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The synthesis and characterization of terminal Ir(1)-amido complexes containing trialkyl- 
phosphine ligands are described. The anilide complexes, truns-Ir(PR3)2(CO)(NPh), where 
PR3 = PMe3 (1) and PEt3 (2), undergo insertion reactions with CO and subsequent C-H 

activation to produce Ir(PR3)2(CO)(H)[C(O)NH(CsH4)3, 5 and 6. The structure of these 
orthometallated products is similar to that found for the analogous PPh3 complexes reported 
previously. It was also possible for the first time to synthesize an  alkylamide complex, truns- 
Ir(PEt3)2(CO)(NHBut), 3, which was found to readily convert to an  amido-bridged dimeric 
species [Ir(PEt3)(CO)(p-NHBut)12, 4. A rapid reaction results between 3 and CO to produce 
a carbamoyl complex, Ir(PEt3)2(CO)2[C(0)NHButl, 7. A detailed spectroscopic study 
established the structure of 7 to be trigonal bipyramidal, with the carbamoyl ligand in an  
axial position and the phosphine ligands distributed between axial and equatorial positions. 
An alkyne adduct was formed between 3 and PhC=CPh, whereas PhCSCH produces a 
monoalkynyl complex. Addition of two or more equivalents of PhCECH ultimately affords 
the bisalkynyl complex, trans-Ir(PEt3)2(CO)(H)(-C~CPh)2, 9. 

I I 

Introduction 

Amido (NHR- or NR2-) groups are widely used in 
coordination and organometallic chemistry as n-electron 
donating coligands for middle to early transition met- 
a1s.l Interest in late transition metal amido complexes 
has been growing because the amido ligands 
in these complexes are expected to be reactive due to 
the lack of ligand-to-metal n bonding. We have begun 
a study of low-valent group 9 metal-amide complexes, 
and have recently reported the synthesis of trans-Ir- 
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(PPh3)2(cO)(NHh') complexes, where f b  = c6H5, o - c a -  
Me, p-CsHsMe, 2,6-C&Me2, 3,5-C&Me2, p-C6H4N02 
and P - C ~ H ~ C ~ . ~  Most interestingly, these complexes, 
except the one bearing the NH(p-CsH4N02) ligand, 
undergo facile insertion of CO, which is a key step in 
metal-assisted functionalization of amines and amides 
for synthetic purposes. For the complexes containing 
the bulky -NH(2,6-C6H3Mez) and -NH(3,5-C6H3Me2) 
ligands, the insertion reaction results in the formation 
of carbamoyl (-C(O)NHAr) moieties. For the other 
complexes, the insertion reaction is followed by ortho- 
metallation of the carbamoyl moiety: 

PPhi 9 0  
0 

2CO PhaP,I 4- -0 

ph3p I 'NH 
,lr-C - I -  

I 
OC-lr-NHPh - 

c /  PPh3 

I 

I I  

Ill 

Such unprecedented intramolecular C-H bond activation 
of a carbamoyl ligand prompted us to examine this 
reaction for other complexes that are structurally 
similar but have phosphine coligands with different 
steric and electronic properties. In this regard, we 
report here the synthesis and characterization of com- 
plexes containing trialkylphosphine ligands, viz. trans- 
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trans-IrtPR3)dCO)(NHR') 

Ir(PR3)2(CO)(NHPh), where PR3 = PMe3 and PEt3. We 
also report the first example of an Ir(1)-aZkyZamide 
complex, trans-Ir(PEt3)2(CO)(NHBut). Reactions of these 
complexes with CO and alkynes are discussed. 
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Although reaction appeared complete after ca. 6 h, the ampule 
was heated for 12 h to ensure completion, after which time 
the ampule was taken inside an inert atmosphere glove-box, 
the seal was broken and the content was transferred into a 
Schlenk flask. The volatiles were then removed under vacuum 
for 12 h to ensure complete removal of free PEt3. The resulting 
dark orange waxy solid was dissolved in a minimum volume 
of pentane, and the solution was cooled to  -78 "C for ca. 10 h 
to  precipitate [Ir(PEt3)(C0)+-NHBut)lz as dark orange micro- 
crystalline solids. The yield was 30%. Found: C, 31.8; H, 6.4; 
N, 3.2. Calc.: C, 32.1; H, 6.1; N, 3.4. IR, C6H14, cm-': 1931 
and 1912. 'H NMR, C,&: 6 3.25 (t, JP.H = 3 Hz, lH,  NHC- 
(CH3)3); 1.80 (9, 9H, NHC(CH&); 1.55 (m, 12H, PCHzCH3); 
1.40 (s, 9H, NHC(CH&); 1.25 (br s, lH, NHC(CH&); 1.00 (m, 
18H, PCHzCH3). l3C{'H} NMR, 6 174.1 (d, Jp.c = 14 
Hz, CO); 52.3,49.7 (s, NHC(CH&); 30.5, 26.6 (s, NHC(CH&); 
11.3 (d, Jp.c = 34 Hz, PCH2CH3); 1.4 (s, PCHzCH3). 31P{1H} 
NMR, CsD6: 6 5.9. 

