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SUMMARY

Various oxidative addition reactions of (CH,)sCsIr(CO), with iodine com-
pounds are described. Iodine reacts with (CH;)sCsIr(CO), in tetrahydrofuran at
room temperature to give the red crystalline diiodide (CH,)sCsIr(CO)I,. The per-
fluoroalkyl iodides, R (R; = CF,, C,Fs, and n-C;F,), react with (CH3)sCsIr(CO),
in benzene at room temperature to give the yellow-orange (CH,)sCsIr(CO)(RgI
(Rf = CF;, C,F;, and n-C3F,). A similar reaction of methyl iodide with (CH,)s-
C5Ir(CO), gives a mixture of the yellow-orange o-methyliridium derivatives (CHj;)s-
C;It(CO)(CHS;)I and the diiodide (CH3)sCsIr(CO)I,. Reaction of allyl iodide with
(CH;)sCsIr{CO), in tetrahydrofuran at room temperature gives a mixture of the
unstable yellow ionic o-allyl derivative [(CH,);C;sIr(CO),CH,CH=CH,] I and the
diiodide (CH,)sCsIr(CO)IL,. Reaction of ICF,CF,I with (CH,)sCsIr(CO), in ben-
zene at room temperature gives the cation [ (CH,)sCsIr(CO),CF,CF,I]*, which may
be isolated as the yellow hexafluorophosphate salt. The IR, NMR, and mass spectra of
these new (pentamethylcyclopentadienyl)iridium complexes are discussed.

INTRODUCTION

Within the last decade numerous oxidative addition reactions of the cyclo-
pentadienylmetal dicarbonyls of cobalt and rhodium, CsHsM(CO), (M = CoandRh)
have been reported? ~8. Compounds prepared by this route inciude the cyclopenta-
dienylmetal carbonyl diiodides, CSHSM(CO)I2 (M = Co*~% and RhS), the perfluoro-
alkyl derivatives CsHsM(CO)(R)I (M = Co? or Rh3; R; = CF,, C,F;, C;F, etc.)
and the w-allyl derivatives "8 [C H ;Co(C3;H)CO]* and CsH;Co(C3sH)1. However,
when this work was started, no comparable oxidative addition reactions of cyclopen-
tadienyldicarbonyliridium®, CsHsIr(CO),, had been reported apparently because of
the difficulty of preparing large quantities of C;HIr(CO), not only because of the
relatively high cost of iridium but also because of difficulties associated with obtaining
large quantities of the Ir(CO),Cl requu:ed for the preparation of CSHSIr(CO)z

* For part XXIV of this series see ref. 1.
** Post-doctoral research associate, 1968-1971.
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Oxidative addition reactions of CsHIr(CO), are of particular interest because of the
greater strength of metal-carbon bonds in 5d transition metals as compared with 3d
and 44 transition metals'®. This suggests that iridium will form ionic dicarbonyl
derivatives of the type [CsHIr(CO),Y X (Y = one-electron donor ligand such as
halogen, alky! or perfluoroalkyl; X = halogen) in cases where cobalt and rhodium
form non-ionic monocarbonyl derivatives of the type C;H;M(CO)YX (M = Co
and Rh).

This dormant interest in the oxidative addition chemistry of CsHsIr(CO),
was recently awakened by the discovery by Kang, Moseley, and Maitlis!! of a con-
venient preparation of (CH;3)sCsIr(CO), using hydrated iridium trichloride and the
now readily available hexamethylbicyclof2,2,0]hexadiene (“hexamethvl-Dewar-
benzene™) as ultimate raw materials. This pentamethylcyclopentadieny! acrivative
(CH,)sCsIr(CO), appeared to provide a suitable model compound for the study of
oxidative addition reactions on cyclopentadienyliridium dicarbonyl derivatives since
the presence of the five methyl groups rather than hydrogen atoms on the cyclopen-
tadienyl ring would be expected to have relatively little influence upon oxidative ad-
dition reactions involving the metal atom. Accordingly we prepared several grams of
(CH,);CsIr(CO), and studied its reactions with iodine, alkyl iodides, and perfluoro-
alkyl iodides. The details of this work are given in this paper.

After this work was essentially complete, we became aware of a parallel study by
Kang and Maitlis!? also concerning oxidative addition reactions on (CH3)sC;Ir(CO),
but using different halides (mainly sulfonyl chlorides, RSO, Cl) and/or different reac-
tion conditions than the work described in this paper.

EXPERIMENTAL

Materials

The (CH,)sCsIr(CO), used in this work was prepared by the procedure of
Kang, Moseley, and Maitlis!! utilizing as raw materials commercial samples of iridi-
um trichloride trihydrate (Englehard Industries, Newark, New Jersey ; 54.1 % iridium)
and hexamethylbicyclo[2,2.0]hexadiene (“hexamethyl-Dewar-benzene”, Henley and
Co., New York, New York) and Fe,(CO), prepared from Fe(CO); (GAF Corp., New
York, New York) by the published procedures!® modified to fit the locally available
photolysis apparatus. The iodine compounds used in this work all were commercial
samples. Tetrahydrofuran was purified by distillation over lithium dlummum hydnde
Benzene was dried by distillation over sodium.

