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Six-coordinated cyclometallated compounds are easily obtained by the reac- 
tion of the tertiary aliphatic phosphines, di(t-butyl)n-propyl-, di(t-butyl)n-butyl-, 
tri-t-butyE or tri-isopropyi-phosphine with [(COT),IrCl], (COT = cycle-octene) 
in the presence of r-picoline or acetonitrile. Both four and five membered 
rings are formed, but no six membered ring, as was deduced from the 31P NMR . 
spectra. The steric effects of the phosphine and of the co-&and determine the 
composition and the stereochemistry of the products. Some exchange reactions 
with CO, and P(OPh)3 were studied to give more structural information. 

Introduction 

It has previously been shown [l-7], that both aromatic and olefinic C-H 
bonds of N- or P-donor ligands are easily cleaved by transition metal com- 

plexes, especially when the l&and has the appropriate steric and electronic 
properties and when the metal is in a suitable oxidation state. Cyclometallation 
reactions involving aliphatic C-H bonds breaking, except for benzylic C-H 
bonds, have rarely been observed [S,S]. The results of a study of this type of 
cyclometallation are presented here. 

Experimental 

All operations were carried out under purified nitrogen. 
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mmol) was suspended in 15 ml hexane and 0.1 ml 7-picoline was added. After 
addition of (i-C3H7)3P (1.22 mmol) a clear yellow solution was slowly formed. 
After being warmed for 15 min at 50°C the solution was filtered and cooled to 
-30°C. The white crystals thus obtained were washed with cold hexane and 
dried under vacuum (yield 80%), 

[{(t-C&),PCH,CH,CH, }I;HCZ{(t-C,H,),P(n-CJI,) }NCJl,] (IIa). The complex 
was obtained in the same way (yield 55%). After concentrating the mother 
liquid, the very soluble complex [ { (t-C4H,)(n-C,H,)PC(CH,),~HC1{(t-C.,H,)2P- 
(n-&H,) )NCsH7] (IIb) was obtained (yield 20%). 

I{ (t-C4H9)(n-C~N9)PC(CH~)2~HCit (t-CJWd’(n-Cd%) WC&l (III&)- 
Refluxing a mixture of [(COT)JrC1]2 (0.33 mmol), 0.1 ml T-picoline and 
(t-C4H,),P(n-C4H,) (1.22 mmol) in hexane for 1 h, followed by filtration, 
concentration and cooling of the solution gave the very soluble product (50% 
yield)_ Trace amounts of [ {(t-C,H,),PCH,CH,C~rHCl(NC6H,),] (IIIa) 
were found. The yield of IIIa could be somewhat increased by using aceto- 
nitrile as the co-Iigand. After the metallation was complete, r-picohne was 
added and about 20% of IIIa could be isolated. 

