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Reaction of the (alkyl)(alkenyl)(alkynyl)iridium(l11) complex [Ir(CH3)(CH=CHNEt3)(C=
C(p-CsH4CH3))(CO)(PPh3),]CIO,4 (3) with aqueous HCI initiates an intramolecular coupling
reaction between —CHj; and —C=C(p-C¢H4CHy3) groups to give [Ir(C(CH3)=CH(p-C¢H4CHy3)-
(CH=CHNET3)(CI)(CO)(PPh3),]CIO4 (5), which further reacts with aqueous HCI to produce
[Ir(CH=CHNEL3)(Cl)2(CO)(PPhs3),]CIO, (6) and cis-CH3;CH=CH(p-CsH4CHy3) (7). Complex 5
yields the C—C coupling product [(p-CsH4CH3)HC=C(CH3)CH=CHNEt3]CIO, (8) when it is
refluxed in CHCls. The (alkyl)bis(alkynyliridium(l11) compound Ir(CH3)(C=C(p-CsHsCH3)).-
(CO)(PPh3), (4) reacts with aqueous HCI to give H,C=C=CH(p-CcH4CHy3) (9). Complex 3
reacts with excess DCI to give the ds isotopomer CD3;CD=CD(p-C¢H4CHy3) (7-ds), while the
reaction of 4 with DCI gives the d; isotopomer H,C=C=CD(p-CsH4CH?3) (9-d;). Plausible
reaction pathways are discussed for the formation of 7 and 9 and for the H/D exchange to

give the isotopomer 7-ds.

Introduction

The formation of a C—C bond mediated by a metal is
an important step in organic synthesis, since it is one
of the useful synthetic methods for the formation of
polyenes such as dienes and trienes from the reactions
of alkenes and alkynes.! These reactions involve the
migratory insertion of an unsaturated organic group
into a M—C bond, the coupling between adjacent
carbons coordinated to a metal, and the direct attack of
a reagent at an unsaturated organic ligand.?

Alkynes (RC=CH, R = H, Ph) are known to insert
into Ir—B (B = NEts, PPh3, AsPh3) bonds to give Ir—
CH=CR-B.2 The hydrido(alkenyl)(alkynyliridium(l11)
complex [Ir(H)(C=CNEtz)(C=CPh)(CO)(PPh3z),]* has
been reported.3@ We now wish to report the synthesis

(1) (a) Barrado, G.; Hricko, M. M.; Miguel, D.; Riera, V.; Wally, H.
Organometallics 1998, 17, 820. (b) Ipaktschi, J.; Mirzaei, F.; Demuth-
Eberle, G. J.; Beck, J.; Serafin, M. Organometallics 1997, 16, 3965. (c)
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Organometallics 1996, 15, 272. (d) Ipaktschi, J.; Demuth-Eberle, G.
J.; Mirzaei, F.; Muller, B. G.; Beck, J.; Serafin, M. Organometallics
1995, 14, 3335. (e) Bianchini, C.; Frediani, P.; Masi, D.; Peruzzini, M.;
Zanobini, F. Organometallics 1994, 13, 4616. (f) Schwiebert, K. E.;
Stryker, J. M. J. Am. Chem. Soc. 1994, 116, 11570. (g) Ikeda, S.; Cui,
D.-M.,; Sato, Y. J. Org. Chem. 1994, 59, 6877. (h) Trost, B. M.; Indolese,
A.J. Am. Chem. Soc. 1993, 115, 4361. (i) Camp, F.; Coll, J.; Moreto, J.
M.; Torras, J. J. Org. Chem. 1989, 54, 1969.
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Applications of Organotransition Metal Chemistry; University Science
Books: Mill Valley, CA, 1987; pp 355—428. (c) Etkin, N.; Dzwiniel, T.
L.; Schweibert, K. E.; Stryker, J. M. 3. Am. Chem. Soc. 1998, 120, 9702.
(d) Schweibert, K. E.; Stryker, J. M. 3. Am. Chem. Soc. 1995, 117, 8275.

(3) (a) Chin, C. S.; Park, Y.; Kim, J.; Lee, B. 3. Chem. Soc., Chem.
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of the analogous complex (alkyl)(alkenyl)(alkynyl)irid-
ium(l11) and its reaction with aqueous HCI to produce
olefins through the coupling reaction between those
organic ligands, Ir—CHgs;, Ir—-C=CNEt;3, and Ir—C=C-
(p-CsH4CHy).

Results

Preparation of (Alkyl)(alkenyl)(alkynyl)- and
(AlkyDbis(alkynyliridium(l11). The four-coordinated
alkynyliridium(l) compound Lzlr(C=C(p-C¢H4CH3)) (L3
= (CO)(PPhs),)* readily undergoes the oxidative addition
of CH3l to give the methyl(alkynyl)iridium(l11) species
Lslr(CHs)(C=C(p-CsH4CH3))(I) (1). Reaction of 1 with
AgCIO, in the presence of CH3CN gives [L3lr(CH3)(C=
C(p-CsH4CHg))(NCCH3)ICIO, (2), which reacts with
HC=CH and HC=C(p-CsH4CH3) in the presence of NEt3
to produce the (alkyl)(alkenyl)(alkynyl)iridium(111) com-
plex [Lslr(CH3)(CH=CHNETt3)(C=C(p-CsH4CHj3))]CIO4
(3) and the (alkyl)bis(alkynyl)iridium(I11) species Lzlr-
(CH3)(C=C(p-CsH4CHs3))> (4), respectively (eq 1).

As the oxidative addition of an alkyl iodide (RI) to
Vaska’s complex and other metal complexes is well-
known to give trans R—M—1 complexes,® it is conceiv-
able that the addition of CH3l gives a trans CHz—Ir—I

(4) (a) Brown, C. K.; Georgiou, D.; Wilkinson, G. J. Chem. Soc. A
1971, 3120. (b) Reed, C. A.; Roper, W. R. J. Chem. Soc., Dalton Trans.
1973, 1370.

