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Abstract 

The iridium complex Cp'(PMe3)Ir(Me)OTf (1) ( C p * =  rlS-Cs(CH3)5, OTf=OSO2CF 3) reacts cleanly with acetone at room 
temperature. This reaction results in overall double C-H activation, generating the cationic rl3-hydroxyallyl complex Cp * (PMe3)Ir(r/3- 
CH2C(OH)CH2)+OTf - (2). Complex 2 was characterized by X-ray diffraction and found to contain a hydrogen-bonded triflate anion. 
The ultimate product formed on reaction with acetone is strongly dependent upon the nature of the counterion present. Replacement of the 
triflate ion in 2 with other anions leads to the metallacyclobutanone Cp'(PMe3)Ir(rl2-CH2COCH2), the rll-enolate 
Cp*(PMe3)lr(CH2COCH3)S(p-tolyl) and the free cation salt Cp'(PMe3)Ir(r/3-CH2C(OH)CH2) + B(3,5-C6H3(CF3)2)~-. 
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Carbon-hydrogen (C-H) bond activation research 
during the past decade has demonstrated two general 
processes by which certain transition metal complexes 
can effect the stoichiometric cleavage of carbon-hydro- 
gen bonds [1-4]. The first involves the oxidative addi- 
tion of the C-H bond to an unsaturated metal fragment, 
and is typical of electron-rich late metal systems [5-13]. 
The second takes place by a 1,2-R-H addition, in which 
the C-H bond adds across a highly electrophilic d o 
metal M-X bond [14-24]. This dichotomy has led to 
significant limitations in the scope and chemistry of 
transition-metal based C-H bond activation. The late 
metal complexes are often highly reactive, thereby gen- 
erating complicated mixtures when different types of 
C-H bond are present in a reacting molecule. Also, the 
coordinatively saturated products are generally resistant 
to subsequent reactions and /o r  rearrangements de- 
signed to transform the C-H activated complex into a 
functionalized organic compound [25-27]. Conversely, 
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while the or-bond metathesis systems do generally 
demonstrate significant bond selectivities (e.g. primary 
>> secondary, tertiary) and contain an empty coordina- 
tion site, the oxophilic metals that typify these com- 
plexes are often not compatible with common organic 
functional groups. 

We recently reported that the iridium complex 
Cp*(PMe3)IrMe(OTf) (1) (Cp* = r/5-Cs(CH3)5, OTf 
= OSO2CF 3) reacts at ambient temperature with alka- 
nes and arenes R-H to generate methane and the corre- 
sponding Ir-R complexes [28]. In contrast to typical 
bond activations with electron-rich metal fragments, 
these reactions are relatively mild, requiring neither 
photolysis nor elevated temperature, and are highly 
selective for methane primary and/or  arene C-H bonds. 
In addition, the electron-rich metal center appears to be 
compatible with heteroatom-containing functional 
groups, allowing the use of methylene chloride as a 
solvent for these reactions. In an effort to extend the 
generality of this unusual and selective o-bond metathe- 
sis-like chemistry, we have begun to explore the activa- 
tion of C-H bonds in organic substrates containing 
functional groups. Herein we report the clean reaction 
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of 1 with a carbonyl-containing substrate, acetone, to 
generate an r/3-2-hydroxyallyl iridium complex, as well 
as its subsequent anion-dependent rearrangement. 

The addition of acetone to a methylene chloride 
solution of 1 at 25 °C leads to gradual lightening of the 
reaction mixture over the course of 1 day. Examination 
of the solution by IH NMR spectrometry (CD2CI z) 
reveals the formation of methane and a new iridium- 
containing product in essentially quantitative yield by 
NMR. This complex displays one set of Cp* (8 1.87 
(d, 15H, JP-H = 1.9 Hz)) and PMe 3 (8 1.39 (d, 9H, 
JP-H = 9.7 Hz)) signals [29]. However, rather than the 
methylene and methyl resonances that might be ex- 
pected for the simple C-H activated product, two sets 
of doublets were observed [8 3.26 (dd, 2H, JP-H = 1.2 
Hz, JH-H = 5.0 Hz), 8 1.73 (dd, 2H, Jr-H = 16.0 Hz, 
JH-H = 5.0 HZ)], as well as a broad singlet at 8 8.36 (s, 
1H). This pattern is consistent with the presence of an 
r/3-hydroxyallyl fragment, and is similar to that reported 
for other transition metal hydroxyallyl complexes [30- 
33]. The 13C NMR spectrum is also consistent with the 
presence of a symmetrical allyl-type fragment, showing 
resonances only for the terminal [8 8.95 (s)] and inter- 
nal [~ 130.6 (d, JP-c = 3.5 Hz)] carbons. Based on 
these data, 2 can be formulated as a cationic r/3-hy - 
droxyallyl iridium complex as depicted in Eq. (1). 