Experimental Section 
All preparations were carried out under N2 using standard 

drybox or Schlenk line techniques. Solvents were purified 
twice before use and stored under Nz over 4-A molecular sieves. 
Hexanes and pentane were distilled from CaHz, and toluene 
and THF were distilled from Na/K alloy and benzophenone. 
LiNHPh and LiNHtBu were prepared by reacting the cor- 
responding amines with "BuLi in toluene. trans-Ir(PR&(CO)- 
C1 [PR3 = PMe3 and PEts] were prepared by a method 
developed in our laboratory.* 

Infrared spectra were recorded on either a Nicolet 6000 or 
a Mattson Galaxy FT-IR instrument. 'H, 13C and 31P NMR 
spectra were obtained using either a 250- or a 500-MHz Bruker 
instrument. Deuterated solvents were purchased from Cam- 
bridge Isotope Laboratories and were dried over 4-A molecular 
sieves. Elemental analyses were performed by Galbraith 
Laboratories, Knoxville, TN. 

Syntheses. truns-Ir(PRs)z(CO)(Nh) (PRs = PMes 
(l), and PEts (2)). Both of these complexes were prepared 
by dissolving trun~-Ir(PR3)2(CO)Cl in THF and adding 3 equiv 
of LiNHPh, also dissolved in THF. The resulting bright yellow 
solutions were allowed to stir at room temperature for 10 min, 
after which time they were evacuated to dryness. The gummy 
brown solid residues were then extracted with hexane and 
filtered through a half-inch pad of Celite to give clear yellow 
solutions. Concentration of the hexane solutions under vacuum 
and cooling to -10 "C for 12 h yielded bright yellow micro- 
crystalline solids, which were separated by filtration. Further 
concentration of the filtrate and cooling to -10 "C gave a 
second crop of solids. Combined yields were -75%. 1. 
Found: C, 33.1; H, 4.9; N, 3.1. Calc.: C, 33.6; H, 5.2; N, 3.0. 
IR (carbonyl region), THF, cm-l: 1935. 'H NMR, CsDs: 6 7.18 
(t, JH-H = 8.5 Hz, 2H), 6.71 (d, JH-H = 8.0 Hz, 2H), 6.55 (t, JH.H 
= 8.0 Hz, 1H) (Ca5);  2.43 (s, lH,  NHCsHs); 1.11 (t, 18H, 
PCH3). 13C{IH} NMR, CsDs: 6 173.8 (t, Jp-c = 12 Hz, Ir-CO). 
31P{1H} NMR, C& (referenced against external H3P04 stan- 
dard): 6 -20.0. 2. Found: C, 41.5; H, 6.7; N, 2.4. Calc.: C, 
41.6; H, 6.6; N, 2.5. IR (carbonyl region), THF, cm-l: 1931. 
'H NMR, C6D6: 6 7.20 (t, JH.H = 8.0 Hz, 2H), 6.70 (d, JH-H = 
8.2 Hz, 2H), 6.57 (t, JH-H = 8.0 Hz, 1H) (Cas) ;  2.26 (8, lH, 
NHCfjH,); 1.65 (m, 12H, PCHzCH3); 0.95 (m, 18H, PCH2CH3). 

{'H} NMR, (referenced against external stan- 
dard): 6 18.7. 
truns-Ir(PEts)z(CO)(NHBut), 3. In a typical preparation, 

trans-Ir(PEt3)2(CO)C1(0.05 g, 0.1 mmol) was dissolved in C6H6 
(3 mL) and a solution (CsHs, 2 mL) of LiNHBut (0.01 g, 0.1 
mmol) was added to it. The mixture was stirred for 2.5 h, 
during which time the clear solution gradually turned cloudy. 
At the end of this period, the cloudy mixture was filtered 
through Celite to  give a clear yellow solution containing trans- 
Ir(PEt3)2(CO)(NHBut) in 99% purity (by NMR). Any attempt 
to isolate the complex by concentrating the solution always 
resulted in its conversion to  a dimeric complex, discussed 
below. Therefore, characterization of 3 was based on its 
spectroscopic analysis in solution. IR (carbonyl region), C&j ,  
cm-': 1905. 'H NMR, CsD6: 6 1.80 (m, 12H, PCH2CH3); 1.68 

13C{'H} NMR, CsDtj: 6 173.2 (t, JP.C = 14 HZ, Ir-CO). 31P- 

(s, lH,  NHC(CH3)3); 1.41 (s, 9H, NHC(CH3)3); 1.01 (9, 18H, 
PCH2CH3). 13C{'H} NMR, C&: 6 142.9 (t, Jp.c = 6.5 Hz). 
31P{1H} NMR, CsDs: 6 13.4. 
[Ir(PEts)(CO)Cu-NHBu*)]z, 4. A solution of complex 3 (0.10 

g, 0.19 mmol) in benzene (10 mL) was sealed in a glass ampule 
under vacuum and was heated at  80 "C, resulting in the yellow 
color of the solution to gradually change to bright orange. 