(5) (&) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G.
Principles and Applications of Organotransition Metal Chemistry;
University Science Books: Mill Valley, CA, 1987; pp 314—317. (b) Baar,
C. R.; Jenkins, H. A;; Vittal, J. J.; Yap, G. P. A,; Puddephatt, R. J.
Organometallics 1998, 17, 2805. (c) Tejel, C.; Ciriano, M. A.; Edwards,
A.J.; Lahoz, F. J.; Oro, L. A. Organometallics 1997, 16, 45. (d) Griffin,
T. R.; Cook, D. B.; Haynes, A.; Pearson, J. M.; Monti, D.; Morris, G. E.
J. Am. Chem. Soc. 1996, 118, 3029.
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complex. Spectral data (*H and 3C NMR) also suggest
trans CH3—Ir—A moieties for 1-4 (A =1 (1), NCCH3;
(2), CH=CHNETt; (3), C=C(p-CsH4CH3) (4)). For ex-
ample, the chemical shifts of the signals due to Ir—CHgs
and Ir—CHj shift significantly by varying the trans
ligand A from 0.81 ppm for 1 to —0.33 ppm for 4 and
from —14.9 ppm for 1 to —28.7 ppm for 3, respectively.
On the other hand, no significant shifts have been
observed for those due to Ir—CO (from 169 ppm for 2 to
173 ppm for 3) and Ir—C=C (from 86 ppm for 1—-3 to
87 ppm for 4) that are trans to each other (see Experi-
mental Section for detailed spectral data).

It is straightforward to assign the signals of 1H and
13C NMR spectra for 2—4, since relevant spectral data
are available for the analogous hydridoiridium com-
plexes [Lslr(H)(L')(C=CR)]>*T (L' = NCCHj;, CH=
CHNETt;, C=CR) from our previous studies3®%¢ and
other reports of various metal alkyls” and metal alky-
nyls.2 Signals due to the a- and S-protons of IrCH—=CHg-
NEt; appear at 7.2—8.0 and 4.8—5.3 ppm, respectively,
in related complexes such as [Lslr(H)(CH=CHNEt3)(C=
CPh)]*.3¢ The a- and B-protons have been observed at
7.52 and 4.86 ppm for 3. The coupling constant (Ju-n
= 15.9 Hz) between H, and Hg in 3 suggests these two
protons are trans to each other. The triplet at 0.30 ppm
(Jp—n = 5.4 Hz) for 3 is apparently due to Ir—CHj3 being
cis to both PPhs groups.

Reaction of [Lslr(CH3)(CH=CHNETt3)(C=C(p-
CsH4CH3))]CIO,4 (3) with Aqueous HCI. Complex 3
readily reacts with aqueous HCI to produce the bis-
(alkenylchloroiridium(I11) complex [Lslr(C(CH3)=CH-
(p-CsH4CH3))(CH=CHNET3)(CI)]CIO4 (5), which further
reacts with HCI to give the (alkenyl)dichloroiridium-

(6) Chin, C. S.; Yoon, J.; Song, J. Inorg. Chem. 1993, 32, 5901.

(7) (a) Alaimo, P. J.; Arndtsen, B. A.; Bergman, R. G. J. Am. Chem.
Soc. 1997, 119, 5269. (b) Horton, A. D. Organometallics 1996, 15, 2675.
(c) Antwi-Nsiah, F. H.; Oke, O.; Cowie, M. Organometallics 1996, 15,
506. (d) Fryzuk, M. D.; Huang, L.; McManus, N. T.; Paglia, P.; Rettig,
S. J.; White, G. S. Organometallics 1992, 11, 2979. (e) Selnau, H. E;
Merola, J. S. 3. Am. Chem. Soc. 1991, 113, 4008. (f) Schrock, R. R;
Sharp, P. R. 3. Am. Chem. Soc. 1978, 100, 2389.

(8) (a) Ara, I.; Berenguer, J. R.; Eguizébal, E.; Forniés, J.; Lalinde,
E.; Martin, A.; Martinez, F. Organometallics 1998, 17, 4578 and
references therein. (b) Santos, A.; Lopez, J.; Galan, A.; Gonzalez, J. J.;
Tinoco, P.; Echavarren, A. M. Organometallics 1997, 16, 3482. (c) Yi,
C. S.; Liu, N. Organometallics 1997, 16, 3729. (d) Arita, M.; Ishiii, N.;
Tacabuchi, A.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13,
258. (e) Werner, H.; Weinand, R.; Knarp, W.; Peters, K.; Schmering,
H. G. Organometallics 1991, 10, 3642.
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(1) species [L3lr(CH=CHNETt3)(Cl),]CIO4 (6) and cis-
CH3CH=CH(p-CsH4CH5) (7) (eq 2).

.
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Complexes 5 and 6 have been unambiguously char-
acterized by spectral data (*H, 3C NMR) compared with
those for related complexes containing Ir(CH=CHNEt3)3
and various metal alkenyls.® We note in the 13C NMR
spectra of 5 and 6 that the signal due to Ir—CO trans
to carbon is seen at lower field (173.6 ppm for 5) than
that (160.1 ppm for 6) trans to Cl. Irradiation of the
signal at 1.92 ppm (Ir—C(CH3)=CH(p-CsH4CHs)) shows
no NOE effect on the signal at 6.41 ppm (Ir—C(CHgz)=
CH(p-CsH4CH3)), suggesting a trans relationship be-
tween CH3; and H (Ir—C(CH3)=CH(p-CsH4CHy3)) in 5.

The quantitative formation of 7 (cis-CH3CH=CH(p-
CeH4CH3)) was verified by 'TH NMR and GC/mass
spectral analysis (see Experimental Section). The rela-
tively small coupling constant (Jy-n = 11.4 Hz) suggests
the two olefinic protons (CH3CH=CH(p-CsH4CH3)) are
cis to each other. This cis configuration is also confirmed
by NOE measurement: irradiation of the signal at 5.74
ppm (CH3CH=) shows a positive NOE effect on the
signal at 6.40 ppm (=CH(p-CsH4CH?3)) (see Supporting
Information).