Reaction of (CH3)sCsIr(CO), with iodine

A mixture of 0.25 g (0.653 mmole) of (CH;)sC,Ir(CO),, 0.166 g (O 653 mmole)
ofiodine, and 10 ml of redistilled tetrahydrofuran was kept for three days at room tem-
perature (~25°). Solvent was removed at ~25°/40 mm. The residue was recrystallized
three times from mixtures of dichloromethane and hexane to give 0.336 g (85 % yield)
of red crystalline air-stable (CH)sCsIr(CO)I,. The properties of this compound and
the other compounds prepared in this work are summarized in Table 1.

Reactions of (CH,)sCsIr(CO), with the perfiuoroalkyl iodides
A mixture of 0.15 t¢ 0.25 g of (CH 3)5C5Ir (CO),, excess (3 to 4 g) of the perfluoro-
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alkyl iodide, and 3 to 4 ml of benzene was kept in a sealed tube for 50 h at room tem-
perature (~25°). Excess perfluoroalkyl iodide and benzene were then removed at
~25°/40 mm. The residue was recrystallized twice from mixtures of dichloromethane
and hexane to give the yellow-orange air-stable (CH;)s;CsIr(CO)(R,)I derivative in
78-88 Y yield.

Reaction of (CH3)sCsIr(CO), with methyl iodide

A mixture of 0.15 g (0.39 mmole) of (CH3)sC;sIr(CO),, 3 g (21.2 mmoles) of
methyl iodide, and 3 ml of benzene was kept at room temperature (~25°) in a sealed
tube for 73 h. A pale yellow precipitate appeared 10 min after mixing the reagents but
after 24 h this precipitate had disappeared and the reaction mixture had turned deep
red. After the reaction period was over, excess methyl iodide and benzene were
removed at 25° /40 mm. The dry residue was dissolved in a mixture of 8 ml of dichloro-
methane and 24 ml of hexane and the resulting solution chromatographed ona 1.5 x
20 cm florisil column under nitrogen. The chromatogram was developed with a mix-
ture of dichloromethane and hexane to give a yellow band of (CH3)sCsIr(CO)(CH3)I
and an orange band of (CH,);C,Ir(CO)I,. The (CH;);C;Ir(CO) (CH ;)1 was eluted
witha 1/2 mixture of dichloromethane and hexane and the (CH ;) sC5Ir(CO)I, was elu-
ted with a 1/1 mixture of dichloromethane and hexane. Both cluates were evaporated
and the products recrystallized from the same solvent mixture to give ultimately 0.047
£(24%; yield) of yellow-orange (CH 3);CsIr(CO) (CH;)I and 0.025 g (1194 yield) of red
(CH;)sCsIr(CO)M.,.

Reaction of (CH1)sCsIr(CO), with 1,2-diiodotetrafluoroethane

A mixture of 0.15 g (0.39 mmole) of (CH3)sCsIr(CO),, 0.35 g (1.0 mmoles) of
1,2-diiodotetrafluoroethane, and 5 m! of dry benzene was kept at room temperature
{~25°) for 4 days. The orange precipitate was removed by filtration, washed with four
5ml portions of benzene, and dried to give 0.205 g (80, vield) of orange [ (CH 5)5CslIr-
(CO),CF,CF,I]L, identified by its v(CO) frequencies at 2119 and 2087 cm ™! (CH,Cli,
solution). This crude product also contained some of the iodide (CH,;)sC;sIr(CO)I,
as indicated by the v{(CO) frequency at 2044 cm ™ 1. For this reason it was converted in
quantitative yield to the corresponding yellow hexafluorophosphate salt by treatment
with a ten-fold excess of ammonium hexafluorophosphate in acetone followed by re-
crystallization of the hexafluorophosphate salt from a mixture of dichloromethane
and hexane.

Reaction of (CH,)sCsIr(CO), with allyl iodide

A mixture of 0.30 g (0.78 mmole) of (CH;)sC;Ir(CO),, 0.50 g (3.0 mmoles) of
allyl iodide, and 3 ml of redistilled tetrahydrofuran was kept at room temperature
(~25°) for 24 h. A yellow precipitate contaminated with some red crystals separated.
This yellow precipitate was removed by filiration, freed from the red contaminant by
washing with four 3 ml portions of tetrahydrofuran, and dried to give 0.257 g (60°4
yield) of yellow [ (CH);C;Ir(CO),CH,CH=CH,]I. Upon standing or dissolution in
organic solvent (e.g. dichloromethane) this allyl derivative decomposed to give the
red halides (CH;)s;C;sIr(CO)X, (X=CI or I). For this reason, a meaningful proton
NMR spectrum could not be obtained.