(8) Rahim, M.; Ahmed, K. J. Znorg. Chem. 1994,33, 3003. 

ir(PMes)z(CO)(H)[C(O)NH(CsH4)],5. Complex 1 (0.10 g, 
0.21 mmol) was dissolved in benzene (15 mL) and the solution 
was stirred under a CO atmosphere for 12 h. At the end of 
this period, the volatiles were removed under vacuum and the 
pale yellow solid residue was extracted with hexane. Cooling 
the hexane extract at -10 "C for 2 days produced Ir(PMe3)z- 
(CO)(H)[C(O)NH(C6H4)] as pale yellow microcrystalline solids. 
The yield was 55%. Found: C, 34.6; H, 5.1; N, 2.3. Calc.: C, 
34.1; H, 4.9; N, 2.8. IR, THF, cm-l: 2001 (Ir-CO), 1596 (Ir- 
c(o)-NH-). 'H NMR, C&: 6 8.12 (S, 1H, -c(o)NHc6H4); 7.80 
(t, JH.H = 6.7 Hz, lH), 7.10 (t, JH.H = 6.7 Hz, lH), 6.80 (t, JH-H 
= 6.7 Hz, lH), 6.61 (d, JH-H = 7.0 Hz, 1H) (-C(O)NHCad); 1.45, 
0.96 (d, 18H, PCH3); -9.25 (dd, JP.H = 118 and 22 Hz, lH, 
Ir-If). 31P{1H} NMR, C&: 6 -54.9, -58.6 (d, Jp.p = 26 Hz). 

Ir(PEts)z(CO)(H)[C(0)NH(C&)l, 6. A procedure identi- 
cal to the one described for the preparation of 5 was adopted. 
Although by NMR the yield was found to be > 90%, the isolated 
yield was 30%, as separation was difficult due to its high 
solubility. Found: C, 41.5; H, 6.4; N, 2.4. Calc.: C, 41.6; H, 
6.6; N, 2.5. IR, THF, cm-': 1996 (Ir-CO) and 1599 (Ir-C(O)- 
NH-). 'H NMR, C & , :  6 8.20 (S, lH,  -C(O)NHC,H,); 7.98 (t, 
JH-H = 6.4 Hz, lH), 7.12 (t, JH-H = 6.4 Hz, lH), 6.85 (t, JH.H = 
6.2 Hz, lH), 6.60 (d, JH.H = 6.7 Hz, 1H) (-C(O)NHC&4); 2.09, 
1.58, 1.45, 1.42 (septet, 3H each, PCHzCH3); 0.88, 0.70 (5 line 
multiplet, 9H each, PCHzCH3); -9.81 (d of d, lH, JP-H = 112, 
17.5 Hz, Ir-H). 31P{1H} NMR, C&: 6 -15.8, -28.5 (d, Jp.p 
= 18 Hz). 
I~(PE~~)~(CO)Z[C(O)NHBU~I, 7. The complex was gener- 

ated by bubbling CO gas through a solution of 3 (19 mM) in 
benzene (5 mL). An immediate decoloration of the solution 
was observed, indicating the formation of 7. Attempts to  
isolate the pure complex resulted in an  oily substance, which 
did not give satisfactory elemental analysis. IR, d6-benzene, 
cm-': 1961 (m), 1907 (s) (Ir-CO); 1602 (m) (Ir-C(O)-). 'H NMR, 
CsD6, 30 "C: 6 5.69 (br s, lH,  -C(0)NHBut); 1.62 (br m, 12H, 
PCH2CH3); 1.45 (s,9H, -C(0)NHBut); 0.93 (m, 18H, PCHzCH3). 
'H NMR, ds-toluene, -30 "C: 6 5.95 (s, -C(0)NHBut); 1.95, 
1.44 (9, PCHzCH3); 1.65 (5, -C(O)NHBu'); 1.11, 0.99 (m, 
PCH2CH3). 31P{lH} NMR, ds-toluene, -30 "C: -8.9, -17.3 
(d, Jp.p = 20 Hz). 13C{lH} NMR (of a sample prepared by 
passing 99% 13C labelled CO), d8-toluene, -30 "C: 184.1 (m, 
Ir-CO); 156.1 (m, Ir-C(0)NHBut). 
Ir(PEts)z(CO)(NHBut)(PhC=CPh), 8. A large excess (ca. 