Formation of 1,3-Diene by the Reductive Elimi-
nation between Two cis-Alkenyl Ligands of [Lslr-
(C(CH3)=CH(p-CsH4CHz3))(CH=CHNETt3)(CI)]CIO4
(5). Complex 5 yields the cis,trans-1,3-diene [HC(p-
CsH4CH3)=C(CH3)CH=CHNET13]CIO4 (8) and IrCI(CO)-
(PPhs)2 when it is refluxed in CHCI; (eq 3). Compound
8 has been unambiguously identified by 'H and 13C
NMR, IR, and mass spectral data, and Vaska’'s complex,
IrCI(CO)(PPhj3),, was confirmed by the three distinctive
electronic absorption bands at 338, 388, and 440 nm in
CHCl;. Decoupling and NOE spectral data (Supporting
Information) agree with the structure for 8 as shown
ineq 3.

The three protons (see eq 3 for «, y, and 6 protons)
for 8 are seen at 6.82 (s), 6.73 (d), and 5.95 (d) ppm.
The coupling constant (Jy-+ = 14.8 Hz) between H, and
Hs in 8 suggests these two protons are trans to each
other, which is also supported by NOE spectral mea-
surement (see Supporting Information).

(9) (a) O’'Connor, J. M.; Hiibner, K. J. Chem. Soc., Chem. Commun.
1995, 1209. (b) Sterenberg, B. T.; McDonald, R.; Cowie, M. Organo-
metallics 1997, 16, 2297. (c) Koelle, U.; Rietmann, C.; Wagner, J. T;
Englert, U. Organometallics 1995, 14, 703. (d) Akita, M.; Ishii, N;
Takabuchi, A.; Tanaka, M.; Moro-oka, Y. Organometallics 1994, 13,
258. (e) Esteruelas, M. A.; Garcia, M. P.; Martin, O.; Nurnberg; Oro,
L. A.; Werner, H. J. Organomet. Chem. 1994, 466, 249.
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Reactions of (Alkyl)(alkynyl)iridium(l1l) Com-
pounds 2 and 4 with Aqueous HCI: Formation of
Allene. Reactions of 2 and 4 with aqueous HCI produce
LsIr(H)(CI), (10) and H,C=C=CH(p-CsH4CH3) (9) (eq
4), which have been identified by spectroscopic and GC/
mass data. The signals at 6.14 (t) and 5.12 (d) ppm for
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9 are due to the olefinic protons H,C=C=CH(p-C¢H3-
CH3) and H,C=C=CH(p-CsH4CHy3), respectively. The
small coupling constant (Jy—n = 6.6 Hz) between these
protons unambiguously suggests that these protons are
allenic ones, which agrees well with the values reported
for the related compounds.1® The strong »(C=C) band
at 1731.3 cm™! in the IR spectrum and GC/mass data
(M* at m/z 130) also support the identification of 9.

Compound 10, Lslr(H)(Cl),,'! has been identified by
IH NMR (—15.4 (t) ppm) in CDClz and IR (v(C=0), 2046
cm™1, KBr) spectral data.

Discussion

Reaction Pathway for the Formation of H,C=
C=CH(p-CsH4CH3) (9). The treatment of 2 with aque-
ous DCI yields only the d; isotopomer H,C=C=CD(p-
CeH4CH3) (9-d1), which is clearly confirmed by the
absence of the signal at 6.14 ppm (C=CH(p-CsH4CH3))
while all other signals of 9 are seen in the 'H NMR
spectrum. No other isotopomers (such as DHC=C=CD-
(p-CsH4CH3) and D,C=C=CD(p-CsH4CHp3)) have been
found. The only isotopomer, 9-ds, is also verified by GC/

(10) (a) Maruyama, Y.; Yamamura, K.; Nakayama, I.; Yoshiuchi,
K.; Ozawa, F. J. Am. Chem. Soc. 1998, 120, 1421. (b) Esteruelas, M.
A.; Lahoz, F. J.; Martin, M.; Ofiate, E.; Oro, L. A. Organometallics 1997,
16, 4572.

(11) Vaska, L, J. Am. Chem. Soc. 1966, 88, 4100.
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mass (M* at m/z 131) data. The position of the deute-
rium atom in 9-d; suggests an electrophilic attack of D"
at the g-carbon of the alkynyl ligand of 2 to give the
iridium vinylidene (A-d;) (see Scheme 1), as it is well-
known that the proton attacks the p-carbon of an
alkynyl ligand to give a metal vinylidene.'2 The inter-
mediate A-d; may undergo the CH3; group migration to
the a-carbon of the vinylidene group to give another
intermediate B-d;, as previously observed for the alkyl
(R) group migration of Re(C=CH,)(R) to give Re(CR=
CH,)*" and the reaction of Os(CH,Ph)(C=CPh) with H*
to give Os(C(CH,Ph)=CHPh).13 It is most likely that
B-d; undergoes the -hydrogen elimination to give the
allene (9-d;) and 10 as shown in Scheme 1. 2-Allene

(12) (a) de los Rios, 1.; Tenorio, M. J.; Puerta, M. C.; Valerga, P. J.
Am. Chem. Soc. 1997, 119, 6529. (b) Lichtenberger, D. L.; Renshaw,
S. K.; Bullock, R. M. J. Am. Chem. Soc. 1993, 115, 3276. (c) Kelly, C.;
Lugan, M. R.; Geoffroy, G. L.; Haggerty, B. S.; Rheingold, A. L. J. Am.
Chem. Soc. 1992, 114, 6735. (d) Wakatsuki, Y.; Koga, N.; Yamazaki,
H.; Morokuma, K. J. Am. Chem. Soc. 1994, 116, 8105. (e) Jia, G.; Xia,
H. P.; Wu, W. F.; Ng, W. S. Organometallics 1996, 15, 3634. (f)
McMullen, A. K.; Selegue, J. P.; Wang, J.-G. Organometallics 1991,
10, 3421. (g) Bianchini, C.; Peruzzini, M.; Vacca, A.; Zanobini, F.
Organometallics 1991, 10, 3697. (h) Slugovc, C.; Mereiter, K.; Schmid,
R.; Kirchner, K. J. Am. Chem. Soc. 1998, 120, 6175. (i) Proulx, G;
Bergman, R. G. J. Am. Chem. Soc. 1996, 118, 1981. (j) Yang, S.-M.;
Chan, M. C.-W.; Cheung, K.-K.; Che, C.-M.; Peng, S.-M. Organome-
tallics 1997, 16, 2819.

