 2 , as a 

ossible route forward. 

. Results and discussion 

As reported previously, PMe 3 attacked the Os(CO) 3 Cl 2 “spike”

n 1 at room temperature to displace the osmostibine 2 [4b]. In 

 re-examination of this reaction, a new monosubstituted deriva- 

ive of 1 , viz ., Os 2 (CO) 8 ( μ3 -SbPh)Os(CO) 2 (PMe 3 )Cl 2 , 3’ , was also

dentified as a minor product. The analogous reaction with PPh 3 

id not proceed at room temperature, presumably due to the 

eaker nucleophilicity of PPh 3 ; at elevated temperature it afforded 

he analogue of 3’ , viz ., Os (CO) ( μ -SbPh)Os(CO) (PPh )Cl , 3 , as
2 8 3 2 3 2 

https://doi.org/10.1016/j.jorganchem.2021.121817
http://www.ScienceDirect.com
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Scheme 1. Direct ligand substitution reaction of 1 with phosphines. Reaction conditions: (a) PMe 3 (1.5 equiv.), THF, r.t., 36 h; (b) PPh 3 (1.1 equiv.), THF, 60 °C, 6 h. Yields of 

2 were not determined as it decomposed on silica. 

Table 1 

Common atom labeling scheme and selected bond lengths ( ̊A) and angles ( °) for clusters 1, 3 and 3’ . Each has two 

crystallographically independent molecules. 

1 a 3 3’ 

Os1-Os2 2.9504(6) 2.9612(6) 2.9467(4) 2.9457(4) 2.950(1) 2.948(1) 

Os1-Sb 2.6668(7) 2.6500(8) 2.6791(3) 2.6805(4) 2.680(1) 2.665(1) 

Os2-Sb 2.6582(7) 2.6512(7) 2.6856(5) 2.6615(4) 2.660(1) 2.681(1) 

Os3-Sb 2.6882(8) 2.6795(8) 2.6734(5) 2.6699(5) 2.667(1) 2.666(1) 

Os3-CO(1) b 3.043 3.033 3.021 3.015 3.03 3.01 

Os3-CO(2) b 3.021 3.023 3.010 2.943 3.02 3.00 

Os1-Sb-Os2 67.293(18) 67.917(19) 66.63(1) 66.93(1) 67.06(3) 66.92(3) 

Os2-Sb-Os3 132.29(2) 132.05(3) 131.32(2) 134.91(2) 130.13(5) 130.40(5) 

Os1-Sb-Os3 123.88(3) 125.53(3) 127.42(2) 125.10(2) 131.22(5) 129.63(5) 

a Data from ref. [5a]. b Sum of Os-C and C-O bond lengths. 
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Scheme 2. TMNO activated substitution reactions of 1 with PPh 3 . 
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he major product and a minor amount of Os(CO) 2 (PPh 3 ) 2 Cl 2 , 4

 Scheme 1 ). These results suggest an associative mechanism for 

hosphine substitution at the Os(CO) 3 Cl 2 “spike”. 

The molecular structures of 3, 3’ and 4 have been established 

y X-ray crystallographic studies; an ORTEP plot showing the 

olecular structure of 3 is given in Fig. 1 , and selected bond pa-

ameters, together with a common atomic numbering scheme for 

, 3 and 3’ , are collected in Table 1 . In both 3 and 3’ , the phos-

hine ligand is trans to the osmostibine moiety. This suggests that 

he CO ligand trans to the osmostibine moiety in 1 is preferen- 

ially labilised and is consistent with the expected greater trans ef- 

ect of osmostibine over Cl. Interestingly, the Os3-Sb bond length 

hortens in going from 1 ( ≥ 2.68 Å) to 3 (~2.67 Å) and 3’ ( < 2.67
˚ ). This trend is the reverse of that expected from the increasing 

-donor ability but is correlated with the decreasing π-acceptor 

bility, in moving from CO to PPh 3 to PMe 3 . It is thus indicative

f a π-interaction involving the osmostibine and Os3. A natural 

ond orbital (NBO) analysis on 3’ gave Wiberg bond indices of 

0.70 and 0.71 for the two Os-Sb bonds in the osmostibine frag- 

ent, and ~0.72 for the coordinative Os-Sb bond, consistent with 

he presence of a weak π back-donation in the latter. In compar- 

son with the bridging [SbPh 2 ] 
− ligand, however, the osmostibine 

as a weaker trans effect [8] . 

The direct reaction of 1 with phosphines, even in the presence 

f a large excess of the latter and a prolonged reaction time, did 

ot result in any substitution at the osmostibine fragment. Presum- 

bly, the two Cl ligands on the Os(CO) 3 Cl 2 “spike” fragment make 

hat Os center more susceptible to nucleophilic attack by the phos- 
c

2 
hines. The CO ligands on this fragment may also be expected to 

e more reactive towards nucleophilic Me 3 NO (TMNO) [9] , and so 

e next examined the derivatization of 1 through TMNO-activated 

ubstitution with PPh 3 . Our attempts at this with excess phosphine 

nd various equivalents of TMNO are summarized in Scheme 2 . 

With one equivalent of TMNO, even with dropwise addition, di- 

ubstitution to form Os 2 (CO) 7 (CH 3 CN)( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 

 , was observed to be preferred over the formation of 3 , suggest- 

ng that the latter was more substitutionally labile than the parent 

luster 1 . For the di-substitution product 5 , the second substitution 
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Fig. 1. ORTEP plot showing the molecular structure of 3 . Thermal ellipsoids are 

drawn at the 50% probability level. Organic hydrogen atoms are omitted for clar- 

ity. 
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Fig. 2. ORTEP plot showing the molecular structure of 5a . Hydrogen atoms are 

omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Se- 

lected bond lengths ( ̊A) and angles ( o ): Os1-Os2 = 2.9368(4); Os1-Sb4 = 2.7005(4); 

Os2-Sb4 = 2.6660(5); Os3-Sb4 = 2.6779(4); Os3-Sb4-Os1 = 131.790(16); Os2-Sb4- 

Os3 = 129.069(16); Os2-Sb4-Os1 = 66.353(12). 