The tetrahydrofuran filtrate and washings from the isolation of [ (CH,);C;Ir-

J. Organometal. Chem., 27 (1971) 409420



R. B. KING, A. EFRATY

‘wonnjos 0DY(*QD) ut uns sem winayoads SIYL % 1p ‘d S'PABD ‘T'h 'd i puUnoy , ‘poureiqo aq o} wnnoeds YN

uojoud [njFurueaw ¢ Joj UONIN(OS U] d[qRIsuN 003 seam punodwos siy], , “WAIPL 0] papuoq A(1oarp dnoad [Ay1ow o} WIOIJ SISLIB SOUBUOSII SN[, , “1ajouronoadg
0Z-Y [9POI [YOENH JOW[F-UINIA] ¥ UO P3PI030L puw (Pajealpul ISIMIALO SSA[UN) UONN[OS OFHD Ul uns alam joads YN uojod osayy, , *,_wd uf uaald
219 satouanbay sondo unwid ynm 1010wWo1100dS 79 [PPON JIWF-UINIS] B UO PIPI0DII PUB UOHNIOS SUBYIOUOIONYDIP Uf PauteIqo dxam vnoads yy o3y, ,
‘AuvunioD ‘utiog ‘winiiojesoqe’] soYOSHAIBUBOININ Jotased Aq pawniojsad o1om sosA[RUBOION ISOUL , ‘UONIIG [BIUSWILIFAXY Oy Ul PIGLIOSIP SB N0 PILLIE
suoneivdald woly pautwIqo asam SPJAIA asaY Y, , ‘PaldLIOGUN 1 pus souel(ideo ut pautuslap asam siujod vopsodwodap pue Funjouws asayL Ay =0W ,

0012 (@sy)  (891) 07 (g2
5L ‘IEIT £ 891 , €2 172 08 EL1-TLT MO X [Pad][1Fa0%40400)1 0 3]
£907 (rey o) (ov)  (Lze)
v ‘€012 1'€7 9 g€ Lee 09 LTI-s21 MOPA 1FHEOH 0NN ]
oL9'8 (057)  (ee) (9¢) (682) (o9p) oBurio
'L 7002 66T £€ 9'¢ 1'62 174 161061 -MO[[2 A 1FHO)OONI %O
, (vor)  (s61) €7) (652 odueio
’L 6v0Z $07 9'61 $Z 6'ST 88 791-191 ~MO[[A 1(C250) (001 D% I
@®st) (T10) (s7)  (092) afuwto
8L b0 81 AL T4 (54 192 88 9£7-SET “MOJ[A 1R o) [(eJo) e 30
€0  (rer) L) (o) (03p) s8uuio
6L'L 0502 01 1'€e 8¢ 9T L 0£2-87C “MO[I2 4 [ te)(v30)E) GoXE)
(1w (7 7 (1)
wi 07 Py LT $'z 612 8 90€~S0€ poy tr(0oNI* 0% N
o d I 0 H o)
(*HO) (004 %) (0o
FIAN 2l o%) (*Pa[ed) punoj ‘sashjpuy SPIIA sdW 10[0D) Jpunodwo)

412

HUOM SIHL NI AFUVdIUd STIALLYATSHA TANOHUVD 2:EE_?>ZED<._.Zm.—O.._U>O._>EbE<._.Zm&

I 418V.L

J. Organometal. Chem., 27 (1971) 409-420



ORGANOMETALLIC CHEMISTRY OF THE TRANSITION METALS. XXV 413

(CO),CH,CH=CH,]I were combined and then evaporated at ~25°/40 mm to
give 0.06 g (139 yield) of red crystalline (CH3)sCsIr(CO)I,. (Found: C, 21.9; H, 2.5;
O, 28. C,;H,I,IrO caled.: C, 21.7; H, 2.5; O, 2.6 %.)

An analogous reaction was carried out between (CH;)sCs5Ir(CO), and allyl
chloride in tetrahydrofuran for 10 days. However, unreacted (CH;)sCsIr(CO), was
the only iridium compound that could be isolated from the reaction mixture.

. The reaction between (CH3);CsIr(CO), and allyl iodide was also carried out
in benzene rather than tetrahydrofuran but otherwise employing the same reaction
conditions. In this case, no [(CH;)sCsIr(CO),CH,CH=CH,]I was obtained. The
only (pentamethylcyclopentadienyl)iridium derivative found in this reaction mixture
was (CH,),CsIr(CO)I,, which was isolated in 339 yield.

Reactions of (CH3)sCsI r(CO), with other alkyl iodides

The reactions between (CH 3)sC 5Ir(CO), and the iodides RI (R =ethyl, propyl,
and phenyl) were carried out in benzene solution utilizing the same procedure des-
cribed above for the reaction between (CH,)sCsIr(CO), and methyl iodide. In the ca-
ses of the ethyl, propyl and phenyl iodides, chromatography on Florisil after a 10 day
reaction period gave only a high recovery of unreacted (CH;)sCsIr(CO),. Similar
results were obtained in thereaction between 1,2-diiodobenzene and (CH 3)sCsIr(CO),.
The reactions between (CH3)sCsIr(CO), and the iodides C,H I, n-C3H, 1, and 1,2-Cg-
H,I, in pentane (rather than benzene) for 7 days at room temperature (~25°) gave
a 10 to 2097 yield of (CH ;)sCsIr(CO)I, as well as some unreacted (CH3)sCIr(CO),.