(13) Buil, M. L.; Esteruelas, M. A.; Lopez, A. M.; Ofate, E.
Organometallics 1997, 16, 3169.
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complexes!* have been suggested as the products of the
B-hydrogen elimination reaction of metal alkenyls.14a—d
The same reaction pathway (Scheme 1) may be ap-
plicable for the formation of allene from the reaction of
4 with aqueous HCI.

Reaction Pathway for the Formation of the ds
Isotopomer cis-(CD3)CD=CD(p-CsH4CHs3) (7-ds). To
obtain information on the formation of the cis-alkene
7, deuterium labeling experiments have been carried
out. Both reactions of 3 and 5 with excess DCI (DCl/Ir
> 10) produce the ds isotopomer (CD3)CD=CD(p-C¢Hs-
CHs3) (7-ds), which is unequivocally identified by 'H
NMR and GC/mass data (see Experimental Section and
Supporting Information). Partially deutrated isoto-
pomers, 7-d,, (n = 1-5) were obtained when 7 equiv of
DCI (DCl/Ir = 7) was used to react with 5 (see Support-
ing Information for 'TH NMR and mass spectra). It is,
therefore, conceivable that the H/D exchange observed
for the reactions of 3 and 5 with DCI seems to occur
one by one to give 5-d,, and 7-ds.

Reactions of 7 with DCI in the absence and presence
of 6 give no deuterium-containing isomers of 7. The H/D
exchange possibly occurs at the complex 5 before the
dissociation of 7 from the metal. Scheme 2 is suggested
for the formation of 5-d; and the H/D exchange between
CH3 of 5-d; and DCI to give 5-d4 ([L3lr(C(CD3)=CD(p-
CeH4CH3))(CH=CHNELt3)]CIO,) and then 7-ds. Scheme
2 also involves the formation of the n?-allene-d; complex
E-d; by the same type of 5-hydrogen elimination reac-
tion of 5-d; as suggested in Scheme 1.

The H/D exchange between CHj3; of 5-d; and DCI
(conversion of CH3 into CD3) may be expressed by the
exchange between Ir—H of E-d; and D" (in DCI/D,0)
togive Ir-D in E'-d; and H* (Ir—H + Dt < Ir—D + H™).
Bases such as CI~ and H,O may be able to abstract H*
(or D) from Ir—H (or Ir—D) of E-d; as observed for Ls-
Ir(H)(OCIO3),, which reacts with H,O to give Lslr-
(OCIQO3).15 The hydride of H—Co(CO)4 undergoes the
H/D exchange in D,O to give D—Co(CQ)4.16 The final
product 7-ds would be produced when DT attacks the
a-carbon of Ir—C(CD3)=CD(p-CsH4CH3) in 5-d4. Equa-
tion 5 is also suggested to explain the formation of 7-ds
from the reaction of 5 (not 5-d;) with DCI.

H W H
[!r]—Tf —_— [Tr]_T ®)
1 I

H™ R

Formation of Allene vs Formation of cis-Alkene
with the Rapid H/D Exchange. It is interesting to
notice that (i) the allene 9 is produced from the reactions
of 2 and 4 with HCI (eq 4) while the reaction of 3 gives
the cis-alkene 7 (eq 2) and (ii) H/D exchange occurs
extensively during the formation of 7 but not during the
formation of 9. These differences seem to be due to the

(14) (a) Chin, C. S.; Maeng, W.; Chong, D.; Won, G.; Lee, B.; Park,
Y. J.; Shin, J. M. Organometallics 1999, 18, 2210. (b) Wolf, J.; Werner,
H. Organometallics 1987, 6, 1164. (c) Casey, C. P.; Brady, J. T.; Boller,
T. M.; Weinhold, F.; Hayashi, R. K. 3. Am. Chem. Soc. 1998, 120,
12500. (d) Casey, C. P.; Brady, J. T. Organometallics 1998, 17, 4620.
(e) van der Ent, A.; Onderdelinden, A. L. Inorg. Chim. Acta 1973, 7,
203.

(15) Unpublished results.

(16) Crabtree, R. H. Comprehensive Coordination Chemistry; Willkin-
son, G., Ed.; Pergamon: Oxford, U.K., 1987; Vol. 2, p 706.
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different ligands trans to CHs. Since the ligands NCCH3;
(in 2) and C=C(p-CsH4CHj3) (in 4) are readily substi-
tuted by CI~ (eq 4) while CH=CHNETt;3 (in 3) remains
to be coordinated to metal during the reactions with HCI
(eq 2), it seems conceivable to discuss the differences
between the two intermediates [Lzlr(H)(52-H,C=C=
CHR)(CI)]CIO4 (D, see Scheme 1) and [Lslr(H)(5>-H,.C=
C=CHR)(CH=CHNET;3)][(ClO4)(CI)] (E, see Scheme 2).