[ {(t-C&l&PC(CH,),&H2 )I~HCINC,H,] (IVa). After refluxing (t-C,H,),P 
(O-66 mmoi) with 0.2 ml T-picoline and [(COT)21rCl]z (0.33 mmol) for 3 h in 
hexane the non crystallizable product was obtained in low yield (20%). Under 
the same conditions tri-n-butylphosphine did not yield metallated products. The 
following CO containing products were obtained by bubbling carbon monoxide 
through a solution of Ia, IIa, IIb and IIIb respectively, in hexane. All these pro- 
ducts were oils, and were thus only investigated spectroscopically: [ {(i-&H,& 
PCH( CH,)mHCl {(i-C3H7)3P 3 CO], (Ib), [ { (t-C,H,),PCH,CH,CH, } IrHCl- 
{(t-C.,H,),P(n-C,H,)}CO] (IIc); [ {(t-C,H,)(n-C,H,)PC(CH&~rHCl{(t-GH,),- 
P(n-C,H,) ) CO] (IId); [ { (t-CJH9)2PCH~CH&HCHB}IjrHCl{(t-CoH&P(n-C~H9))- 
CO], (111~); [ {(t-C,H,)(n-C,H,)PC(CH~)*C~HC1{(t-C4H,)2P(n-C,H,)}CO], 
(IIId). The P(OPh)S-containing products were obtained by adding the calculated 
amount of triphenylphosphite to solutions of the -y-picoline compound. The 
following products were obtained: [ {(i-C,H,),PCH(CH,)C~HCi{(i-CSH7)J- 
P)P(OPh),], (Ic), oil; [ {(t-(C,H,)2PCH2CH,CH12)IiHC1{P(OPh),)2], (IIe); 
[{(t-C4H~)(n-GH,)PC(CH&~HC11P(OFh)~ 34, @If); I CWX-&d(n-GH9)- 
PC(CH,),mHCl Q?(OPh),} J. (IIIf); [ {(t-GH&PC(CH&CHz ] IrHCl- 
{P(OPh),},], (IVb). The oily nature of some compounds prevented a reliable 
elemental analysis. This lack of crystahine structure probably arises from the 
presence of different enantiomers and the large asymmetry of the molecules. 
Some products appeared to be mixtures of isomers which could not be separated. 
The C, H, and Cl analyses (Table 1) were carried out by the Elemental Analysis 
section of the Institute of Organic Chemistry TNO, Utrecht. 

Spectroscopic measurements 
The ‘H NMR spectra were recorded on VarianTSO and Varian XL-100 instni- 

merits, the 31P NMR spectra on a Varian XL-100 with Fourier transform and 
the IR spectra as nujol mulls on a Beckmann 4250 spectrophotometer. (4000-- 
200 cm-‘). 
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TABLE2 

RELEirANTlNFRAREDSPECTRAOFTHECOMPLEXES(incm-') 
__-__-_ -__-_-___- --___- 

Compound v<Ix-H) Y(Ir-cI) wxo 

Ia 2220 230 
Ib 2220 250 1980 
xc _ 2260 230 
1Ia 2345 225 

IIb 2225 230 
IIC 2115 230 1990 

IId 2090 225 1990 
11e 2255 235 
IIf 2240 230 
1% 2220 235 
IlIb 2215 210 
IIIC 2110 225 1990 
IIId 2125 225 1990 
IIIf 2210 240 

IVa 2255 220 
IVb 2250 240 - 

Results 

The metallated compounds were characterized by C, H and Cl analyses and 
by their infrared, ‘H and 31P NMR spectra. 

Infrared spectra (Table 2) 
The relevant bands in the spectra of the complexes resemble those of other 

cyclometallated iridium compounds [4,6,7]. The hydrido ligand is shown to 
be present by a band in the region 2100-2350 cm-‘. The high frequency of the 
band in the r-picoline complexes shows that the weak trans-directing ligand 
r-picoline is &+uated trans to the hydrogen atom, which agrees with the ‘H 
NMR data. In the carbonyl compounds the CO ligand is also found In a tram 
position with respect to hydrogen, as indicated by the low value of z@r-H) 
(2120 cm-‘). Only compound Ib is an exception, with the CO group cis to the 
hydrogen atom and v(Ir-H) at 2220 cm-‘. In the P(OPh)3 compounds, the high 
value of v(I.r-H) (2250 cm-‘) indicates that the hydrogen atom is cis to all 
three phosphorus atoms_ A rearrangement around the metal has thus accured 
upon reactions with P(OPh)3 (Fig. 1). The large frequency difference between 

H T 

Fik l.Reaction of IIawithp<OPh)3_ 
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the metal-hydrogen vibrations in the complexes IIa and IIb may be caused by a 
weakening of the metal-hydrogen bond in the latter complex as a result of a 
distortion of the angles around the iridium atom by the four membered ring 
DOI- 