10 - 12 fold excess) of PhC=CPh was added to a solution of 3 
(9.0 mM) in benzene (10 mL), and the solution was stirred for 
8 h. At the end of this period, the volatiles were removed 
under vacuum and the resulting waxy solid was transferred 
to a sublimator. Excess diphenylacetylene was removed from 
the yellow solid by sublimation at 60 "C torr pressure). 
The residual yellow solid contained 90% of Ir(PEt3)z(CO)- 
(NHBut)(PhC=CPh), 8; however, 4 was also present as a 
contaminant and could not be removed by sublimation or 
recrystallization. As a result, satisfactory elemental analysis 
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of 8 could not be obtained. IR, hexane, cm-': 1945 (Ir-CO). 
'H NMR, CsD6: 6 7.55 (d, JH.H = 8.0 Hz, 4H), 7.21 (t, JH-H = 
8.0 Hz, 4H), 7.06 (t, JH-H = 8.0 Hz, 2H) (PhCzCPh); 5.11 (s, 
lH, "ut); 2.09, 1.61 (m, 12H, PCH2CH3); 1.23 (s, 9H, 
-NHBut); 0.91 (m, 18H, PCHzCH3). 31P{1H} "MR, CsDs: -1.7. 

Ir(PEt&(CO)(H)(CECPh)2,9. To a solution of 3 (0.10 g, 
0.19 mmol) in benzene was added PhCECH (42 pL, 0.38 mmol) 
dropwise. During the addition, the initial bright yellow color 
of the solution gradually turned pale yellow. Once the addition 
was complete, the reaction mixture was allowed to  stir for 0.5 
h, after which time the volatiles were removed under vacuum 
and the residual solid was dissolved in hexane. Concentrating 
the hexane solution and cooling it to -10 "C for 2 days yielded 
Ir(PEt3)2(CO)(H)(C=CPh)z as a pale yellow microcrystalline 
solid. The yield was 44%. IR, THF, cm-l: 2118,2027, 1996. 
'H NMR, C,jDs: 6 7.45 (d, JH-H = 8.3 Hz, 4H), 7.10 (t, JH-H = 
8.3 Hz, 4H), 6.99 (t, JH-H = 8.3 Hz, 2H) (-C=CPh); 1.90 (m, 
12H, PCHZCH~), 1.00 (m, 18H, PCHzCH3); -9.70 (t, JP.H = 19.2 

Ir-CECPh); 77.0 (t, Jp.c = 12.5 Hz, Ir-C=CPh), 18.9 (t, JP.C = 

13C{'H} NMR, C&: 6 142.9 (t, Jp.c = 9 Hz, PhCzPh). 

Hz, lH,  Ir-H). l3C{'H) "MR, CsD6: 6 172.6 (Ir-co); 106.5 (S, 

75 Hz, PCHZCH~), 8.0 (s, PCHzCHd. 31P{1H) NMR, CsDs: 6 
-8.5. 

Rahim et al. 

Results and Discussion 

Synthesis of trans-Ir(PRs)z(CO)(Nh) (PRs = 
PMes (l), PEts (2)). The anilide complexes trans-Ir- 
(PR3)2(CO)(NHPh), 1 (PMe3) and 2 (PEt3), were formed 
in high yields in reactions between trans-Ir(PR3)~(CO)- 
C1 and LiNHPh in THF. Similar to the synthesis of the 
analogous PPh3 complexes, a three-fold excess of the 
lithium salt was used in the reaction. The products 
were separated from excess LiNHPh and LiCl by 
extraction of the crude mixture with hexane. Final 
purification was carried out by sublimation. Both 
complexes show extreme sensitivity to oxygen and 
moisture in solution and solid states. 

Characterization of 1 and 2 was carried out by 
elemental analyses and spectroscopic methods. Com- 
plex 1 displays an IR band for the CO ligand a t  1935 
cm-l, ca. 10 cm-l lower than that in the PPh3 analog. 
This lowering parallels the higher basicity of PMe3 over 
PPh3. The CO stretching frequency for complex 2 was 
observed at 1931 cm-l, again consistent with a slightly 
higher basicity of PEt3 over PMe3. Due to the mutual 
trans orientation of the phosphines, the 31P NMR 
spectra of 1 and 2 show a single resonance. The effect 
of virtual coupling causes the PMe3 resonance to appear 
as a pseudo-triplet in the lH NMR spectrum. The same 
effect is responsible for a complex multiplicity pattern 
of the PCHzCH3 resonance in 2. The phenyl hydrogens 
give rise to three signals - a doublet for the ortho 
protons and a triplet for each of the meta and para 
protons. A somewhat broad singlet with no resolved 
phosphorus coupling is identifiable for the -NH- protons. 

Synthesis of truns-Ir(PEts)2(CO)(NHBut), 3. A 
very clean reaction occurs between trans-IrtPEt3)2(CO)Cl 
and LiNHtBu in benzene to give complex 3 nearly 
quantitatively (by NMR). Attempts to isolate the 
complex, however, resulted in a mixture containing 3 
and the dimeric complex [Ir(PEt3)(CO)(p-NHBut)lz (vide 
infra). The quantitative formation of 3 was a surprise 
in light of our earlier failures in synthesizing such a 
complex with PPh3 or PMe3 as coligands. The charac- 
terization of 3 was made possible by lH NMR and IR 
spectroscopy. An NMR spectrum was recorded after a 
1: 1 mixture of trans-Ir(PEt&(CO)Cl and LiNHBut was 

allowed to react in C6D6 for 3 h and the Licl precipitate 
was removed by filtration. An inspection of the spec- 
trum reveals that the resonances for the PEt3 ligand 
remain virtually unchanged in terms of their chemical 
shift positions and multiplicity pattern in going from 
the chloro complex to the amido complex. Similarly, the 
But resonance does not show any significant chemical 
shift change either. The -NH- resonance, however, 
undergoes a marked shift: it moves from 6 -0.50 in 
LiNHBut to 6 1.68 in the metal complex. Analogous to 
its arylamide counterpart, complex 3 displays a single 
resonance in the 31P NMR spectrum. The CO band is 
observed at 1905 cm-l, a value which is 26 cm-l lower 
than that for 2, thus indicating a more basic metal 
center in 3. 