The hydride (Ir—H) trans to CI~ (in D) could be less
protic than the hydride (Ir—H) trans to —-CH=CH—NEt;
(in E): the positive charge on —CH=CHNEt; may
increase the protic property of Ir—H in E while the
sw-donor property of the Cl~ ligand may decrease that
of Ir—=H in D. In fact, Ir—H trans to Cl~ appears at ¢
—15.33 ppm for LzIr(H)(CI)(C=CPh),1” while Ir—H trans
to —CH=CHNEt; is seen at lower field (—9.96 ppm) for
[Lzlr(H)(CH=CHNETt3)(C=CPh)]*.3¢ It may be easier for
base (H,O and/or CI7) to abstract Ir—H in E than that
in D, which may explain the rapid H/D exchange
between D in solution and Ir—H of E to give Ir—D and
H* (see Scheme 2).

It is also conceivable that the relative affinity of the
metals for the allene 9 causes the differences in the
reactivity of 2 (and 4) and 3 observed in the H/D
exchange. Those dicationic intermediates started from
3 in Scheme 2 may bind the allene ligand more strongly
than do the monocationic ones derived from 2 and 4 in
Scheme 1, which may explain extensive H/D exchange
in the reaction of 3. The difference in H/D exchange
rates may also be explained by the relative rates of the
hydride transfer of the hydrido 72-allene complexes to
give the alkenyl complexes (i.e., slower D — C in
Scheme 1 and faster E — 5 in Scheme 2).

It may be said that more well-planned experiments
should be carried out to obtain more conclusive results
to explain the differences in H/D exchange observed
with 2 and 4, and 3.

Experimental Section

Safety Note. Extensive precautions should be taken since
perchlorate salts of transition-metal complexes are potentially
explosive.'®

General Procedures. All reactions were carried out under
nitrogen with the use of standard Schlenk glassware. DCI (37
wt % in D,O) and HCI (32 wt % in H,O) were purchased from
Aldrich and Merck, respectively. Triethylamine (Aldrich) was
dried over CaSO, and distilled from CaH, under N prior to
use. Ir(C=C(p-C¢H4CH3))(CO)(PPhs), was prepared by the
literature method.*

Physical Measurements. NMR spectra were recorded on
either a Varian Gemini 300 or 500 spectrometer (*H, 300 or
500 MHz; 13C, 75.5 or 125.7 MHz; 3'P, 121.7 MHz). IR spectra
were obtained on Shimadzu IR-440 and Nicolet 205 spectro-
photometers. Gas chromatography/mass spectra were deter-
mined by Hewlett-Packard HP5890A and VG-trio 2000 in-
struments. Electronic absorption spectra were obtained by a
Hewlett-Packard 8452A diode array spectrophotometer. El-
emental analyses were carried out by a Carlo Erba EA1108
CHNS-O analyzer at Organic Chemistry Research Center,
Sogang University.

(17) Chin, C. S.; Oh, M.; Won, G.; Cho, H.; Shin, D. Bull. Korean
Chem. Soc. 1999, 20, 85.

(18) See: (a) Chem. Eng. News 1983, 61(Dec. 5), 4; 1963, 41(July
8), 47. (b) J. Chem. Educ. 1978, 55, A355.

(19) Park, S. H.; Park, H.-K.; Chin, C. S. Inorg. Chem. 1985, 24,
1120.
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Preparation of Ir(CHz)(C=C(p-CsH4CHj3))(1)(CO)(PPhs),
(1). A CHCI3 (10 mL) solution of [Ir(NCCHS3)(CO)(PPhz),]CIO,*°
(0.18 g, 0.20 mmol) and HC=C(p-CsH4CH3) 0.03 mL, 0.24
mmol) was stirred in the presence of NEt; (0.03 mL, 0.22
mmol) for 5 min to produce 1r(C=C(p-CsH4CH3))(CO)(PPhs),,*
and then excess CHgzl (0.02 mL, 0.32 mmol) was added to the
dark brown reaction mixture. The reaction mixture turned pale
yellow within 3 min. A 10 mL portion of water was added to
the solution, and excess NEt; and HNEt;"CIO,~ in the aqueous
layer were separated from reaction mixture. Addition of
n-hexane (25 mL) to the CHCI; solution resulted in precipita-
tion of the beige microcrystals of 1, which were collected by
filtration, washed with cold n-hexane (3 x 10 mL), and dried
under vacuum. The yield was 0.17 g (85%). *H NMR (300 MHz,
CDCls3): 6 6.93—7.04 (AB quartet with Av/J = 2.3, 4H, Jn,—1g
= 8.0 Hz, p-C¢H4CH3), 2.33 (s, 3H, p-CsH4CH3), 0.81 (t, 3H,
Jp-py = 53 HZ, Ir-CH3). 13C NMR (CDC|3) 0 169.8 (t, Jp—c =
6.5 Hz, Ir—CO), 113.7 (s, Ir—C=C), 85.8 (t, Jp-c = 18.2 Hz,
Ir—C=C), 21.2 (s, p-CsHaCHs), —14.9 (br, Ir—CHa). 3P NMR
(CDCl3): 0 8.1 (s). IR (KBr, cm™1): »(C=C) 2106.0 (w), »(CO)
2026.5 (s). Anal. Calcd for IrP,C47H40lO: C, 56.37; H, 4.03.
Found: C, 56.56; H, 4.00.