IR spectra

The IR spectra were taken in the indicated media and recorded on a Perkin-
Elmer Model 621 or Model 257 IR spectrometer with grating optics. The v(CO) fre-
quencies are given in Table 1. Each compound exhibited an exceedingly weak v(CH)
frequency at ~2915 cm ™ 1. The other IR frequencies in the region 1600 to 700 cm ™!
obtained from spectra taken in potassium bromide pellets are listed below for some of
the compounds.
A. (CH3)sCsIr(CO)I,

Bands at 1498 w, 1491 w, 1471 w, 1455 w, 1449 w, 1438 vw, 1402 w, 1382 m, 1374
m, 1358 w, 1160 w, 1080 w, 10627 m, 1021 m, and 727 vw cm ™ 1.
B. (CH,);CIr(CO}(CF3)I

v(CF) frequencies at 1081 s and 1012 s cm™!; other bands at 1500 vw, 1474 vw,
1453 w, 1402 w, 1387 m, 1382 m, 1362 vw, 1160 vw, 1040 w, 1020 w, and 711 wem™1.
C. (CH3)sCsIr(CO) (C,F5)I

v(CF) frequencies at 1302 s, 1280 w, 1191 s, 1170 s, 1064 s, 1057 m, 1010 s, and
919 scm™ !; other bands at 1500 vw, 1430 vw, 1472 vw, 1453 w, 1400 w, 1381 w, 1360
vw, 1075 w, 1026 w, and 731 m cm ™ L.
D. (CH3)sCsIr(CO)(C3F)I

v(CF) frequencies at 13235, 1293 m, 12155, 1192 s, 1162 s, 1085 s, 1052 m, and
1012 scm™!; other bands at 1500 vw, 1473 vw, 1454 vw, 1398 w, 1385 m, 1380m 1361
w, 1077 w, 1030 w, 813 s,and 725 s cm L.
E. [(CH3),C5Ir(C0),CF,CF,I1[PF]

v(CF) frequencies (?) at 1114 w, 1077 w, 1032 m, and 1014 w cm™!; v(PF)
frequency at 835 vs cm ™ !; other bands at 1460 m, 1417 m, 1396 m, 1384 m, 1160 vw,

J. Organometal. Chem., 27 (1971) 409420
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(br), 820 vw, and 792 vw cm™ 1.
F. [(CH3)sCsIr(CO),CH,CH=CH,]i

v(C=C) frequencies at 1616 w and 1599 vw cm ™! ; other bands at 1486 w, 1454
w, 1425 vw, 1393 m, 1374 m, 1129 m, 1071 w, 1037 vw, 1020 m, 990 w, and 303 m cm ~ L.

NMR spectra
The proton NMR spectra (Table 1) were taken in dichloromethane or acetone-

dg solutions and recorded at 60 MHz on a Perkin—Elmer Hitachi Modei R-20 spec-
trometer. The °F NMR spectra were taken in dichloromethane solution with 1,2-
difluoro-1,1,2,2-tetrachloroethane (¢ 67.8) as an internal standard and recorded at
56.456 MHz on the same spectrometer. The observed *°F NMR resonances are listed
below.
A. (CH,)sCsIr(CO)(CF3)I

CF; group. ¢ 5.0 (singlet).
B. (CH;)sCsIr(CO)(C,Fs) I

(a). CF, group. AB pattern (four peaks) centered at ¢ 70.5 with splittings of 269
Hz between peaks 1 and 2 and between peaks 3 and 4 and a splitting of 437 Hz between
peaks 2 and 3. This corresponds'* to J,,,,(FF)=269.5 Hz and 6=651 Hz or 11.6
ppm. The experimental values for the relative intensity ratios I /I, and I /I, were 2.02 +
0.03 as compared with the value of 2.24 for this ratio calculated'* from the chemical
shift and coupling constant data.

(b). CF5 group. ¢ 82.3 [triplet, J,, (FF)=2.0 Hz].
C. (CH3)sCsIr(CO)(C3F,)I

(a). a-CF, group. AB pattern barely distinguishable from the noise and with
additional fine structure centered at ¢ 65.6 with splittings of 280 Hz between peaks 1
and 2 and between peaks 3 and 4 and a splitting of 425 Hz between peaks 2 and 3.
This corresponds'* to J,,, (FF)=280 Hz and =647 Hz or 11.5 ppm.

(b). B-CF, group. ¢ 115.3 (apparent doubiet with 60 Hz separation, possibly
the two inner lines of an AB quartet3).

(¢). CF5 group. ¢ 794 (triplet, J=12 Hz).
D. [(CH;)sCsIr{CO),CF,CF,I][PF4] [(CD5),CO solution; PF region not scanned}

(a). a-CF, group. ¢ 65.7 (apparent singlet).

(b). B-CF, group. ¢ 75.2 (apparent singlet).

Mass Spectra

Mass spectra of the non-ionic compounds prepared in this work were taken at
70 eV on a Perkin—Elmer Hitachi RMU-6 mass spectrometer with a chamber tempe-
rature of 220°. The spectra were relatively complicated because of the tendency for
ions such as (CH3)sCsIr* to undergo dehydrogenation and loss of individual carbon
atoms to give a large variety of ions of the type C,,H,Ir *. However, only the ions witha
complete pentamethylcyclopentadienyl (C;oH, s) unit are listed below (except for
(CH ;)sCsIr(CO),). Relative intensities and sample temperatures are given in pa-
rentheses with the designation D in place of a relative intensity value indicating ions
that are found mixed with dehydrogenation products.
A. (CH;3)sCsIr(CO), (105°)

C,oH5Ir(CO)F (74), C,oH,sIrCO™ (52), C,,H,;IrCO*(60), C, H, ,IrCO*
(~110), C,oH,sIr* (10), C,oH,,3Ir* (21), C,oH, lIr (79) and C,HgIr* (36).