Dimerization of trans-Ir(PEt&(CO)(NHBut). Ben- 
zene solutions of truns-Ir(PEt3)2(CO)(NHBut), 3, when 
subjected to heat or vacuum, readily convert to a dimeric 
species, [IrCu-NHBut)(CO)(PEt3)12, 4, which can be iso- 

I '-. 
H But 

4 

lated and characterized by elemental analysis and 
spectroscopic methods. Free PEt3 can be detected when 
the reaction is monitored by 31P NMR spectroscopy. 
Analogous to its monomeric precursor, complex 4 ex- 
hibits high solubility in almost all commonly used 
solvents and could only be isolated at -78 "C from 
pentane. The proposed structure is justified as fol- 
lows: (1) one phosphine resonance is observed in the 
31P NMR spectrum; (2) the presence of two CO bands 
in the IR spectrum suggests a mutually cis arrangement 
of the CO ligands; (3) two different lH resonances for 
both the But and the -NH- protons indicate that the 
-NHBut ligands are inequivalent; (4) the triplet nature 
of the -NH- resonance at 6 3.25 shows this proton to be 
coupled to both phosphines, thus suggesting a bridging 
coordination mode for at least one of the NHBut groups; 
and (5) only one 13C resonance (doublet) is observed for 
the CO ligands. In addition to the NMR evidence, the 
mass spectrum of 4 shows molecular ion peaks at 821 
and 823 d e  (lglIr and lg31r), further confirming the 
dimeric nature of the complex. In order to ascertain 
the relative orientation of the two But groups, an NOE 
experiment was carried out. It was observed that 
irradiation of one But resonance caused enhancement 
(ca. 7.5%) in the intensity of the other But resonance, 
suggesting their cis orientation. 

Reactions of 1 and 2 with CO. The carbonylation 
reactions of tra~-Ir(PPha)z(CO)(NHAr), where Ar = Ph, 
o-tolyl, p-tolyl, p-C6H&1,2,6-C6H3Mez and 3,5-C6H3Mez, 
show that rapid insertion of CO into the Ir-amide bond 
occurs and that the resulting carbamoyl moiety under- 
goes orthometallation when ortho sites are available on 
the Ar ~ I - O U P . ~ ' ~ )  We find that complexes 1 and 2 exhibit 
identical behavior. Passage of CO through a benzene 
solution of either 1 or  2 results in orthometallated 
products having the same structure as shown for 111. 
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hydride resonance a t  6 -9.25 shows a doublet of 
doublets splitting pattern, with JP-H of 118 and 22 Hz. 
The larger coupling is due to the trans phosphine and 
the smaller one is due to the cis. An identical splitting 
pattern is observed for complex 6. 

Reaction of 3 with CO. Bubbling CO gas through 
a benzene solution of 3 results in its rapid decolorization 
and the formation of the CO-inserted product Ir(PEt&- 
(C0)2[C(0)NHButl, 7, which has been characterized by 
a multinuclear NMR study. The room temperature lH 
NMR (500 MHz) spectra of a reaction mixture in de- 
benzene before and after the passage of CO show the 
following changes: the PCH2CH3 multiplets at 6 1.83 
move to 6 1.65 and become broad; the PCH2CH3 mul- 
tiplet, though moves to higher field, remains sharp; the 
-NH- resonance at 6 1.68 disappears and a new broad 
one grows a t  6 5.70. This large downfield shift is 
indicative of the formation of the -C(O)NH- moiety. The 
singlet due to the But group remains unshifted. 

At room temperature, the 31P{1H} NMR (202.5 MHz) 
spectrum displays an extremely broad resonance which 
is barely visible above the baseline. Upon cooling the 
sample to -28 "C, the broad signal splits into two well- 
resolved doublets (6 -8.9 and -17.2, Jp-p = 18 Hz), as 
shown in Figure 2(b). Concomitant with decoalescence 
of the phosphorus resonances, the methyl and methyl- 
ene lH NMR resonances of the PEt3 ligands each split 
into two (Figure 2(a)). The IR spectrum shows two 
bands for terminal COS, as well as a low frequency band 
for the carbamoyl ligand. In order to ascertain the 
relative orientation of the ligands in 7, a reaction 
between 3 and 99% 13C labelled CO was carried out in 
an NMR tube, and the reaction mixture was analyzed 
by 31P and l3C NMR spectroscopy. The spectral fea- 
tures, as described below, are consistent with the 
following structure for 7, where the ligating atoms are 
labelled in accordance with the spin system that they 
generate: 

f 

2200 2015 I050 1675 
waranurPQm 

I I T 
B O  7 5  7 0  6 5  1 5  1 0  -9 0 

Figure 1. 500 MHz lH NMR (a) and IR (b) spectra of Ir- 
(PMe3)2(CO)(H)[C(O)NH(CsHa)3,5. The resonance marked 
with an asterisk is due to protio impurity of CsDs. 