Preparation of [Ir(CH,)(C=C(p-CsH4sCH3))(NCCH5)-
(CO)(PPhs3),]CIO4 (2). The reaction mixture of AgCIO,4 (0.03
g, 0.15 mmol) and 1 (0.1 g, 0.1 mmol) in CHCI3 (10 mL) was
stirred at 25 °C for 30 min, during which time the reaction
mixture turned brown. After Agl was removed by filtration,
CH3CN (0.01 mL, 0.19 mmol) was added to the reaction
mixture, which was stirred for 15 min. Addition of cold

n-hexane (20 mL) gave the beige microcrystals of 2. The yield
was 0.09 g (89%). 'H NMR (300 MHz, CDCls): 6 6.80—7.04
(AB quartet with Av/J = 6.7, 4H, Jn,—ng = 8.1 Hz, p-CeHas-
CHs), 2.32 (s, 3H, p-CsH4CH3), 1.80 (s, 3H, Ir—NCCH3), 0.66
(t, 3H, Jp— = 5.4 Hz, Ir—CHg3). C NMR (CDCl3): 6 168.9
(br, Ir—CO0O), 121.3 (br, Ir—NCCHg3), 111.9 (br, Ir—C=C), 85.6
(br, Ir—C=C), 21.3 (s, p-CsH4CHs3), 2.7 (s, Ir—NCCHs), —26.0
(t, Jp—c = 5.5 Hz, Ir—CH3). 3P NMR (CDCls): ¢ 2.8 (s). IR
(KBr, cm™): »(C=N) 2322.4 (w), »(C=C) 2121.8 (w), v»(CO)
2051.2 (s), v(ClO47) 1080.0 (s, br, due to noncoordinated
tetrahedral ClO,7). Anal. Calcd for IrP,C49H43sNCIOs: C, 57.95;
H, 4.28; N, 1.38. Found: C, 57.78; H, 4.33; N, 1.39.
Preparation of [Ir(CH3)(CH=CHNELt3)(C=C(p-Ce¢H:s-
CHj3))(CO)(PPh3)2)]CIO4 (3). A solution of 2 (0.1 g, 0.1 mmol)
in CHCI; (15 mL) was stirred under HC=CH (1 atm) in the
presence of NEt; (0.11 mmol) at 25 °C for 10 min, during which
time the light beige solution turned slightly darker. A 10 mL
portion of water was added to the reaction mixture, and excess
NEt; and HNEt;"ClO,~ in the aqueous layer were separated
from 3 in the CHCI; layer. Addition of n-hexane (25 mL) to
the CHCI; solution resulted in precipitation of the beige-pink
microcrystals of 3, which were collected by filtration, washed
with cold hexane (3 x 10 mL), and dried under vacuum. The
yield was 0.10 g (91%). *H NMR (300 MHz, CDCl3): 6 7.52 (d,
1H, Iy = 15.9 Hz, Ir-CH=CH), 6.88—7.05 (AB quartet with
AvIJ =4.2,4H, Jyy,—n, = 7.8 Hz, p-CsH4CH3), 4.86 (d, 1H, Jy—n
= 15.9 Hz, Ir—CH=CH), 2.81 (q, 6H, Jn-n = 7.2 Hz, N(CH.-
CHsa)s), 2.32 (s, 3H, p-CeH4CHs), 0.74 (t, 9H, Jy-n = 7.2 Hz,
N(CH2CH3)3), 0.30 (t, 3H, Jp-n =54 HZ, Ir—CH3). 13C NMR
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(CDClg): 6173.0 (t, Jp—c = 6.5 Hz, Ir—CO), 131.3 (s, Ir-CH=
CH), 129.6 (t, Ir—CH=CH, Jp_c = 7.8 Hz), 112.3 (s, Ir—C=C),
85.8 (t, Jp_c = 18.2 Hz, |r—CEC), 53.5 (S, N(CH2CH3)3), 20.9
(S, p-CsH4CH3), 6.8 (S, N(CH2CH3)3), —28.7 (t, Jp—c =57 HZ,
Ir—CHj3). 3P NMR (CDClg): ¢ —16.1 (s). IR (KBr, cm™1): v-
(C=C) 2115.5 (s), »(CO) 2018.5 (s), »(ClO4~) 1080.0 (s, br, due
to noncoordinated tetrahedral ClO,~). Anal. Calcd for IrP,CssHsz-
NCIOs: C, 59.96; H, 5.23; N, 1.27. Found: C, 59.51; H, 5.27;
N, 1.27.

Preparation of cis,trans-1r(CH3)(C=C(p-CsH.CHz3)),-
(CO)(PPhj3)2 (4). This compound was prepared by the same
manner as described for 3 using 2 (0.1 g, 0.1 mmol), HC=C(p-
CesH4CHj5) (0.15 mmol), and NEt; (0.11 mmol), except that the
reaction mixture was stirred at 0 °C for 30 min. The yield was
0.07 g (71%). *H NMR (300 MHz, CDCls): ¢ 6.59-6.92 (a
couple of an AB quartet with Av/J = 7.3 and 7.5, 8H, Jn, Hg
= 8.2 and 8.0 Hz, (p-CsH4CHys),), 2.26, 2.25 (both singlet, total
6H, (p-CGH4CH3)2), —0.33 (t, 3H, Jp_p = 5.0 HZ, Ir—CH3). 13C
NMR (CDCl3): 6 171.3 (t, Jp-c = 6.6 Hz, Ir—CO), 110.9, 108.3
(s, (Ir—C=C),), 87.1, 81.3, (t, Jp_c = 18.2, 13.1 Hz, (Ir-C=
C)2), 21.2, 21.1 (s, (p-CsH4CH3),), —21.5 (t, Jp-c = 4.5 Hz, Ir—
CHj). 3P NMR (CDCls): 6 —10.9 (s). IR (KBr, cm™1): »(C=C)
2104.0 (s), »(CO) 2024.0 (s). Anal. Calcd for IrP,CssH470O: C,
67.92; H, 4.79. Found: C, 68.56; H, 4.75.