Complex 2 was isolated in 93% yield by precipita- 
tion from CH2C1 z with hexane as light yellow crystals, 
and its formulation as a cationic 7r-hydroxyallyl corn- 

plex was confirmed by X-ray diffraction [34]. As shown 
in the ORTEP diagram (Fig. 1), the complex has a 
pseudo-three-legged piano stool geometry about iridium 
with a symmetrically bound "03o-allyl fragment (Ir-C(14, 
16) 2.18 A, Ir-C(15) 2.21 A, sum of angles about 
C(15): 359 °) oriented exo to the Cp* ligand. The C-O 
bond length (1.35 ~,) in 2 is intermediate between that 
of a normal single and double bond. This, in conjunc- 
tion with the short hydroxide-triflate bond length 
(O(1)-O(11) 2.69 :k), suggests hydrogen bonding in 2 
that makes it intermediate between a cationic p-allyl 
complex and metallacyclobutanone (3). The IR spec- 
trum of 2 supports this formulation, with a broadened 
O-H stretching absorption that is shifted into the hydro- 
gen bonding region (3175 cm-l) .  The hydrogen-bonded 
complex 2 can be converted completely to the cationic 
r/3-hydroxyallyl complex 4 by replacement of the tri- 
flate with the non-interacting tetraarylborate anion 
[B(3,5-C6H3(CF3)2)4]- [35]. The spectroscopic data for 
4 are similar to those of 2, except for a shift in the I H 
NMR hydroxide resonance upfield to 4.13 ppm and a 
distinct sharpening and shifting of the O-H IR stretch 
(3553 cm- l ). 

In analogy to the chemistry of 1 with alkanes, we 
propose that a critical step in the formation of 2 is the 
activation of the C-H bond of acetone to eliminate 
methane and generate a new Ir-C bond, followed by an 
intramolecular rearrangement to activate the second 
C-H bond (Scheme 1) [36]. Information about the 

Me3p/IrNoTf 
1 

ss 

MesP / v 

0 - CH4 . ~  _ 

S 

(X = S(p- -T~) )~  = OTf) 

,OTt-4 D=O . ~  
Ir~ ~ 0  + HX 

Me~P / 
3 

KS(p-toIyl), 1L LiN(CH(CH3)=)2, (X = OTf) 
NaN(SIMea)= 

"~/~lr~. ,.OTf - NoBArl 

Me3P ~ - NaOTf 
2 

Scheme 1. 

~ = S(p-Tol)) 

MesP / ~SR 0 
6 

BArf - 
Xlr+ OH 

MesP / \ ~  
4 



B.A. A rndtsen, R. G. Be rgman / Journal of Organometallic Chemistry 504 (1995) 143-146 145 

v c I ~ C  8 

C12 

Fig. 1. ORTEP diagram of complex 2 (triflate counterion removed for 
clarity). Selected bond lengths and angles: Ir-P(l): 2.287 (3) A; 
Ir-Cp: 1.872 /k; Ir-C(14): 2.176 (12) A; It-C(15): 2.207 (11) A; 
Ir-C(16): 2.187 (12) ,~; C(15)-O(1): 1.353 (13) ,~,; C(14)-C(15): 
1.440 (16) ,~; C(15)-C(16): 1.432 (16) ,~; O(l)-O(triflate): 2.694 
(12) ~,; P(I)-Ir-C(14): 89.4 (3)°; P(1)-Ir-C(15): 104.9 (3)°; P(1)- 
Ir-C(16): 86.0 (3)°; C(14)-C(15)-C(16): i18.3 (10)°; O(1)-C(15)- 
C(14): 122.3 (10)°; O(I)-C(15)-C(16): 118.3 (10) °, 