J. Organometal. Chem., 27 (1971) 409420
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B. (CH,)sCsIr(CO)I, (~ 140°)

C1oH,sIf(CO)I3 (6), C,oH,sIrlF (144), C,,H,IrCOI* (13), C,H,sIrI*
(D), C1oH,;sIr(CO)5 (190), C,oH,sIrCO* (D), C,oH,sIt* (D), C,oH,sIrI+ ¥ (D).
and C, H,;Ir** (D). :

C. (CH3)sCsIr(CO)(CHS3)I (~120°)

CioH,sIfl3 (1.5), C,oH,sIr(CO)(CH,)I* (107), C,oH,sIF(CO)I* (94),
CyoH,sIr(CH3)I™ (16), CyoH, sIrI* (D), CyoH, sIf(CONCH;)* (5), C,oH, sir(CH;)*
(14),CoH sIr" (D), C o H, sIr(CH3)1* * (13), C; oH, sIrI* * (D), and C,oH, sIr * * (D).
, Metastable ions at m/e 428 [C,,H,Ir(CO)I* — C, H,;IrI** +CO] and
mfe 312 [C;oH, sIr(CH3)* — C, H,sIr* +CHs].

D. (CH,)sCsIr(CO)(CF,)I (100°)

C1oH;5If(CO)I; (2), CyoH,y5IrL3 (86), C,oH,5IF(CO) (CF3)I (640), CyoH, 5-
Ir(CO)(CF)I™ (4), C1oHsIr(CF3)I* (90), CoH, sIF(CFL)I (71), C,oH , 5If{COM ™
(370), C,oH,sIfFT* {16), C,oH,sIrT* (D), C, H, sIrf{CO)CF3 (37), C,oH, sIr{(CO)-
CF3 (36), C,oH,sIrCF3 (200), C,oH, sIr(CO)# (11), C,oH,sIrCF? (D), C,oH,sIr-
CO™ (D), C,oH,;IrF* (54), C,oH,sIt* (D), C,oH,sIr(CF,)I** (10), C,oH, Ir-
(CO)™ * (4), CoH sIrl* * (D), and C,oH,sIr* * (D).

* Metastable ions at m/e 496 [C, H,Ir(CO)(CF3)I* — C,H,;Ir(CF3)I* +
COJ,m/e430 [C, H,Ir(CO)I* — C,oH,sIrI* + CO}, and m/e 303 [C, H, sIrCO*
— C,oH,sIr* +CO].

E. (CH;3)sCsIr{CO)(C,F5)I (110°)

C.oH,sIf(CO)CLF)IT (85), C,oH,5IrIT (7), C,oH,sIr(C,F,)IY (14), Cy0-
HsIf(C,F)I™ (5), C,oH, 5Ir(CO)(CF3)I* (4), C,oH,sIr(CO)I* (78), C, H,sIrFI*
(9), CioH;sItI™ (D), CyoH,sIrCyFys (13), CoH,sITC,Fy (8), C,0H,IICF3 (2),
C,oH,sIrCO™ (D), C,oH,sIrF* (59), C,oH,sIr* (D), CioH,5Ir(CO)I™ ™ (2), Cy0-
H,Irl* ¥ (D),and C,oH,sIr™ * (D).

Metastable ion at mfe 387 [C,,H,sIr(CO)(C,F5)I* — C,HsIr(CO)* +
C,F;s].

F. (CH3)sCsIr(CO)(C5F,)I (~140°)

C.oH;5Ir(CO)(C5F,)IY  (18), C;oH,sIr(C;F )1 (7), CoH;sIr(C3Fg)I™
(4), CyoH,sIrls (6), CioH,sIr(CO)(CsF)* (4), C1oH;sI(COYNC3F,)™ (77), Cyo-
H,;IrC3F;7 (8), C,oH,sIr(CO)I* (53), C,oH,sIrCsF¢ (19), C,oH,sIrI* (220),
C1oH,sIrCO™ (D), C oH,sIrF * {350), C,oH,sIr* (D), C,oH,sIxI** (D), and C,q-
H,;Ir* * (D).

Metastable ion at m/e 428 [C, H,sIr(CO)I* — C,,H,Irl* +CO].

DISCUSSION

Ocxidative addition reactions of cyclopentadienylmetal dicarbonyl derivatives
RsCsM(CO), (R=H or CHj;, M=CO, Rh, or Ir) with a halide of the type YX (X =
halogen, Y =halogen, alkyl, or perfluoroalky! group) proceed according to the fol-
lowing two step sequence:

R;CsM(CO), +YX — [R;CsM(CO),Y X ' (1)
[RsCsM(CO),Y]X — RsCsM(CO)YX+CO (2)
The formation of the salt [RsCsM(CO),Y] X by simple addition of the halide to the
R ;CsM(CO), derivative wiih fission of the X-Y bond in step (1) above is completely