Preparation of [Ir(C(CH3)=CH(p-CsH4CH3))(CH=CH-
NEt3)(CI)(CO)(PPhs),]CIO4 (5). HCI (0.25 mmol, 0.024 mL
of H,O containing 32 wt % HCI) was added to a solution of 3
(0.22 g, 0.2 mmol) in CHCI; (15 mL) at 25 °C, and the reaction
mixture was stirred for 1 h until it turned brown. Excess HCI
was removed from the reaction mixture by washing with H,O
(10 mL) using a separatory funnel. Addition of n-hexane (25
mL) to the CHCI; solution resulted in orange microcrystals of
5, which were collected by filtration, washed with cold hexane
(3 x 10 mL), and dried under vacuum. The yield of 5 was 0.11
g (47%). *H NMR (300 MHz, CDCls): 6 7.10 (d, 1H, Ju-n =
15.6 Hz, Ir-CH=CH), 7.04 (br, 2H, p-CsH4CH3; (meta protons)),
6.62 (br, 2H, p-CsH,CH3 (ortho protons)), 6.41 (br, 1H, Ir—
C(CH3)=CH), 4.87 (d, 1H, J4_n = 15.6 Hz, Ir—CH=CH), 2.70
(q, 6H, JHfH =6.9 HZ, N(CHzCH3)3), 2.31 (S, 3H, p-CeH4CH3),
1.92 (s, 3H, Ir—C(CH3)=CH), 0.96 (t, 9H, Jy-n = 6.9 Hz,
N(CH2CHa)s). 3C NMR (CDCls): 6 173.6 (br, Ir—CO), 138.2
(s, Ir—C(CH3)=CHy), 129.5 (s, Ir—CH=CH), 128.5 (br, Ir—CH=
CH), 121.1 (br, Ir—C(CHs)=CH), 54.4 (s, N(CH,CHs)s), 26.3
(br, Ir—=C(CH3)=CH), 21.0 (s, p-C¢H4CHs), 8.0 (s, N(CH.CH3)3).
31P NMR (CDCl3): 6 —17.7 (s). IR (KBr, cm™1): »(CO) 2044.7
(s), »(ClO47) 1093.1 (s, br, due to noncoordinated tetrahedral
ClO47). Anal. Calcd for 1rP,CssHssNCI,0s: C, 58.03; H, 5.15;
N, 1.23. Found: C, 57.62; H, 5.20; N, 1.25.

Reactions of [Ir(CH3)(CH=CHNEt3)(C=C(p-CsH4sCH3))-
(CO)(PPh3)2)]CI04 (3) and [Ir(C(CHz)=CH(p-CsH4CHsz))-
(CH=CHNETt;)(CI)(CO)(PPhj3).]CIO4 (5) with HCI: For-
mation of [Ir(CH=CHNETt;)(Cl)(CO)(PPhs),]CIO, (6) and
cis-CH3;CH=CH(p-CsH4CH3) (7). HCI (0.25 mmol, 0.024 mL
of H,O containing 32 wt % HCI) was added to a solution of 3
(0.22 g, 0.2 mmol) in CHCI; (15 mL) at 25 °C; the reaction
mixture was stirred for 6 h. Excess HCI was removed by
washing with H,O. Addition of n-hexane (10 mL) to the CHCI3
solution resulted in beige microcrystals of 6, which were
collected by filtration, washed with CHCI; (3 mL), and dried
under vacuum. The yield of 6 was 0.09 g (45%). The filtrate
was distilled under vacuum to collect 7 in the cold trap of a
dry ice/isopropyl alcohol bath. The yield of 7 was ca. 40%,
measured by *H NMR in CDCls.

Data for 6 are as follows. 'H NMR (300 MHz, CDClz): 6
7.90 (d, 1H, Jn-n = 15.3 Hz, Ir-CH=CH), 5.56 (d, 1H, Jy-n =
15.3 Hz, Ir-CH=CH), 2.96 (q, 6H, Ju_n = 7.2 Hz, N(CH,-
CHs)s), 0.88 (t, 9H, Ju-n = 7.2 Hz, N(CH2CH3)s). *C NMR
(CDCls): 6160.1 (t, Jp-c = 6.5 Hz, Ir—CO), 133.1 (s, Ir—CH=
CH), 123.3 (br, Ir—CH=CH), 56.0 (s, N(CH,CH3)3), 8.5 (s,
N(CH,CHs)s). 3P NMR (CDCls): 6 —16.7 (s). IR (KBr, cm™):
v(CO) 2060.4 (s), »(ClO,7) 1093.1 (s, br, due to noncoordinated
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tetrahedral ClO,7). Anal. Calcd for IrP,CysH47NCI3Os: C,
51.84; H, 4.55; N, 1.34. Found: C, 51.59; H, 4.58; N, 1.41.

Data for 7 are as follows. '"H NMR (500 MHz, CDClz): ¢
7.12—7.22 (AB quartet with Av/J = 2.3, 4H, Ju,—n; = 8.0 Hz,
p-C¢H4CHj3), 6.40 (dd, 1H, Jy-n = 11.4 Hz, 1.5 Hz, CH;CH=
CH), 5.74 (dq, 1H, 34— = 11.4, 7.2 Hz, CH3;CH=CH), 2.36 (s,
3H, p-CsH4CH3), 1.89 (dd, 3H, Jn-n = 7.2, 1.5 Hz, CH3;CH=
CH). 3C NMR (MHz, CDCl3): ¢ 14.6 (s, CHsCH=CH), 21.1
(s, p-CeH4CHg), 136.1, 134.8, 129.7, 128.8, 128.7, 126.0 (s,
olefinic carbons and p-C¢HiCH3). Mass: M* at m/z 132.
Reaction of 5 with HCI was carried out in the same manner
as described for the formation of 6 and 7 from the reaction of
3 with aqueous HCI using 5 (0.2 g, 0.17 mmol). The yield of 6
was 0.11 g (62%).