T

r

t

o

c

F

g

s most probably by a CH 3 CN ligand at an axial position of the os-

ostibine; this is energetically more favorable than an equatorial 

osition which would place two strongly π-accepting CO ligands 

utually trans [10] . There are four possible diastereoisomers for 

 , assuming free rotation about the Sb-“spike” bond ( Fig. 3 ). The 

i-substitution product isolated from this reaction corresponds to 

somer 5a , which is the most energetically favoured stereoisomer 

ased on DFT calculations. The molecular structure of 5a has also 

een confirmed by a single-crystal X-ray diffraction study; an OR- 
ig. 3. The isomers of 5 (top), 6 (middle) and 7 (bottom) which have been studied comp

iven below each structure . 

3 
EP plot showing the molecular structure and selected bond pa- 

ameters are shown in Fig. 2 . 

As anticipated, cluster 5a was the major product isolated from 

he reaction with two equivalents of TMNO. The mass spectrum 

f a second product isolated was similar to that for 5a , with a 

luster of peaks at m/z 1415 which corresponded to an [M + H 2 O] + 
utationally. The Gibbs free energies (kJ/mol) relative to the most stable isomer are 
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Fig. 4. ORTEP plot showing the molecular structure of 7a . Hydrogen atoms are 

omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Se- 

lected bond lengths ( ̊A) and angles ( o ): Os1-Os2 = 2.9122(3); Os1-Sb4 = 2.6842(4); 

Os2-Sb4 = 2.6814(3); Os3-Sb4 = 2.7081(4); Os3-Sb4-Os1 = 137.303(13); Os2-Sb4- 

Os3 = 119.164(13); Os2-Sb4-Os1 = 65.744(9). 
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on. Its 1 H NMR spectrum was also similar, with a singlet CH 3 CN 

esonance at δ 2.18 ppm ( cf , δ 1.44 ppm for 5a ). We ruled out

n isomer with an equatorial CH 3 CN; a previous crystallographi- 

ally characterized example with such a moiety was stable only in 

H 3 CN as solvent, and the proton resonance for the ligand was not 

bserved due to fast exchange with the solvent (CD 3 CN) [8] . DFT 

alculations suggest that the second most stable isomer after 5a is 

hat with an axial CH 3 CN syn to the Sb-Ph group, viz ., 5b ( Fig. 3 ).

e have thus tentatively assigned this second product to be 5b ; 

he downfield shift of the syn -CH 3 CN proton resonance relative to 

he anti -CH 3 CN in 5a may be due to through-space deshielding by 

he adjacent syn -phenyl ring [11] . 

Apart from 5a and 5b , two minor products were also iso- 

ated from this reaction. Their 1 H NMR spectra clearly showed 

wo singlet resonances ascribable to CH 3 CN ligands; their mass 

pectra also showed a cluster of peaks at m/z 1428 assignable 

o the [M + H 2 O] + ion. They are thus proposed to be tri-

ubstituted products with the formulation Os 2 (CO) 6 (CH 3 CN) 2 ( μ3 - 

bPh)Os(CO) 2 (PPh 3 )Cl 2 , 6 . Assuming that the geometry about the 

spike” is the same as in 3 and 5 , and the two CH 3 CN ligands oc-

upy axial positions on the osmostibine, there are four possible 

somers for 6 ( Fig. 3 ). The one with proton resonances at δ 1.42

nd 2.26 ppm, probably corresponding to anti - and syn -CH 3 CN, re- 

pectively, is tentatively assigned as isomer 6a ; this is the most 

nergetically favored stereoisomer based on DFT calculations. The 

ther product exhibited two singlet resonances at δ 1.45 and 1.54 

pm, values which are closer to that for 5b (1.44 ppm) and hence 

uggesting that both CH 3 CN ligands are likely in axial positions and 

nti to the Sb-Ph group. We have tentatively identified it as isomer 

b ( Fig. 3 ); that the two anti -CH 3 CN ligands are not chemically

quivalent may be ascribed to strong hydrogen bonding interac- 

ions with the Cl ligands in the “spike”, impeding its free rotation 

bout the Os-Sb bond (Figure S3). 

With three equivalents of TMNO, the tri-substitution isomer 

b was not observed although isomer 6a was obtained as a 

inor product. Instead, the two major products appeared to 

e isomers of tetra-substitution, viz. , Os 2 (CO) 5 (PPh 3 )(CH 3 CN) 2 ( μ3 - 

bPh)Os(CO) 2 (PPh 3 )Cl 2 , 7 , as both showed the molecular ion at m/z

f 1644 in their mass spectra. A computational study on the four 

iastereoisomers derived from the most energetically favored di- 

ubstitution cluster 6a are listed in Fig. 3 , and the most stable iso-
4 
er is 7a , which corresponds to that characterized structurally by 

 single-crystal X-ray diffraction study; the ORTEP plot is given in 

ig. 4 together with selected bond parameters. 