J. Organometal. Chem., 27 (1971) 409-420
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analogous to the formation of an “onium™ salt by addition of an alkyl halide to-an
amine, phosphine, sulfide, or similar Lewis base. Indeed the Lewis basicity of CsHs-
Co(CO), towards Lewis acids such as mercuric chloride has previously been de-
monstrated!’. In step (2) above the halide ion generated by fission of the X-Y bond
acts as a Lewis base replacing one carbonyl group to form a non-ionic R;CsM-
(CO)YX derivative. The tendency for step (2) to occur is highly dependent upon the
strength of the metal-carbonyl bonds. In the reported reactions of the cobalt and rho-
dium derivatives CsH;M(CO),; (M =Co and Rh) with iodine*~® or perfluoroalkyl
iodides?-3 the only isolable products were the non-ionic compounds of the type R;Cs-
M(CO)YX (R=H, M=Co or Rh, Y=I, CF;, C,F;, C;F, etc.) apparently because
the metal-carbonyl bond strengths in the presumed ionic intermediates [R;CsM-
(CO),Y IX are so low that the step (2) occurs very rapidly under conditions that step (1)
takes place. The iridium systems RsCsIr(CO), (R =H or CH;) should be better cases
than their cobalt or rhodium analogues for inhibiting step (2) of the above sequence
and thus for isolating and characterizing the ionic intermediates [RsCsM(CO),Y X
formed in step (1) because of the greater strength of metal-carbon bonds to carbonyl
groups formed by 5d transition metals such as iridium as compared with 34 transition
metals such as cobalt or 4d transition metals such as rhodium*?. Similar differences in
behavior have béen noted for oxidative addition reactions with analogous triphenyl-
phosphine complexes of the type [(CgHs)s; P]1,M(CO); of the iron, ruthenium, and
osmium triad!®.

CH,
CHB
CH,
CHy
CHy
Y—Ir—1
|
C
(o]

(1)

The oxidative addition reactions of iodine and perfluoroalkyl iodides to the
iridium derivative (CH5);C;Ir(CO), in benzene solution proceed to the same extent
as the corresponding oBEidativ_e addition reactions to the cobalt and rhodium deriva-
tives CsHsM(CO), (M=Co and Rh). Steps (1) and (2) both occur giving ultimately
products of the type (CH;)sCsIr(CO)YI [(I), Y =1, CF3, C,F;, and C;F,]. In these
cases the additional strength of the iridium—carbon bonds relative to analogous co-
balt—carbon and rhodium-carbon bonds does not inhibit step (2) sufficiently to allow
isolation of stable ionic [{CH3)sCsIr{CO),Y ]I derivatives.

The oxidative addition of methyl iodide to (CH3)sCsIr(CO), in benzene solu-
tion at room temperature first gave an unstable yellow precipitate presumed to be the
ionic [(CH,)sCsIr(CO),CH,]I, the expected reaction product from step (1); Kang
and Maitlis'? independently prepared this ionic compound from methyl icdide and
(CH3)sCsIr(CO), in diethyl ether. In the case of the reaction between methyl iodide
and (CH,)sCsIr(CO), in benzene solution, the original yellow precipitate soon
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‘redissolved to form a red solution from which the step (2) non-ionic oxidative addition
product (CH 3);CsIr(CO)(CHS;)I could be isolated as well as the iodide (CH;3)sCsIr-
(CO)L,. The preparation of the iridium a-methyl derivative (CH;)sCIr(CO){CH,)I
is unusual since similar cobalt and rhodium e-methyl derivatives of the type CsHsM-
(CO)(CH,)I (M =Co and Rh) have apparently been isolated neither from the reac-
tions of methyl iodide with the cyclopentadienylmetal dicarbonyls C;H;M(CO),
nor from other likely reactions. This may again reflect the greater stability of iri-
dium—carbon bonds relative to analogous cobalt—carbon and rhodium—carbon bonds.

The higher alkyl iodides C,H I and n-C,H,I failed to react with (CH;)sC;Ir-
(CO), in benzene at room temperature for several days. These alkyl iodides reacted
slowly with (CH)sCsIr(CO), in pentane at room temperature to give the diiodide
(CH3)sCsIr(CO)I,. The failure to obtain ethyl and n-propyl derivatives of the types
[(CH3)sCsIr(CO),R]I and {CH,;)sCsIr(CO)RI is probably a consequence of the
- relative weakness of transition metal-carbon o-bonds to ethyl and higher alkyl groups.
This is consistent with other observationssuch as the instability of the ethyl derivative
C,H Mn(CO); relative to the corresponding methyl derivative CH;Mn(CO)s'".

The cobalt derivative CsH;Co(CO), reacts with allyl iodide to give both the
ionic” w-allyl derivative [CsH sCo(CO)(C3H ;)11 and the non-ionic® n-allyl derivative
CsHCo(C;3H;)I. This suggests the following three-step sequence for the reaction
between cyclopentadienylmetal dicarbonyl derivatives and allyl iodide:

R.Cs;M(CO),+C;3HsI — [R;C;M(CO),(s-C3Hs) I (1)
[R5CsM(CO),(0-C3Hs) [T — [RsCsM(CO)(r-C3H;)J1+CO (2A)
[RsCsM(CO)(n-C3Hs) T — [RsCsM(n-C3H;) I+ CO (3A)

The products [C;HsCo(CO)(C3H;)]I and CsH;Co(C3H)I from the reaction be-
tween CsH;Co(CO), and allyl iodide are the products from steps (2A) and (3A)
respectively, in the sequence listed above.