‘H NMR spectra (Table 3) 
In most of the compounds the aliphatic part of the spectrum is very complex 

and the resonances are broad. The large line-width results partly from unresolved 
couplings and partly from hindered rotation of the unmetallated phosphine 
around the iridium-phosphorus bond [ 61. Furthermore, some compounds 
existed as a mixture of inseparable isomers, giving complex spectra which 
could not easily be interpreted. The compounds were therefore allowed to 
react with P(OPh)a giving, in most cases, compounds with two P(OPh)3 ligands 
and one metallated phosphine (Fig. 1). The aliphatic part of the spectrum was 
then much simpler and could be interpreted. It was found that a primary 
carbon atom is more easily metallated than a secondary one_ Thus for di-t- 
butyl-n-butylphosphine nearly exclusive t-butyl group metallation occurred 
and a four membered ring was obtained, while for di-t-butyl-n-propylphos- 
phine about 80% of the n-propyl group was metallated and a five membered 
ring was formed. For compound IIa no resonance for the metal hound proton 
was found up to 65 ppm upfield from TMS. This is ascribed to an exchange and 
partly dissociation of y-picoline, which causes ime broadening of the metal- 
hydrogen resonance. When the r-picoline is exchanged for CO the metal-hy- 
drogen resonance is found in the region -6 to -9 ppm which is indicative of the 
trans position of CO with respect to hydrogen [ll]. The only exception is com- 
pound Ic, which has a resonance at -18.6 ppm, showing the cis position of the 
hydrogen atom with respect to CO. 

TABLE3 

RELEVANTIEXNMR DATAFORTHECOMPLEXES 
_-_-- 

Compound Chemicalshift 2J('HAlP) (Hz)~ Numberoft-butyl ~IOUPS 

6 @pm)relativeto TMS 

Ia -22 2Xt 16 
Ib -18.6 2xt14 
Ic -24.0 Ic 
1Ifi not observed 4 
IIb -225 t 16 3 
Ixc -7.6 t 17 4 
IId -6.1 t 16 3 
1Ie -20.3 9 15 2 
IIf -18.0 P 16 1 
IIIa -26_01_24.8 2Xd 22 2 
Inb -223 L 14 3 
IIIC -7.0 t 16 3 
Iild 4.0 t 16 3 
IIff -17.8 Q 16 1 
1Va -23.7 d 19 2 
IVb -19.3 q 14 2 

= t= tripIet:m= multfpLt:q= q&et; d=doubht. 
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The shape of the resonance signal of the metal-bound proton in all the com- 
plexes with two nonequivalent phosphorus atoms is the same as reported ear- 
lier [6]_ In the P(OPh), compounds the resonance of the metal-bound proton 
appeared as a broadened quartet, showing that the coupling constants of all 
three phosphorus atoms with this proton do not differ substantially. Thus the 
hydrogen atom is located cis to all three phosphorus atoms. 

31PNMR spectra (Table 4) 
Recently, Garrou and co-workers [12] reported that the ‘IP chemical shift 

in phosphorus containing ring compounds can be used to decide whether the 
phosphorus atom is part of a four, five or six membered ring. Compared with a 
coordinated but unmetallated phosphine, a downfield shift for a five membered 
ring was found and an upfield shift for both a four and a six membered ring. 
Other groups of workers have mentioned this empirical rule [13,14]. These 
rules make it possible to assign the phosphorus resonances in the previously 
published [6] compounds [(R2PCH2CH=~HCI(R2PCH2CH=CH=CH2)L] which 
show a chemical shift for the metallated phosphines between -55.5 and -70.9 
ppm and a chemical shift between -14-S and -27-5 ppm for the unmetallated 
phosphine (thus giving a ring contribution (AR) of about -40-!50 ppm)_ This 
value of the ring contribution is in accord with the proposed five membered 
rings, 

TABLE4 

3'PNMRDATAFORTHEMETALLATEDCOMPLEXE3 

Compound PI J(PIP3) P2 J<PIW P3 J<p2p3) AR Ring 

<metaUated) @is? <unxm?tal- (trans) <Cis) eze 

kited) 