The second product has been tentatively assigned to be 7b , the 

ext most stable isomer. Their 1 H NMR spectra are in accord with 

hese assignments; both showed two sets of resonances for the 

H 3 CN ligands, at δ 1.32 and 1.68 ppm for 7a , and δ 0.91 and 2.31

pm for 7b , which corresponded to the ligands anti - and syn to 

he Sb-Ph group, respectively. The resonance for the CH 3 CN lig- 

nd attached to the same osmium centre as the phosphine was 

hifted upfield with respect to that of 6a ( δ 1.42 and 2.26 ppm 

or anti - and syn , respectively), and doublets due to long-range P- 

 coupling ( 5 J PH ~0.8 Hz) [12] . An attempt to increase the yields of

hese tetra-substitution products through increasing the amount of 

MNO to four equivalents afforded instead lower yields of 7a and 

b ; presumably, more substituted derivatives were formed which 

ere less stable and hence not amenable to chromatographic sepa- 

ation. This apparent preference for tetra- over tri-substitution sug- 

ests that the latter are more substitutionally labile than the par- 

nt di-substituted clusters, and is consistent with the observations 

ith one equivalent of TMNO 

The reactivity of clusters 5-7 with respect to nucleophilic re- 

lacement of the CH 3 CN ligands was investigated mainly by mass 

pectrometry, given the complexity of the reactions and rela- 

ively low yields of products; the results are summarized be- 

ow ( Scheme 3 ). Attempts at generating a CH 3 CN-substituted os- 

ostibine from 5a by stirring with γ -alumina or PMe 3 for 70 h 

ailed (as judged spectroscopically), and may be ascribed to the 

educed electrophilicity of the Os(CO) 2 (PPh 3 )Cl 2 moiety compared 

o the Os(CO) 3 Cl 2 moiety in 1 . Displacement of the CH 3 CN lig-

nd with excess PPh 3 or PMe 3 also did not proceed even when 

eated at 65 °C for 20 h, although it readily converted to 6a in the

resence of one equivalent of TMNO in CH 3 CN solution. In con- 

rast, cluster 6a did not undergo further TMNO-activated substitu- 

ion of CO with CH 3 CN but although it was relatively stable un- 

er ambient conditions and tolerated silica gel separation, it un- 

erwent ready substitution of one of its CH 3 CN ligands by PPh 3 

o afford a new tri-substituted cluster Os 2 (CO) 6 (PPh 3 )(CH 3 CN)( μ3 - 

bPh)Os(CO) 2 (PPh 3 )Cl 2 , 6-P . The identity is based on the obser- 

ation of cluster of peaks at m/z 1631 and 1649, which are 

ssignable to the [M] + and [M + H 2 O] + ions, respectively (Figure 

17). The proposed structure depicted in Scheme 3 is the most 

hermodynamically stable from a DFT computation carried out 

n eight possible isomers with an axial CH 3 CN and an equato- 

ial PPh 3 on the osmostibine fragment (Figure S22). Compared 

o 6a , it is more susceptible to one more CH 3 CN substitution 

o give 7a ; consistent with this is the experimental observation 

hat the main products from the substitution reaction of 1 with 

hree equivalents of TMNO were not the tri-substituted products 

 , but rather the tetra-substituted products 7 . Cluster 7a could 

imilarly undergo substitution of one of its CH 3 CN ligands with 

Ph 3 at room temperature to afford a new tetra-substituted deriva- 

ive Os 2 (CO) 5 (PPh 3 ) 2 (CH 3 CN)( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 7-P ; the

hemical formulation of 7-P is corroborated by the mass spectrum 

Figure S17). 

From the above, there are several observations that may be 

ade concerning TMNO-activated substitution in 1 and its deriva- 

ives: (a) The first substitution in 1 is of the CO trans to the os-

ostibine; it is the only carbonyl ligand on the “spike” that under- 

oes substitution. (b) Subsequent substitution is at the osmostib- 

ne, although it appears that each osmium centre cannot accom- 

odate more than one acetonitrile ligand. (c) Only one of the ace- 

onitrile ligands can be substituted by PPh 3 . These observations 

uggested an alternative approach to derivatize the osmostibine; 

he bis-acetonitrile derivative A was generated from 1 and then 

eacted in situ with CO gas to form the mono-acetonitrile deriva- 
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Scheme 3. Reactivity of the clusters 5-7 . 

Scheme 4. Generation and trapping of the osmostibine derivative 2-CH 3 CN . Note: Isomers of A and B may be present but only one isomer each is shown as illustration. 

Fig. 5. ORTEP plots showing the molecular structures of 8a (top) and 8b (bottom), 

and table of selected bond lengths ( ̊A) and angles ( o ). Hydrogen atoms have been 

omitted and the thermal ellipsoids are drawn at the 50% probability level. 

Fig. 6. ORTEP plot showing the molecular structure of 9 . Thermal ellipsoids are 

drawn at the 50% probability level. Organic hydrogen atoms are omitted for clar- 

ity. Selected bond lengths ( ̊A) and angles ( o ): Os2-Os3 = 2.9369(6); Os2-Sb1 = 

2.64 4 4(8); Os3-Sb1 = 2.6539(8); Os1-Sb1 = 2.6820(8); Os3-N2 = 2.08(1); Os2- 

N1 = 2.10(1); Os1-Cl1 = 2.422(3); Os1-Cl2 = 2.429(3); Os3-Sb1-Os2 = 67.33(2); 

Sb1-Os2-Os3 = 56.49(2); Os2-Os3-Sb1 = 56.18(2); Os1-Sb1-Os2 = 129.34(3); Os1- 

Sb1-Os3 = 128.75(3). 

t

m

b

O

5 
ive B which released the Os(CO) 3 Cl 2 moiety readily to give the 

ono-acetonitrile osmostibine 2-CH 3 CN . The latter was trapped 

y reaction with W(CO) 5 (NCCH 3 ) to afford two isomeric clusters 

s (CO) (CH CN)( μ -SbPh)W(CO) , 8a and 8b ( Scheme 4 ). 
2 7 3 3 5 
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The structures of 8a and 8b have been confirmed crystallo- 

raphically; they differ in the orientation of the CH 3 CN ligand 

 Fig. 5 ). A minor side product isolated from the reaction, and 

nly characterized crystallographically, was cluster 9 which prob- 

bly resulted from a tris-acetonitrile derivative A’ ( Fig. 6 ). The iso- 

ation of 9 is further evidence for the substitution of CH 3 CN by 

O in the transformation from A to B ; the presence of the latter 

as also verified by the mass spectrum of the reaction mixture 

Figure S18). A DFT computational study carried out on 2-CH 3 CN 

nd a hypothetical di-PPh 3 substituted osmostibine derivative, viz ., 

s 2 (CO) 6 (PPh 3 ) 2 ( μ-SbPh) ( 2-diPPh 3 ), shows that the HOMO energy

evels follow the trend: 2-diPPh 3 (-5.17 eV) > 2-CH 3 CN (-5.61 eV) 

 2 (-6.07 eV), suggesting that the electron donating ability of 2 

an be tuned through CO ligand substitution (Figure S24). 