Allyliodide (but not allyl chloride) reacts with (CH3)sC5Ir(CO), in tetrahydro-
furan solution to give a yellew precipitate shown by its IR spectrum and elemental
analyses to be the ionic g-allyl derivative [ (CH3)sCsIr(CO),CH,CH=CH,]I, the
expected reaction product from step (1). In addition some (CH 3)sCIr(CO)I, can be
isolated from the reaction mixture. No n-allyl derivatives such as the expected products
from steps (2A) and (3A) above were isolated from the reaction between allyl iodide
and (CH,)sCsIr(CO),. Apparently, the 5d transition metal iridium forms such strong
bonds with carbon monoxide!'® that decarbonylation according to reaction (2A) is
inhibited to the extent that it cannot compete with the homolytic cleavage of the allyl-
iridium o-bond. This parallels the behavior of the s-allylmolybdenum derivative C,-
HsMo(CO);CsH; which upon heating forms [CsH;Mo(CO); ], by homolytic clea-
vage of the allyl-molybdenum bond rather than the n-allylmolybdenum derivative
C;H;Mo(CO),C;H; by decarbonylation, even though the n-allyl derivative is known
to be a relatively stable compound!8.

The o-allyl derivative [(CH3)sC;Ir(CO),CH,CH=CH, ]I, although initially
yellow, gradually becomes red, particularly in solution. The IR spectrum of decompos-
ed [(CH;)sCsIr(CO),CH,CH=CH,]I in the v(CO) region (CH,Cl, solution)
suggests the presence of (CH3)sCsIr(CO)I1,, (CHj3)5CsIr(CO),, and a third compound
possibly the non-ionic acyl derivative (CH3)sCsIr(CO)(COCH,CH=CH,)I on the
basis of a single terminal v(CO) frequency at ~2000 cm™! and a single acyl v(CO)

J. Organometal. Chem., 27 (1971) 40°-420



418 R. B. KING, A. EFRATY

frequency at ~1650 cm~'. The (CH,;)sCsIr(CO)(COCH,CH=CH,)I is isomeric
with the [(CH,);CsIr(CO),(CH,CH=CH,)]I and closely related to a rhodium
compound (CH;)sCsRh(CO)(COCH,)I prepared by Kang and Maitlis'?; it can be
formed by a decarbonylation reaction similar to step (2) discussed above but with the
liberated carbon monoxide lﬁseﬁlﬁg nuo the rcmu'vei_'y‘ weak dllyl—ll'l(llum o-bond
by the usual alkyl migration mechanism®®

The reaction between CsH 5C0(C0)2 and 1,2-diiodo-1,1,2,2-tetrafluorocthane,
C,F,l,, in benzene at ~50° gives CsH;Co(CO)1, with apparent elimination of te-
trafluoroethylene?®. The reaction between (CH;)C;Ir(CO), and C,F,I, in benzene
at room temperature gives in addition to a small amount of the analogous (CH;)sC;Ir-
(CO)IL, a larger quantity of the cation [(CHj;)sC;Ir(CO),CF,CF,I]*, the reaction
product from step (1) given above; this cation is best isolated as its hexafluorophos-
phate salt [(CH;)sCsIr(CO),CF,CF,I] [PF¢]. Thus, 1,2-diiodo-1,1,2,2-tetrafluoro-
ethane, like allyl iodide, can be made to stop at simple addition [step (1) above] in
its reaction with (CH;)sCsIr(CO}),. Further decomposition of the cations [R;CsM-
(CO),CF,CF,I]* clearly results in the elimination of one mole of tetrafluoroethylene
and one mole of carbon monoxide to give Rs;CsM(CO)I, in the presence of iodide, but
presently available data are insufficient to determine the sequence of these two elimina-
tion processess.

The IR spectra of the new (pentamethylcyclopentadienyl)iridium carbonyl
derivatives are in accord with the proposed formulations. The monocarbonyls (CH 3);s-
C;I:(CO)YX exhibit the expected single v(CO) band at a frequency similar to that of
the single v(CO) band in related cobalt>*~¢ and rhodium?®- derivatives. The di-
carbonyls [ (CH;)sCsIr(CO),Y]X (Y =CH,CH=CH,, X =1; Y =CF,CF,I, X=PFg)
exhibit the expected two strong v(CO) bands at higher frequencies than those observed
for similar monocarbonyls (CH;);CsIr(CO)YX. This is an indication of less retroda-
tive bonding from the iridium atom to the carbonyl group(s) in the dicarbonyls
[(CH;)sC;Ir(CO),Y]™ than in the monocarbonyls (CH 3)sCsIr(CO)YX, an expected
effect of the positive charge and the second strongly retrodative bonding carbonyl
group in the cation. A comparison of the infrared spectrum of (CH,);CsIr(CO),
with the IR spectra of the perfluoroalkyl derivatives (CH;)sCsIr(CO) (R )I (R;=CF3,
C,Fs, and C;F,) allows unequivocal assignment of the v(CF) frequencies in the 1350
900 cm ™! region of the latter compounds. The v(CF) bands arising from the fluorine
atoms attached to the a-carbon atom of the perfluoroalkyl group i.e., the carbon atom
bonded directly to the metal atom) exhibit the expected downward shift®! ~22 attri-
buted to weakening of the carbon—fluorine bond by retrodative bonding from the
transition metal atom into antibonding orbitals of the perfluoroalkyl group.