The lH NMR spectral characterization of I11 involved 
a certain degree of ambiguity due to the overlap of 
aromatic resonances. Additionally, the -NH- resonance 
of the orthometallated ring was not clearly visible. The 
lH NMR (500 MHz) spectra of 5 and 6 provide an 
unambiguous spectral analysis of these complexes by 
being able to  account for every single proton in these 
molecules. As can be seen in the spectrum of 5 (Figure 
l(a)), the aromatic region shows five resonances. A lH 
COSY NMR experiment provided unambiguous assign- 
ment of these resonances, which are as follows(use the 
proton numbering scheme shown in the following dia- 
gram): 

\ 

The broad singlet at 6 8.12 is assigned to Hg, the doublet 
at 6 6.61 is assigned to HI, the triplets at 6 6.80 and 
7.10 are assigned to Hz and H3, respectively, and the 
triplet at 6 7.80 is assigned to H4. The triplet nature 
of H4 arises due to coupling to both H3 and the 
phosphorus trans to the aryl ligand. Inequivalent PMe3 
ligands give rise to two doublets a t  6 0.91 and 1.40. The 

O / / C Z h " B " '  
f 

The l3C{lH) NMR (125.8 MHz) spectrum of 13C- 
enriched 7 displays two low-field resonances at -28 "C 
- the resonance at 6 184.2, which is a multiplet with 
four lines of equal intensity, is assigned to the terminal 
CO ligands, and the resonance a t  6 156.1, which is a 
doublet of multiplets, is assigned to the -C(O)- of the 
carbamoyl ligand. The four-line, or a doublet of dou- 
blets, pattern of the resonace due to the CX atoms arises 
from different coupling to two non-equivalent phos- 
phorus atoms. The equatorial PB atom shows a larger 
coupling, Jp-c = 24 Hz, while the smaller coupling, Jp-c 
= 12 Hz, is due to the axial PA. It appears that coupling 
between Cx and Cz atoms is not resolved. Naturally, 
the largest coupling is observed for the trans ligands, 
PA and Cz, with a Jp.c of 78 Hz. 

The 31P{ lH} NMR (202.5 MHz) spectrum of this 13C- 
labelled sample shows a more complex pattern (Figure 
2(c)). The multiplet centered at 6 -8.9 is assigned to 
PB, the equatorial phosphine ligand. Qualitatively, the 
overall quartet-like shape of this multiplet can be 
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, . ,  
ODM -10 -11 -12 -13 -14 -15 -16 -17 

DDm 5 4 1 2 I 

Figure 2. (a) lH NMR (500 MHz) spectrum at -28 "C of 
a reaction mixture containing 3 and CO to  generate Ir- 
(PEt&(C0)2[C(0)NHBut], 7, as the major product. Asterisk 
denotes an unknown impurity and double asterisk denotes 
protio impurity of ds-toluene. (b) 31P(1H} NMR (202.5 MHz) 
spectrum of the same reaction mixture at -28 "C. (c) 31P- 
{ lH} NMR spectrum at -28 "C when 99% 13C-labelled CO 
gas was used in the reaction. 
rationalized in terms of an overlapping triplet of dou- 
blets [J(P&x) = 24 Hz, J(PA-PB) = 18 Hzl, with 
additional splitting due to coupling between PB and Cz 
(J(PB-CZ) = 8 Hz). However, the resonance is more 
complex than predicted by this set of coupling constants. 
Similarly, the resonance for PA at 6 -17.2 shows a 
multiplicity more complex than that arising from cou- 
pling between PA-CZ (J = 78 Hz), PA-PB and PA-CX (J = 
12 Hz). The additional multiplicity for both resonances 
can be explained by considering the sample to be a 
mixture of 40% 7 that lacks 13C labelling at the 
carbamoyl-carbon atom and 60% 7 that is fully labelled. 
For the minor component, the large trans coupling 
between PA and Cz and the small cis coupling between 

J L 

Figure 3. (a) Theoretical 31P NMR spectrum of Ir(PEt&- 
(*C0)2[*C(0)NHButl, where *C denotes 13C. See text for 
the various coupling constants. (b) Theoretical 31P NMR 
spectrum of Ir(PEt3)2(*C0)2[C(0)NHBut]. (c) A composite 
spectrum of 60% Ir(PEt3)2(*C0)2[*C(0)NHButl and 40% Ir- 
(PEt&(*C0)2[C(0)NHBut]. (d) Expanded regions of the 
experimental spectrum shown in Figure 2(c). 
PB and CZ will be absent, thereby increasing the 
complexity of the two phosphine resonances from su- 
perposition of the spectra due to the two species. Using 
complete line-shape simulation  method^,^ the multiplic- 
ity of the 31P resonances of the 13C-carbamoyl and 12C- 
carbamoyl containing species have been determined and 
are shown in Figures 3(a) and 3(b), respectively. Figure 
3(c) represents a composite spectrum, incorporating 60% 
13C-carbamoyl and 40% 12C-carbamoyl containing spe- 
cies. As can be seen, the fit of the theoretical spectrum 
to the experimental one (Figure 3(d)) is nearly perfect. 