. Conclusion 

In this work, we examined the substitution of 1 with CH 3 CN 

nd PPh 3 as potential precursors to derivatives of the metallostib- 

ne 2 . A number of di-, tri- and tetra-substituted derivatives were 

solated and characterized, but initial substitution was found to oc- 

ur at one of the carbonyl ligands on the “spike” which effectively 

revented generation of the osmostibine. The generation of a bis- 

cetonitrile substituted derivative of 1 , followed by carbonylation 

f the CH 3 CN-substituted “spike” back into its original Os(CO) 3 Cl 2 
orm and then its removal with γ -Al 2 O 3 , has proven to be a feasi-

le route to CH 3 CN-substituted osmostibine. Nevertheless, a more 

acile route to osmostibine derivatives is still desirable. 

. Experimental 

General procedure . All reactions were performed under an ar- 

on atmosphere with standard Schlenk techniques. Reagent grade 

olvents were dried by the standard procedures and were freshly 

istilled prior to use. Cluster 1 and complex W(CO) 5 (CH 3 CN) were 

repared according to literature methods [4b, 13 ]; all other chemi- 

als were from commercial sources and used as supplied. γ -Al 2 O 3 

neutral, Brockmann activity I, 150 mesh, 58 Å) was purchased 

rom Sigma-Aldrich and used as received without further activa- 

ion. TLC separations were carried out on 20 × 20 cm 

2 plates 

oated with silica gel 60 F254 from Merck. NMR spectra were 

ecorded on a Bruker BBFO1 or Avance III 400 MHz NMR spectrom- 

ter at room temperature. All 1 H chemical shifts were referenced 

o the residual proton resonance; 31 P chemical shifts were refer- 

nced to external 85% aq. H 3 PO 4 . Mass spectra were recorded in 

SI-ToF mode on a Waters UPLC-Q-ToF instrument. Elemental anal- 

ses were carried out on a Eurovector EA30 0 0 analyser. 

Reaction of 1 with PMe 3 . Cluster 1 (20 mg, 17 μmol) was dis-

olved in dry THF (8 ml), followed by the addition of PMe 3 (2.0 mg,

5 μmol). The resulting light yellow mixture was stirred at room 

emperature for 36 h and IR monitoring showed 1 was completely 

onsumed. The solvent was then removed, and the residue sepa- 

ated by TLC on silica with CH 2 Cl 2 /hexane (3:1, v/v) as the eluent

o give three separable bands. The first two colorless bands were 

dentified as the known Os(CO) 2 (PMe 3 ) 2 Cl 2 , 4’ (R f = 0.50; 3.5 mg,

3%), and Os(CO) 3 (PMe 3 )Cl 2 , 4” (R f = 0.35; 2.5 mg, 34%), respec- 

ively. 

The third very light yellow band was identified as 

s 3 (CO) 10 (PMe 3 )(SbPh)Cl 2, 3’ (R f = 0.15; 2.0 mg, 10%). IR (CH 2 Cl 2 ):

(CO) 2132m, 2096s, 2051vs, 2030vs, 1959s cm 

−1 . 1 H NMR (C 6 D 6 ) 

7.42 (d, 2H, Ph- H ), 7.03 (t, 2H, Ph- H ), 6.93 (t, 1H, Ph- H ). 31 P{ 1 H}

MR (C 6 D 6 ) δ -34.6 ppm. Anal. Calcd for C 19 H 14 Cl 2 O 10 Os 3 PSb:

 19.07, H 1.18. Found: C 18.94, H 1.42. ESI-MS + (m/z): 1216 

M + H 2 O] + , 1188 [M + H 2 O-CO] + . 
Reaction of 1 and PPh 3 . Cluster 1 (20 mg, 17 μmol) was dis-

olved in dry THF (8 ml), followed by the addition of PPh (5.0 
3 

6 
g, 19 μmol). The resulting light yellow mixture was heated at 60 

C for 6 h and IR monitoring showed 1 was completely consumed. 

he solvent was then removed and the residue separated by TLC 

n silica with CH 2 Cl 2 /hexane (1:1, v/v) as the eluent to give two 

eparable bands. 

The first, colorless, band was identified as Os(Cl) 2 (CO) 2 (PPh 3 ) 2 , 

 (R f = 0.30; 3.0 mg, 30%). IR (CH 2 Cl 2 ): ν(CO) 2044s, 1972s

m 

−1 . 1 H NMR (C 6 D 6 ) δ 8.13-8.19 (q, 12H, Ph- H ), 6.90-7.01 (m,

8H, Ph- H ). 31 P{ 1 H} NMR (C 6 D 6 ) δ -5.2 ppm. Anal. Calcd for

 38 H 30 Cl 2 O 2 OsP 2 : C 54.22, H 3.59. Found: C 54.13, H 3.36. ESI-MS + 

m/z): 861 [M + H 2 O] + , 807 [M-Cl] + . 
The second, nearly colorless, major band was identified as 

s 3 (CO) 10 (PPh 3 )(SbPh)Cl 2, 3 (R f = 0.20; yield = 15 mg, 64%). IR 

CH 2 Cl 2 ): ν(CO) 2133s, 2098s, 2058s, 2050s, 2032s, 1961m cm 

−1 . 
 H NMR (C 6 D 6 ) δ 7.95-8.01 (m, 6H, Ph- H ), 7.64-7.66 (dd, 2H, Ph- H ),

.84-6.98 (m, 12H, Ph- H ). 31 P{ 1 H} NMR (C 6 D 6 ) δ -9.5 ppm. Anal.