Ia +31.20 
Ia’ +25_00 
Ib +30.15 
Ib' l 36.84 
IC e42.83 
IC’ +41.14 
II1 = -76.2 
Irn +19_93 
IIC= -67.83 
IId +13.98 

11e -63.42 
IIf +22.55 
IIIalIIId -51.68[-51.29 
IHb +22.28 

111ca -62.51 
IIId e18.75 
IIIf i-7.51 
IVa +7.58 

IVb +27.47 

-5 

-5 

24.1 
-5 

-10.53 369.3 

-14.18 367.5 
-18.25 308.3 
-18.20 311.0 

-8.58 315-i 
-6.33 315.0 

-39.6 360 
-20.43 367.3 
-24.87 300.8 
-33.24 302.5 

-77.37d 533.9 
-86.11d 559.2 

-14.28 366.2 

-26.26 301.2 
-28.50 3oz.5 

-79.30d 582.5 

-82.4Sd 560.0 41.36 21.5 

+41.55 

+38.18 
+48.40 
+55.09 

-85.54 15 l 51.41 
-81.79 15 e47.47 

-36.6 

+40.36 
-42.96 

+47.22 
+0.60 27.7 b 
-4.77 21.9 cw 

b 

+3tx55 

-36.25 
+47_25 

-88.03 20.5 ' 

4 

4 
4 
4 

4 

4 

5 
4 
5 
4 

5 
4 

5 
4 

5 
4 

4 
4 

4 

aAt-300C.twoconformationsarepresenLb SincethechemicaSsbift of ~heunmetalWedphorphineb 
unkn0wn.~couldnotbeobrained=Therpee~mW~~Cordedat--5O*~-~P2bP~D~~~ 
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Fig_ 2.3lP NMR spectrum of IIe. 

The compounds Ia, Ib and Ic, that can only have four membered rings, show 
a ring contribution (PR) between +38.18 to +51.41. These values are in good 
agreement with the empirical rules of Garrou [12] for four-membered rings. The 
compounds IVa and IVb must also have four membered rings, but because there 
is no unmetallated phosphine ligand in the molecule, AR could not be determined 
exactly. Since for the compounds IIb, IId, IIf, IIIb, IIId end IIIf a positive AR 
is also found, a four membered ring must be present. This agrees with the ‘H 
NMR spectra, which showed that a t-butyl group was metallated in these com- 
plexes and consequently a four membered ring must be formed. A downfield 
shift of the resonance of the metallated phosphine with respect to the unmetal- 
lated phosphine (AJZ = -40 ppm) was found for the compounds IIa, IIc and 
II&z, showing the presence of a five membered ring. The compounds IIe and 
IIIa also show a negative ring contribution, but again AR could not be pbtained 
exactly because of the absence of an unmetallated phosphine. 
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Fi& 4. Diastereohomexs of Ia 

Compound Ha showed a broadened AB spectrum at room temperature, and 
on cooling still more broadening occurred. Only at -50°C did the signals sharpen 
to show two AB patterns, revealing the presence of two conformations. This 
behaviour is consistent with partial dissociation of T-picoline at room tempera- 
ture_ On cooling two mechanisms occur; one is the slowing down of the reversi- 
ble dissociation of r-picoliue and the other is the decrease of the hiudered rota- 
tion around the iridium-phosphorus bond_ For the P(OPh),-containing com- 
plexes the spin system is second order, showing an ABC spectrum (Fig. 23) 
For the complexes with a four memberedring (Hb, Ib, IIIe, IVb) a small cis- 
coupling of P(OPh)3 with the metallated phosphine was found (- 5 Hz), while 
in the five membered rings this coupling is 20-25 Hz. This difference is pro- 
bably due to an angle distortion around the metal by the four membered ring. 