The proton NMR spectra of the new (pentamethylcyclopentadienyl)iridium
derivatives each exhibit a singlet methyl resonance from the fiftecn equivalent protons
of the five methyl groups of the pentamethylcyclopentadieny! ring. The proton NMR
spectrum of the o-methyl derivative (CH3}:CsIr(CO}(CH ;)1 exhibits the expected
two methyl resonances in an approximate 5/1 ratio with the higher field resonance
corresponding to the protons of the single methyl group directly bonded to the iridium
atom. The instability of the g-allyl derivative [(CH;)sC;Ir(CO),CH,CH=CH,]I
prevented observation of its proton NMR spectrum.

The °F NMR spectra of the perfluoroalkyliridium derivatives were entirely
analogous to those previously?2-24 observed for other similar perfluoroalkyl transition
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metal derivatives. The *°F NMR spectra of the a-CF, fluorines of both the pentafluo-
roethyl derivative (CH3)sCsIr(CO)(C,Fs)I and the heptafluoropropyl derivative
(CH;)sCsIr(CO)(C3F-)I exhibited an AB pattern similar to reported AB patterns in
the rhodium derivative® CsH Rh(CO){C,F)I and certain substituted cobalt deri-
vatives®> of the type [CsHsCoLLR,]* [L=CO, L' =(CgHs);P, R;=C,F; or C;F;;
L=CH,;CN L'=(C¢H;)3;P, R;=C,F;]. The chemical shift differences and coupling
constants calculated from the AB patterns of the o-CF, groups in the iridium deriva-
tives (CH;)sCsIt(CO)(R)I (R,=C,F; or C;F,) were very similar to each other (see
Experimental Section) confirming the assignment of the observed peaks in the !°F
NMR spectrum of the heptafluoropropyl derivative where additional coupling (J=12
Hz determined from the CF; resonance) of the «-CF, group with the CF; group broad-
ened the individual peaks of the AB pattern so that they were barely observable above
the noise level. The observed AB pattern of the ¢-CF, fluorine atoms in the perfluoro-
alkyliridium derivatives (CH,3);CsIr(CO) (R()I as in the other cases®>° is a conse-
quernce of restricted rotation around the iridium—carbon (perfluoroalkyl) bond com-
bined with the asymmetry generated by the non-equivalence of the ligands bonded
to the iridium atom.

The mass spectra of all of the monocarbonyl derivatives (CH.)sCsIr(CO)YI
prepared in this work confirmed the proposed formulations. Strong molecular ions
were observed in all cases. The molecular ions underwent fragmentation by several
parallel pathways including iodine, carbon monoxide and alkyl loss,and, in: the cases of
the perfluoroalkyl derivatives, flucrine loss. However, in no case was the loss of the
pentamethylcyclopentadienyl ring the first fragmentation step of the molecular ion;
furthermore no significant concentrations of iridium ions not containing a pentame-
thylcyclopentadienyl ring or some identifiable fragment thereof were observed. For
(pentamethylcyclopentadienyl)iridium derivatives of the type (CHj;)sCsIr(CO)RI
(R=CH,, CF;, C,F,, or C5F,) the relative abundances of ions formed by cleavage of
various fragments from the molecular ion (abbreviated as P*) decreased according to
the fragment eliminated in the following sequence: (P-R)” (most abundant) > (P—
CO)* > (P-I)* »(P-F)* (for perfluoroalkyl derivatives > [P—(CH,)sCs]* (not
observed at all). All of the mass spectra of the iridium alkyls and perfluoroalkyls of the
type (CH;)sCsIr(CO)RI(R = CH 3, CF;, C,F s, and C5F,)exhibit the ion (CH;)sCsIrl3
which probably arises from (CH,);C;Ir(CO)I, produced by pyrolysis in the mass spec-
trometer. However, no evidence was observed for the formation of any dialkyls of
the type (CHs)sCsIr(CO)R, by pyrolysis or other processes in the mass spectra of
any of the (CH;)sCsIr(CO)RI derivatives.

The observed ions in the mass spectra of the (CH3);CsIr{CO)RI derivatives
(R=CHj;, CF;, C,Fs, C3F,, or I) with intact (pentamethylcyclopentadienyl)iridium
groups all arise from one or more of the following processes: (1) Elimination of an
alkyl, iodine, or carbonyl ligand ; (2) Elimination of a fluorine atom from a perfluoro-
alkyl group, a process observed in numerous other fluorocarbon derivatives of trap-
sition metals?%; (3) Pyrolysis to give (CH3)sCsIr{CO)I, as discussed above; (4) SHift
of a fluorine atom from a perfluoroalkyl group to an iridium atom, another process
frequently observed in fluorocarbon derivatives of transition metals?®; (5) Shift of a
fluorine atom to an a-carbon atom as required to form the ion (CH,);C;Ir(CO)(CF;)-
I* in the mass spectrum of (CH;)sCsIr(CO)(C,F )1, another previously observed
process?’. The doubly charged ions (CH3)sCsIr* ¥ and (CHj3)sCsIrl* ¥ were ob-
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served in ali of the mass spectra. Metastable ions could be observed for certain carbon
monoxide (CO) and alkyl climinations from some of the more abundant ions (see
Exporimental Section), but the presence of two iridium isotopes (*°*Ir and '%3Ir) in
significant abundances broadened the metastabie fons so that their detection and in-
terpretation were more difficult than in the case of metastable ions for processes in-
volving ions containing only essentially monoisotopic elements.
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