alcd for C 34 H 20 Cl 2 O 10 Os 3 PSb: C 29.53, H 1.46. Found: C 29.54, H

.17. ESI-MS + (m/z): 1402 [M + H 2 O] + , 1349 [M-Cl] + . 
Reaction of 1 with one equivalent of Me 3 NO (TMNO)/CH 3 CN in 

he presence of PPh 3 . A sample of 1 (20 mg, 17 μmol) and PPh 3 (27

g, 102 μmol) were dissolved in dry dichloromethane (10 mL). A 

MNO/CH 3 CN solution (1 mg/ml, 1.3 ml) was added dropwise over 

hree minutes with stirring. After stirring for 30 minutes, the sol- 

ent was removed and the solid was dissolved in dichloromethane. 

LC was carried out with DCM/hexane (2:1, v/v) as the mobile 

hase. Five bands were isolated (exclusive of the top colorless band 

dentified as excess PPh 3 ), out of which two were identified. 

Band 1, pale yellow, was identified as Os 2 (CO) 7 (CH 3 CN)( μ3 - 

bPh)Os(CO) 2 (PPh 3 )Cl 2 , 5a (R f = 0.27; yield = 5.2 mg, 14 %). IR

CH 2 Cl 2 ): ν(CO) 2110m, 2063s, 2033s, 2004w, 1986w, 1958m cm 

−1 . 
 H NMR (C 6 D 6 ) δ 7.90-7.95 (m, 6H, Ph- H ), 7.83-7.86 (dd, 2H, Ph- H ),

.88-7.03 (m, 12H, Ph- H ), 1.44 (s, 3H, C H 3 CN). 31 P{ 1 H} NMR (CDCl 3 )

-4.8 ppm. Anal. Calcd for C 35 H 23 Cl 2 NO 9 Os 3 PSb: C 30.12, H 1.66.

ound: C 30.25, H 1.41. ESI-MS + (m/z): 1415 [M + H 2 O] + , 1319 [M-

l-CH 3 CN] + . 
Band 2, pale yellow, was identified as Os 3 (CO) 10 (PPh 3 )(SbPh)Cl 2, 

 (R f = 0.20; yield = 2.6 mg, 7 %). 

Band 3, yellow, was not identified. R f = 0.14; yield = 1.9 mg. 

R (CH 2 Cl 2 ): ν(CO) 2107m, 2068m, 2039s, 2010m cm 

−1 . Band 4, 

ellow, was not identified. R f = 0.10; yield = 1.4 mg. IR (CH 2 Cl 2 ):

(CO) 2135w, 2111m, 2099m, 2063s, 2033s, 2019s, 1987m, 1944m 

m 

−1 . Band 5, yellow, was not identified. R f = 0.05; yield = 3.9 mg.

R (CH 2 Cl 2 ): ν(CO) 2109m, 20 6 6m, 2037m, 2026s, 2007m, 1957w 

m 

−1 . 

Reaction of 1 with two equivalents of TMNO/CH 3 CN in the 

resence of PPh 3 . A similar procedure to that in the case of one 

quivalent of TMNO was used and only the amount of TMNO was 

hanged to two equivalents. Three bands were isolated after TLC 

eparation. 

Band 1, pale yellow, was identified as Os 2 (CO) 7 (CH 3 CN)( μ3 - 

bPh)Os(CO) 2 (PPh 3 )Cl 2 , 5a (R f = 0.40; yield = 7 mg, 27%). 

Band 2, pale yellow, was tentatively identified as 

s 2 (CO) 6 (CH 3 CN) 2 ( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 6a (R f = 0.25; 

ield = 1.5 mg, 6%). IR (CH 2 Cl 2 ): ν(CO) 2067m, 2040vs, 2024w, 

986m 1961sh, 1950sh cm 

−1 ; 1 H NMR (CD 3 CN) δ 1.42 (s, 3H, 

 H 3 CN), 2.26 (s, 3H, C H 3 CN), 7.17-7.20 (m, 3H, Ph- H ), 7.41-

.45 (m, 12H, Ph- H ), 7.57-7.59 (dd, 2H, Ph- H ), 7.78-7.83 (m, 

H, Ph- H ). 31 P{ 1 H} NMR (CDCl 3 ) δ -4.9 ppm. Anal. Calcd for 

 36 H 26 Cl 2 N 2 O 8 Os 3 PSb: C 30.69, H 1.86. Found: C 30.86, H 1.72.

SI-MS + (m/z): 1428 [M + H 2 O] + , 1369 [M-CH 3 CN] + , 1334 [M-Cl-

H 3 CN] + . 
Band 2, pale yellow, was tentatively identified as 

s 2 (CO) 6 (CH 3 CN) 2 ( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 6b (R f = 0.16; 

ield = 1.0 mg, 4%). IR (CH 2 Cl 2 ): ν(CO) 2111m, 2065s, 2035s, 

019s, 1986m cm 

−1 ; 1 H NMR (C 6 D 6 ) δ 1.44 (s, 3H, C H 3 CN), 1.54

s, 3H, C H 3 CN), 6.93-6.98 (m, 9H, Ph- H ), 7.04-7.08 (t, 3H, Ph- H ),
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.79-7.82 (dd, 2H, Ph- H ), 7.99-8.05 (m, 6H, Ph- H ). 31 P{ 1 H} NMR

CDCl 3 ) δ -5.9 ppm. Anal. Calcd for C 36 H 26 Cl 2 N 2 O 8 Os 3 PSb: C 30.69,

 1.86. Found: C 30.93, H 1.93. ESI-MS + (m/z): 1428 [M + H 2 O] + ,
369 [M-CH 3 CN] + , 1334 [M-Cl-CH 3 CN] + . 

Band 3, pale yellow, was tentatively identified as 

s 2 (CO) 7 (CH 3 CN)( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 5b (R f = 0.10; 

ield = 4.5 mg, 18%). IR (CH 2 Cl 2 ): ν(CO) 2110m, 2065s, 2026br, 

007m, 1987m, 1957m cm 

−1 ; 1 H NMR (C 6 D 6 ) δ 2.18 (s, 3H, 

H 3 CN), 6.89-6.99 (m, 12H, Ph- H ), 7.65-7.67 (dd, 2H, Ph- H ), 8.00-

.09 (m, 6H, Ph- H ). 31 P{ 1 H} NMR (CDCl 3 ) δ -6.2 ppm. Anal. Calcd

or C 35 H 23 Cl 2 NO 9 Os 3 PSb: C 30.12, H 1.66. Found: C 30.06, H 1.52.