Another difference between the four and the five-membered ring complexes 
is the greater steric hindrance in the latter. In the products with two phosphine 
hgauds the freezing out of the conformations occurs in the five membered ring 
compounds between room temperature and -40°C. The AB spectrum of the 
four membered ring compounds starts broadening at -3O”C, so clearly there is 
a less hindered rotation of the unmetallated phosphiue around the II-P bond. 

For the metallated products of tri-isopropylphosphine two isomers were 
found. These originate from the two asymmetric centres in the molecule provid- 
ing two diastereo isomers. For the same reason two isomers were found for 
compound IIIb (Fig. 4)_ For all compounds with a proton chemical shift of 
more than 15 ppm upfield from TMS, the coupling of this proton with the phos- 
phorus nuclei was observed in the 3*P NMR spectra, because the broad band 
decoupler was not powerful enough to completely decouple this proton [71. 

Discussion 

In this study it has been found that the reactivity of aliphatic C-H bonds 
towards the used Ir’ system used does not differ much from the reactivity of 
allylic and aromatic C-H bonds with the same system. Since the bond energies 
of all three types of C-H bonds are in the same region, we suggest that when 
the steric conditions are well chosen the bond energy of the C-H bond determ- 
ines the reactivity towards metallation reactio_m_ J?re-coorwtion of an unsa- 
turated group to Lr’ does not enhance the reactivity towards metal&ion but 
rather prevents it, as illustrated by the remarkable difference between ally1 
phosphdues and ZLbutenylphosphiues in the reaction with Irr. When the phos- 
phorus atom is bound to the metal the ally1 group c&not be brought near enough 
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to the metal to give a strain-free bond between Ir’ and the double bond, Model 
studies show that the vinylic hydrogen atom at C3 can point directly towards 
the metal and thus a metallated product is easily formed [6,7]. However, the 
butenyl group, which has one methylene group more, can easily be arranged 
in such a way that the double bond overlaps perfectly with the d,z and pr or- 
bitals of the metal giving a stable 5,5 membered chelate ring [15,16]. For metal- 
lation to occur this chelate ring has to be broken; apparently this is unfavorable 
and no metallated products are obtained. The importance of the steric factors 
is illustrated by this investigation and others [17-20]. The reactivity towards 
metallation is tri-isopropylphosphine = di(t-butyl)n-propylphosphine > di(t- 
butyl)n-butylphosphine > tri-t-butylphosphine. Tri-n-butylphosphine yielded no 
metallated products. Obviously the cone angle of the phosphine determines the 
reactivity; when this angle is small no metallated products are obtained and 
when the angle is extreme large, the yield is rather low_ Only when the bulkiness 
is moderate are good yields of metallated products obtained. The influence of 
even one methyl group in the course of the reaction is rather large. Di(t-butyl)- 
n-propylphosphine upon reaction with Ir’ yields predominantly a cyclometallated 
product with a five membered ring, showing that the n-propyl group la metal- 
Med. The crowding around the metal is such that the co-&and, r-picoline, is 
only just small enough to fit into the vacant coordination site. The by-product 
with the strained four membered ring has less crowding around the metal and 
the coligand now fits easily into the sixth coordination place. The release of 
crowding is also illustrated by the less hindered rotation around the iridium-phos- 
phorus bond. 

A four membered ring is formed almost exclusively upon reaction of di(t- 
buty!)n-butylphosphine, because a five or six membered ring would increase the 
crowding around the metal, since the ethyl or methyl group on the ring adds to 
the steric hindrance near the metal. When a smaller co-ligand, acetonitrile, is used, 
however, the crowding is slightly less and now some five membered ring product 
is formed. Addition of o/-picoline to this product illustrates the increase in crowd- 
ing; the unmetallated phosphine being replaced and product IIIa formed. 

A further study of electronic effects on metallation reactions with phosphines 
is under way_ 
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