Reactions of [Ir(CH3)(C=C(p-CsH4sCH3))(CH3CN)(CO)-
(PPh3)2]C|O4 (2) and [lr(CH3)(CEC(p-C5H4CH3))2(CO)-
(PPh3),]Cl10O,4 (4) with HCI: Formation of CH,=C=CH(p-
CsH4CH3) (9). HCI (2.0 mmol, 0.19 mL of H,O containing 32
wt % HCI) was added to a solution of 2 (0.2 g, 0.2 mmol) in
CHCI; (5 mL) at 25 °C, and the reaction mixture was stirred
for 12 h, during which time white microcrystals precipitated.
Excess HCI was removed by washing with H,O using a
separatory funnel. Compound 10 (white microcrystals) was
collected by centrifugal separation, washed with n-hexane,
dried under vacuum, and identified by spectral data (see text).
The yield was 0.13 g (76% based on Ir(H)(CI),(CO)(PPhg),). The
supernatant was distilled under vacuum to collect 9 in the cold
trap of a dry ice/isopropyl alcohol bath. The yield of 9 was ca.
30%, measured by *H NMR in CDCls. The reaction of 4 (0.2 g,
0.2 mmol) with HCI was carried out in the same manner as
described for the reaction of 2. Spectral data for 9 are as
follows. *H NMR (500 MHz, CDCl3): 6 7.09—7.21 (AB quartet
with Av/J = 1.5, 4H, Jn,-n; = 8.1 Hz, CH(p-C¢H4CH3)), 6.14
(t, 1H, Ju-n = 6.6 Hz, CH(p-CeH4CH3)), 5.12 (d, 2H, Jy-p =
6.6 Hz, CH,=C), 2.32 (s, 3H, CH(p-CsHiCHa)). 3C NMR
(CDCl3): ¢ 93.7, 78.6, 77.4 (s, C=C=C), 21.1 (s, p-C¢H4CH3).
IR (KBr, cm™1): »(C=C) 1731.3 (s). Mass: M* at m/z 130.

Reductive Elimination of [H(p-C;H4CH3)C=C(CH5)-
CH=CHNET13]ClO, (8) from [Ir(C(CH3)=CH(p-CsH4CH53))-
(CH=CHNET;)(CI)(CO)(PPhs),]CIO, (5). Compound 5 (0.23
g, 0.2 mmol) was dissolved in CHCI3 (10 mL), and the solution
was refluxed for 2 h. Reducing the solution by distillation
under vacuum to 1 mL resulted in precipitation of the white
microcrystals of 8, which were collected by filtration, washed
with cold CHCI; (3 mL), and dried under vacuum. The yield
was 0.04 g (56%). The electronic absorption spectrum of the
filtrate (CHCI; solution) showed three distinctive absorption
bands at 338, 388, and 440 nm of Vaska's compound, IrClI-
(CO)(PPh3),.1! Spectral data for 8 are as follows. *H NMR (500
MHz, CDCls): ¢ 7.20—7.29 (AB quartet with Av/J = 2.2, 4H,
JHp-Hg = 8.2 Hz, CH(p-C6H4CH3)), 6.82 (S, 1H, Ha), 6.73 (d,
1H, Jy-n = 14.8 Hz, H,), 5.95 (d, 1H, Ju-n = 14.8 Hz, Hy),
3.56 (q, GH, Ju-n = 7.1 Hz, N(CH2CH3)3), 2.38 (S, SH, CH(p-
CsH4CHs5)), 2.08 (d, 3H, Ju-n = 0.9 Hz, (CH3)C=C), 1.36 (t,
9H, Jy-n = 7.1 Hz, N(CH,CHa)s). *C NMR (CDClg): 6 139.2,
138.9, 137.2, 134.0, 130.7, 130.1, 129.9, 123.0 (s, olefinic
carbons and p-C¢H4CH3), 56.3 (s, N(CH2CHy3)3), 21.7 (s, CH-
(p-CsH4CH3)), 14.5 (s, (CH3)C=C), 8.5 (s, N(CH2CH3)s). IR
(KBr, cm™): »(ClO4~) 1094.5 (s, br). Mp: 196 °C. Electronic
absorption: Amax 228, 292 nm. Mass: m/z 229 (M* — CyHs-
ClO,).

Reactions of [Ir(CH,)(C=C(p-CsH.CHz3))(NCCH3)(CO)-
(PPh3),]Cl04 (2) with DCI: Formation of CH,=C=CD(p-
CsH4CH3) (9-dy). This reaction was carried out using aqueous
DCI (37 wt % in D;0) in the same manner as described for
the reaction of 2 with HCI. The isotopomer 9-d; was identified
by *H NMR and mass spectral measurements. *H NMR (500
MHz, CDCl3): ¢ 7.09—7.21 (AB quartet with Av/J = 1.5, 4H,
JHAfHB = 8.1 HZ, CH(p-C5H4CH3)), 5.12 (S, 2H, CH2=C=CD-
(p-CeH4CH3), 2.32 (s, 3H, p-CsH4CH3). Mass: M* at m/z 131.
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Reactions of [Ir(CH,)(C=C(p-CsH.CH3))(CH=CHNETt3)-
(CO)(PPhj3),]CIO,4 (3) and [Ir(C(CH3)=CH(p-CsH4CHy3))-
(CH=CHNETt;)(CI)(CO)(PPhj3).]CIO4 (5) with DCI: For-
mation of cis-CD;CD=CD(p-C¢H4sCH3)) (7-ds). These
reactions were carried out using aqueous DCI (37 wt % in D,O)
in the same manner as described for the reactions of 3 and 5
with HCI. Isotopomers 7-ds and 7-d,, were identified by H
NMR and mass spectral measurements (also see Supporting
Information). Data for 7-ds are as follows. *H NMR (500 MHz,
CDCl3): 6 7.12—7.22 (AB quartet with Av/J = 2.3, 4H, Jn,—1g
= 8.0 Hz, p-CsH4CHs3), 2.36 (s, 3H, p-CsH4CHz3). Mass: M* at
m/z 137. Data for 7-d, are as follows. 'H NMR (500 MHz,
CDClg): 6 7.12—7.22 (AB quartet with Av/J = 2.3, 4H, Jy, -1,
= 8.0 Hz, p-C¢H4CHs3), 6.40 (br, 0.46H, CHsCH=CH), 5.74 (br,
0.73H, CH3CH=CH), 2.36 (s, 3H, p-C¢H4CH3), 1.89 (br, 1.6H,
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CH3CH=CH). Mass: M™ (relative intensity) at m/z 137 (43),
136 (100), 135 (98), 134 (62), 133 (35).
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