SI-MS + (m/z): 1415 [M + H 2 O] + , 1319 [M-Cl-CH 3 CN] + . 
Reaction of 1 with three equivalents of TMNO/CH 3 CN in the 

resence of PPh 3 . A similar procedure to that in the case of one

quivalent of TMNO was used and only the amount of TMNO was 

hanged to three equivalents. Four bands were isolated after TLC 

eparation. 

Band 1, pale yellow, was tentatively identified as impure 

s 2 (CO) 6 (PPh 3 )(CH 3 CN)( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 6-P (R f = 0.49; 

ield < 3 mg, < 11%). IR (CH 2 Cl 2 ): ν(CO) 2094w, 2043m, 2022s,

999s, 1975m, 1953m cm 

−1 . ESI-MS + (m/z): 1631 [M] + , 1649 

M + H 2 O] + . The 1 H NMR spectrum suggests that it is impure, and

he mass spectrum suggests that some tetra-substituted product 7- 

 is probably present (Figure S17). 

Band 2, pale yellow, was tentatively identified as 

s 2 (CO) 5 (PPh 3 )(CH 3 CN) 2 ( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 7b (R f = 0.43;

ield = 2.9 mg, 10%). IR (CH 2 Cl 2 ): ν(CO) 2042s, 2020m, 1995s, 

960m 1948sh cm 

−1 ; 1 H NMR (CD 3 CN) δ 0.91 (d, 3H, 5 J PH = 0.8

z, C H 3 CN), 2.31 (s, 3H, C H 3 CN), 6.83-6.87 (t, 2H, Ph- H ),

.91-6.99 (m, 3H, Ph- H ), 7.43-7.57 (m, 18H, Ph- H ), 7.77-7.83 

m, 6H, m, Ph- H ), 7.89-7.94 (m, 6H, Ph- H ). Anal. Calcd for

 53 H 41 Cl 2 N 2 O 7 Os 3 P 2 Sb •0.8CH 2 Cl 2 : C 37.76, H 2.51. Found: C

7.90, H 2.41. ESI-MS + (m/z): 1644 [M] + , 1604 [M-CH 3 CN] + , 1562 

M-2CH 3 CN] + . 
Band 3, pale yellow, was identified as 

s 2 (CO) 5 (PPh 3 )(CH 3 CN) 2 ( μ3 -SbPh)Os(CO) 2 (PPh 3 )Cl 2 , 7a (R f = 0.37;

ield = 8.0 mg, 28%). IR (CH 2 Cl 2 ): ν(CO) 2044s, 2020m, 1988s, 

970m, 1948m 1927w cm 

−1 ; 1 H NMR (CD 3 CN) δ 1.32 (s, 3H, 

 H 3 CN), 1.68 (d, 3H, 5 J H-P = 0.8 Hz, C H 3 CN), 6.82-6.85 (4H, m,

h- H ), 6.93-6.97 (m, 1H, Ph- H ), 7.39-7.51 (m, 18H, Ph- H ), 7.77-7.85

m, 12H, Ph- H ). Anal. Calcd for C 53 H 41 Cl 2 N 2 O 7 Os 3 P 2 Sb: C 38.74,

 2.52. Found: C 39.15, H 2.73. ESI-MS + (m/z): 1644 [M] + , 1604 

M-CH 3 CN] + , 1562 [M-2CH 3 CN] + . 
Band 4, pale yellow, was identified as 6a (R f = 0.24; yield = 2.6

g, 9%). 

Reaction of 1 with four equivalents of TMNO/CH 3 CN in the 

resence of PPh 3 . A similar procedure to that in the case of one

quivalent of TMNO was used and only the amount of TMNO 

as changed to four equivalents. Two major pale-yellow bands 

ere isolated after TLC separation. Band 1 was identified as 7b 

R f = 0.28; yield = 1.9 mg, 7%) and band 2 was identified as 7a

R f = 0.22; yield = 2.3 mg, 8%). 

Conversion of 7a to 7-P . Cluster 7a (8.0 mg, 4.9 μmol) was dis- 

olved in 5 ml dry DCM, followed by addition of PPh 3 (1.5 mg, 

.7 μmol). The mixture was stirred at room temperature for 2h. 

R of the crude showed that 7a was partly consumed and the 

rude solution was subject to mass detection to confirm the pres- 

nce/formation of 7-P . 

Conversion of 6a to 6-P and then to 7a . The conversion of 6a 

o 6-P was examined in the same way as above but the reaction 

as found to proceed faster; after stirring at room temperature 

or 2h, IR showed 6a was fully depleted and mass spectrum of 

he crude confirmed the presence/formation of 6-P . One equivalent 

f TMNO solution in CH 3 CN (1mg/ml) was then dropwise added 

nd the resulting solution was further stirred at room tempera- 

u

7 
ure for 30 min; mass spectrum of the crude confirmed the pres- 

nce/formation of 7a . 