The reactivity of 3 towards CO is analogous to that 
we observed for trans-Ir(PPh3)2(CO)[NH(2,6-Me~C~3)1,~~) 
which produces the dicarbonyl-carbamoyl complex Ir- 
(PP~~)z(CO>~~C(O)NH(~,~-M~~C~H~)~. Structurally, how- 
ever, this complex is quite different from 7, having all 
of the bulky ligands in the equatorial sites, as one would 
expect on steric ground. Although CO in an axial 
position cannot be as effective a back-bonder as in an 
equatorial site, the presence of PPh3 probably makes 
up for this deficiency. Since there are no other n-acid 
ligands in 7 except for CO, one can argue that the need 
to maximize Ir-CO back-bonding becomes the determin- 
ing factor in producing the observed structure. It must 
be noted that fluxionality in 7 is observed at room 
temperature, and it is quite possible that a different 
structure is adopted at higher temperatures. Due to its 
rapid decomposition, we were not able to carry out any 
structural analysis a t  higher temperatures. 

(9) Spectral simulations were performed by using a locally modified 
version ofUEANMR Harris, R. K.; Woodman, C. M. Program no. 188, 
QCPE, Indiana University, Bloomington; Mol. Phys. 1966, 10,  437. 
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of more than 3 ppm is too large for this to  be the only 
factor. Generally, such large shifts are associated with 
insertion of CO into the metal-amide bond, which is 
ruled out in this case by IR spectroscopy. It is possible 
that the large shift is in part due to the magnetic 
anisotropy of the carbon-carbon triple bond. 

The formation of 8 always accompanies a small 
amount of the dimer, 4. Due to the high solubility of 
both these complexes, analytically pure samples of 8 
could not be obtained. 

Reaction of 3 with PhCZCH. The reaction of two 
or more equivalents of PhCWH with truns-Ir(PEt&- 
(CO)(NHBut) produces the hydrido bis-alkynyl complex 
Ir(PEt&(CO)(H)(C=CPh)2, 9, which can be isolated as 
a yellow microcrystalline solid from hexane. Although 
we have not been able to obtain X-ray quality crystals 
yet, elemental and spectroscopic analyses are consistent 
with the above formulation. The lH NMR spectrum 
reveals equivalent alkynyl and phosphine ligands. The 
triplet resonance at 6 -9.75 is assigned to the hydride 
ligand; the multiplicity pattern and the observed JP-H 
of 12 Hz clearly show that the hydride is cis to the phos- 
phines. In the 13C(lH} NMR spectrum, four aromatic 
resonances are observed for the a-alkynyl ligand. As 
expected, the alkynyl carbon atoms give rise to two 
separate 13C resonances, one of which is a triplet (6 77.1, 
Jp.c = 12.5 Hz) and the other a singlet (6 106.2). The 
triplet nature of the higher field resonance prompts us 
to assign it t o  the carbon atom a-bonded to the metal. 
The observed small Jp.c is a clear indication of the cis 
orientation of the alkynyl ligands with respect to the 
phosphines. These observations are consistent with the 
structure 

13c0 

Scheme 1 

ir(PEt3)2('2CO)(NHBu') (i) lr(PEt3)2(13C0)(12CO)(NHBu1) 
i 13c0 

lr(PEt3)2(13C0)2['2C(0)NHBuf] (iii) 1 13C0 I 

Llr(PEt~12('3CO)2['3C(0)NHB~f1 (iv) Ir(PEts)2('3C0)2(NHBu1) 
Iv I1 

A probable reason for the incorporation of l2C0 in 
forming the carbamoyl ligand is described in Scheme 
1. Since the starting complex 4 possesses W O ,  the 
dicarbonyl complex, i, formed in step (i), will initially 
contain both l2C0 and 13C0. Step (ii) represents the 
process of l2C0 exchanging with 13C0 to give fully 
labelled dicarbonyl ii. Insertion of the NHBut ligand 
in i (step (iii)) will generate both l2C(0)- and 13C(0)- 
containing carbamoyl species iiia and iiib, respectively. 
On the other hand, insertion in ii will produce only 
13C(0)-containing species iv. The presence of excess 
13C0 will convert iiib t o  iv, thus generating a final 
mixture of only two species, iiia and iv, in solution. The 
relative amounts of these two species depend on the rate 
of 13C0 purge during the reaction, clearly showing that 
step (ii) is in competition with step (iii). 