nature of these intermediates as well as their potential 
interconversion was obtained from reactivity studies on 
2. Addition of D20 to 2 results in immediate deutera- 
tion of the hydroxide but not the allyl C - H  bonds. This 
suggests rapid equilibration between 2 and the metalla- 
cyclobutanone structure 3 and triflic acid, from which 
label can be incorporated via rapid exchange with D20 
to generate DOTf, followed by collapse to deuterated 2. 
The lack of detectable deuterium in the allyl positions, 
even at elevated temperatures, demonstrates that rever- 
sion of 2 to 5 (product of protonation at C a in 3) does 
not occur under these conditions. 

This equilibrium between 2 and metallacyclobu- 
tanone 3 can be shifted by replacement of triflate with 
more basic anions. Thus, addition of LiN(CH(CH3)2) 2 
or NaN(Si(CH3)3) 2 to a THF solution of 2 results in the 
immediate generation of amine as well as 3 in 85% 
isolated yield. Spectroscopic data are consistent with the 
formulation of 3 as a metallacyclobutanone, as shown in 
Scheme 1 [37]. Notably, the IR shows the disappearance 
of an O - H  stretch and generation of an organic car- 
bonyl v(CO) at 1573 cm -1, and 13C NMR analysis 
reveals a signal at 171.5 ppm for this carbon. 

Metallacyclobutanone 3 can also be prepared by 
addition of potassium thiolate to 2, but in this case the 
ketone appears to be only an intermediate along the 
pathway to non-chelated products. Thus, treatment of 2 
with KS(p-tolyl) in CH2C12 leads to the quantitative 
formation of 3 and (p-tolyl)SH, which reacts over the 
course of 1 day at 25 °C to generate the r/Lenolate 
complex Cp'(PMe3)Ir(CH2COCH3)(STol) 6 in 40% 
yield by NMR. Complex 6 cannot be formed suffi- 
ciently cleanly to allow isolation because secondary 
reaction with thiol liberates acetone and generates the 
bis-thiolate Cp*(PMe3)Ir(STol) 2 [38]; nevertheless its 
formulation as an 771-enolate was confirmed by spectral 
data [39]. 

The generation of metallacyclobutanone 3 and r/Len- 
olate 6 from 2 demonstrates the strong dependence of 

the stable iridium-enolate isomers upon the coordina- 
tive ability of the anion, and also illustrates (based upon 
microscopic reversibility) the potential mechanism by 
which hydroxyallyl complex 2 is formed. Initial C - H  
activation of acetone by 1 would generate the triflate 
salt of 5, whose weak Lewis and proton basicities 
facilitate conversion to complex 2. Both amide and 
thiolate anions convert 2 to metallacyclobutanone 3, and 
with thiol a slower secondary reaction proceeds to 
protonate at C,~ and generate 5, which can then be 
trapped by the strongly coordinating thiolate anion. This 
reaction of HSTol at C a in 3 differs significantly from 
the deuterium incorporation solely at oxygen with D20, 
which presumably occurs via deuteration of 3 by D 3 0  + 
OTf-, and suggests the nature of counterion X-  may 
influence the kinetic as well as thermodynamic charac- 
teristics of these isomerizations [40]. 

In conclusion, we have demonstrated that 1 reacts 
rapidly with acetone, leading to the hydrogen-bonded 
r/3-hydroxyallyl complex 2. To our knowledge this 
generation of a 7r-allyl complex directly from acetone is 
unique among transition metal complexes, and demon- 
strates the unusual ability of 1 to undergo o--bond 
metathesis with the C - H  bonds of functionalized or- 
ganic substrates. In addition to cleavage of the C - H  
bond, the empty coordination site on the iridium center 
formed by ionization provides a site for rearrangement 
of the activated fragment, and depending upon the anion 
allows the formation of ~Lenolate, metallacyclobu- 
tanone and cationic 7r-allyl complexes. Examination of 
the reaction of 1 with other functionalized organic 
substrates, as well as their subsequent metal-based rear- 
rangements, is currently under way. 
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