Generation and trapping of 2-CH 3 CN . a) Formation of 

s 2 (CO) 7 (CH 3 CN)(μ3 -SbPh)Os(CO) 3 Cl 2 , B . To a stirred solution of 1 

40 mg, 34 μmol) in dry CH 2 Cl 2 (15 mL) was added TMNO/CH 3 CN

olution (1 mg/ml, 5.3 ml) dropwise. After the IR spectrum 

howed that 1 has been consumed (~30 mins), the solution was 

rst degassed through three freeze-pump-thaw cycles and then 

lled with CO gas. The resulting mixture was stirred at room 

emperature for another 10 h. The mass spectrum showed peaks 

scribable to [M + H 2 O] + , albeit of low intensity, together with 

trong fragmentation peaks consistent with the formulation for B . 

) In-situ generation of 2-CH 3 CN and conversion to 8 . The solvents 

rom the above were removed in vacuo and the residue containing 

 redissolved in dry THF (15 ml). Neutral γ -Al 2 O 3 (700 mg) was 

dded and the suspension was stirred for 30 min. A sample of 

(CO) 5 (NCCH 3 ) (17 mg, 47 μmol) was then and after further 

tirring at room temperature for 12 h, the solvents were then 

emoved and the residue separated by TLC with CH 2 Cl 2 /hexane 

1:1, v/v) as the eluent to give three bands. 

Band 1, pale yellow, was identified as Os 2 (CO) 7 (CH 3 CN)( μ3 - 

bPh)W(CO) 5 , 8a (R f = 0.65; yield = 6 mg, 16%). IR (CH 2 Cl 2 ):

(CO) 2107m, 2057s, 2031m, 2023m, 2002w, 1982w, 1928s cm 

−1 ; 
 H NMR (CDCl 3 ) δ 2.49 (s, 3H, C H 3 CN), 7.14-7.22 (m, 3H, Ph- H ),

.43 (d, 2H, Ph- H ). Anal. Calcd for C 20 H 8 NO 12 Os 2 WSb: C 21.07, H

.71. Found: C 20.84, H 1.12. ESI-MS + (m/z): 1141 [M] + , 1072 [M- 

O-CH 3 CN] + . 
Band 2, pale yellow, was identified as Os 2 (CO) 7 (CH 3 CN)( μ3 - 

bPh)W(CO) 5 , 8b (R f = 0.60; yield = 4 mg, 11%). IR (CH 2 Cl 2 ): ν(CO)

10 6m, 20 62sh, 2056s, 2031sh, 2021s, 2006w, 1982w, 1930s cm 

−1 ; 
 H NMR (CDCl 3 ) δ 1.67 (s, 3H, C H 3 CN), 7.16-7.31 (m, 3H, Ph- H ),

.38 (d, 2H, Ph- H ). Anal. Calcd for C 20 H 8 NO 12 Os 2 WSb: C 21.07, H

.71. Found: C 21.53, H 1.01. ESI-MS + (m/z): 1141 [M] + , 1072 [M- 

O-CH 3 CN] + . 
Band 3, pale yellow, was identified as Os 2 (CO) 6 (CH 3 CN) 2 ( μ3 - 

bPh)Os(CO) 3 Cl 2 , 9 (R f = 0.55; yield = 1 mg, 2.5%). It was only

haracterized crystallographically. 

Crystallographic analyses. Diffraction-quality crystals were ob- 

ained by slow evaporation of CH 2 Cl 2 /hexane solutions. The X- 

ay diffraction intensity data were collected on a Bruker Kappa 

iffractometer equipped with a CCD detector, using Mo K α radi- 

tion ( λ = 0.71073 Å) except for 5 which was collected with Cu 

 α radiation ( λ = 1.54178 Å), with the SMART suite of programs 

14] ; the data were processed and corrected for Lorentz and po- 

arization effects with SAINT and for absorption effects with SAD- 

BS [15] . All the structural solutions and refinements were per- 

ormed with the SHELXTL suite of programs [16] . All non-hydrogen 

toms were refined with anisotropic thermal parameters. Crystal 

ata, data collection parameters, and refinement data are summa- 

ized in Table 2 . 

The crystal of 9 was refined as a racemic twin. The molecule of 

 sits on an inversion centre and exhibits disorder of one CO/Cl. 

he crystal of 3 contains two CH 2 Cl 2 solvates, one with half occu- 

ancy and the other disordered. The crystal of 7a also contains two 

CM solvates, with one disordered. Both disordered solvates were 

odelled with two sites each. Appropriate restraints were placed 

n all disordered parts. 

Computational studies. DFT calculations were carried out with 

he Gaussian 09W suite of programs [17] , employing Becke’s three- 

arameter hybrid function and Lee-Yang-Parr’s gradient-corrected 

orrelation function (B3LYP) [18] . The LANL2DZ basis set [19] , to- 

ether with d- or f-type polarization functions [20] , was employed 

or the Os and Sb atoms, while the 6-311 + G (2d, p) basis set was

sed for the lighter atoms. Spin-restricted calculations were used 

or geometry optimizations, Gibbs free energy calculations and nat- 

ral bonding orbital (NBO) analysis. Harmonic frequencies were 
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Table 2 

Crystallographic data for compounds 3, 3’, 4, 5a, 7a, 8a, 8b and 9 . 