We should point out, however, that the intermediacy 
of a dicarbonyl species has never been directly observed, 
only inferred. Due to its extreme solubility and oil-like 
texture, complex 7 could not be isolated in pure form 
for elemental analysis. 

Reaction of 3 with PhCGCPh. When a five- to ten- 
fold excess of diphenylacetylene is reacted with 3 in 
benzene for ca. 8 h, the formation of Ir(PEt&(CO)- 
(NHBut)(PhCWPh), 8, can be evidenced by 'H NMR 
spectroscopy. In C&, the aromatic protons of the 
coordinated alkyne display three resonances - a doublet 
and two triplets - indicating equivalent phenyl groups. 
Likewise, a total of four aromatic resonances are 
observed in the 13C(lH} NMR spectrum. The PhCzPh 
resonance appears at 6 142.9 as a triplet (Jp-c = 6.5 Hz), 
which is consistent with the ligand being a two electron 
donor.1° A single resonance is observed in the 31P{ lH} 
NMR spectrum. These features, along with the dia- 
stereotopic nature of the PCH2CH3 resonances, are 
consistent with the following structure for complex 8: 

"i'" ,,I Ph 

'e 9 * Ir-4' 

Bu-.\/I c\ 
H PEt3 Ph 

8 

The two phenyl rings are made equivalent by rapid 
rotation of the alkyne ligand on the NMR time scale. 
Although PhCWPh is considered to be a x-acid, the 
presence of which can cause the -NH- resonance to shift 
downfield due to its increased acidity, the observed shift 

~~ ~~~ ~~ ~ 

(lO)Templeton, J. L.; Ward, B. C. J. Am. Chem. SOC. 1980, 102, 
3288. 

I .  

PhCCC-ir-CECPh 

o c q  
PEt3 

9 

Transition metal complexes containing both a-alkynyl 
and carbonyl ligands give rise to  strong absorption 
bands in the range 2200 - 1900 cm-l arising from both 
these ligands,ll thus making unambiguous assignment 
rather difficult. When two alkynyl ligands are present, 
coupling of v(C=C) vibrations of the two ligands some- 
times result in split bands.12 The situation becomes 
even more complicated when a hydride ligand is present 
along with CO and a-alkynyl groups - coupling of M-H, 
M-CGO and M-CWR vibrations ensue. For complex 
9, five bands are visible in the range 2200 - 1900 cm-l 
in the IR spectrum: 2118 (vs), 2102 (sh, m), 2027 (w), 
1996 (s) and 1946 (w). It is not possible at this stage to 
make correct band assignment without isotopic label- 
ling. 

The formation of 9 is preceded by the monoalkynyl 
complex truns-Ir(PEt3)2(CO)(C~CPh), which can be 
detected by IR and NMR spectroscopy when one equiv 
of PhCGCH is added to 3.13 It is not clear whether the 

(11) (a) Bennett, M. A.; Charles, R.; Fraser, P. J. Aust. J. Chem. 
1977, 30, 1213. (b) Walter, R. H.; Johnson, B. F. G. J. Chem. SOC. 
Dalton Trans. 1978, 381. 
(12) (a) Furlani, A.; Licoccia, S. Russo, M. V. J. Chem. SOC. Dalton 

Trans. 1984, 2197. (b) Furlani, A.; Russo, M. V. J. Organomet. Chem. 
1979,165, 101. 
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monoalkynyl complex is formed by oxidative addition 
of PhCECH to 3 followed by reductive elimination of 
ButNHz, or by direct protonation of the amide ligand 
by PhCECH. In any case, complex 9 is clearly an 
oxidative addition product of PhCWH and trans-Ir- 
(PEt&(CO)(-CECPh). The overall reaction sequence is 

PEt3 PEt, 
I 

P h C E C H  I 
I 

OC-lr-CsCPh 
I 

OC- ir- NHBu' 

PEt3 PEt3 

Rahim et al. 

alkynyl ligands with different end groups. Chow et al 
reported such a synthetic scheme to prepare mer-trans- 
Rh(PMe&(H)(C=CPh)z from Rh(PMedl(Me) by step- 
wise addition of PhC=CH.14 We are currently exam- 
ining the reactivity of HCECH with 3 and related 
complexes. 
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(13) Spectral data for trans-IdPEt3)2(CO)(-CICPh): IR, hexane, 
cm-1: 1944. 'H NMR. CRDR: 6 7.49 (d. 2H). 7.10 (t. 2H). 6.95 (t. 1H) 

As the above reaction sequence shows, the two 
alkynyl moieties are added in a stepwise fashion, which 
is a desirable feature if one wishes to incorporate trans 

(-C=CPh); 1.90 (m, l2H; PCHzCHs); 1.05 im, I S H ,  PCHzCHd.' 31P- 

(14) Chow, P.; Zargarian, D.; Taylor, N. J.; Marder, T. B. J.  Chem. 
SOC. Chem. Comm. 1989, 1545. 

{IH} NMR, CsDs: 6 16.0. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 5

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

02
4a

04
3