Compound 3’ 3 4 5a 

Empirical formula C 19 H 14 Cl 2 O 10 Os 3 PSb C 34 H 20 Cl 2 O 10 Os 3 PSb • 0.5CH 2 Cl 2 C 38 H 30 Cl 2 O 2 OsP 2 C 35 H 23 Cl 2 NO 9 Os 3 PSb 

Formula weight 1196.52 1425.18 841.66 1395.76 

Temperature (K) 100(2) 153(2) 103(2) 123(2) 

Crystal system Triclinic Monoclinic Monoclinic Triclinic 

Space group P ̄1 P2 1 /c C2/c P ̄1 

a ( ̊A) 9.4181(2) 16.8324(13) 24.2073(10) 8.2644(2) 

b ( ̊A) 17.0852(4) 16.4156(13) 9.4316(5) 10.2258(3)) 

c ( ̊A) 18.0483(4) 29.698(3) 15.7875(9) 24.6754(6) 

α (deg) 97.7822(8) 90.00 90 79.5777(11) 

β (deg) 97.4944(8) 91.361(2) 116.095(4) 87.8297(10) 

γ (deg) 93.4340(8) 90.00 90 68.6405(10) 

V ( ̊A 3 ) 2843.92(11) 8203.6(11) 3237.1(3) 1909.15(9) 

Z value 4 8 4 2 

ρcalc (g/cm 

3 ) 2.795 2.308 1.727 2.428 

μ(Mo K α ) (mm 

−1 ) 14.591 10.200 4.238 26.078 

F(000) 2144 5224 1656 1280 

Crystal size, mm 

3 0.058 × 0.187 × 0.190 0.28 × 0.18 × 0.16 0.30 × 0.20 × 0.16 0.02 × 0.04 × 0.16 

2 θmax ( °) 26.37 26.37 28.40 66.98 

Reflections collected 75638 91519 77103 62985 

Independent reflections 11639 [R(int) = 0.0475] 16451 [R(int) = 0.0708] 4062 [R(int) = 0.0499] 6738 [R(int) = 0.0480] 

Max. and min. transmission 0.4850 and 0.1680 0.29 and 0.16 0.5504 and 0.3629 0.62 and 0.27 

Data/parameters 11639 / 655 16451/978 4062/219 6738/470 

Goodness of fit on F 2 1.057 1.062 1.063 1.255 

Final R indices [I > 2sigma(I)] R1 = 0.0211 wR2 = 0.0418 R1 = 0.0640 wR2 = 0.1404 R1 = 0.0161 wR2 = 0.0386 R1 = 0.0284 wR2 = 0.0706 

R indices (all data) R1 = 0.0275 wR2 = 0.0444 R1 = 0.0797 wR2 = 0.1502 R1 = 0.0179 wR2 = 0.0398 R1 = 0.0285 wR2 = 0.0706 

Largest diff. peak and hole (e •Å -3 ) 1.672 and -1.012 3.050 and -3.178 0.589 and -0.449 1.197 and - 1.570 

Table 2 (continued) 

Compound 7a 8a 8b 9 

Empirical formula C 53 H 41 Cl 2 N 2 O 7 Os 3 P 2 Sb • 2CH 2 Cl 2 C 20 H 8 NO 12 Os 2 SbW C 20 H 8 NO 12 Os 2 SbW C 19 H 11 Cl 2 N 2 O 9 Os 3 Sb 

Formula weight 1812.92 1140.27 1140.27 1174.55 

Temperature (K) 103(2) 103(2) 103(2) 100(2) 

Crystal system Triclinic Monoclinic Triclinic Monoclinic 

Space group P ̄1 P2 1 /n P ̄1 Cc 

a ( ̊A) 14.3957(5) 9.3714(3) 9.1224(2) 11.6971(5) 

b ( ̊A) 15.7081(6) 16.8083(6) 9.2835(2) 14.2259(6) 

c ( ̊A) 16.2226(6) 16.9781(6) 16.1604(4) 16.3751(6) 

α (deg) 116.615(2) 90 95.1604(9) 90 

β (deg) 96.625(2) 91.9450(14) 97.6992(9) 91.4623(15) 

γ (deg) 109.653(2) 90 103.7537(8) 90 

V ( ̊A 3 ) 2930.4(2) 2672.80(16) 1306.77(5) 2723.96(19) 

Z value 2 4 2 4 

ρcalc (g/cm 

3 ) 2.055 2.834 2.898 2.864 

μ(Mo K α ) (mm 

−1 ) 7.319 14.826 15.162 15.174 

F(000) 1712 2032 1016 2096 

Crystal size, mm 

3 0.10 × 0.08 × 0.04 0.10 × 0.12 × 0.16 0.12 × 0.15 × 0.21 0.06 × 0.24 × 0.32 

2 θmax ( °) 31.22 26.37 25.35 30.55 

Reflections collected 75123 5454 4782 25494 

Independent reflections 18947 [R(int) = 0.0673] 5454 4782 8092 [R(int) = 0.0644] 

Max. and min. transmission 0.76 and 0.50 0.319 and 0.200 0.255 and 0.144 0.463 and 0.0852 

Data/parameters 18947/693 5454/335 4782/355 8092/327 

Goodness of fit on F 2 1.032 1.136 1.078 1.039 

Final R indices [I > 2sigma(I)] R1 = 0.0351 wR2 = 0.0645 R1 = 0.0273 wR2 = 0.0494 R1 = 0.0213 wR2 = 0.0403 R1 = 0.0362 wR2 = 0.0702 

R indices (all data) R1 = 0.0651 wR2 = 0.0756 R1 = 0.0350 wR2 = 0.0524 R1 = 0.0261 wR2 = 0.0420 R1 = 0.0422 wR2 = 0.0730 

Largest diff. peak and hole (e •Å -3 ) 3.078 and -1.915 1.999 and -1.461 2.196 and -1.457 2.226 and -1.716 

t
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hen calculated to characterize the stationary points as equilibrium 

tructures with all real frequencies, and to evaluate zero-point en- 

rgy (ZPE) corrections. 

Supporting Information: 

Crystallographic data for the structures in this paper have been 

eposited with the Cambridge Crystallographic Data Centre as sup- 

lementary publication numbers CCDC 2053892-6 and 2062344- 

. Copies of the data can be obtained, free of charge, on applica- 

ion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: + 44 

223 336033 or e-mail: deposit@ccdc.cam.ac.uk). The 1 H, 31 P, IR 

nd MS spectra of the new compounds, ORTEP diagrams and se- 

ected bond parameters of 3’ and 4 , and all the computationally 

ptimized structures. 
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