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a b s t r a c t

Reaction of [(h4-COD)Ir(m2-Cl)]2 (1) with tin CH2CRCHCRCH2SnR0
3 (R¼H, Me; R'¼Me, n-Bu) or lithium

pentadienide reagents gives the corresponding acyclic pentadienyl sandwich compounds [(h4-COD)
Ir(h5-CH2CMeCHCMeCH2) (2) and [(h4-COD)Ir(h5-CH2CHCHCHCH2) (3). Treatment of 1 with different
phosphines affords the well-known mononuclear phosphine complexes [(h4-COD)IrClPR3] [R¼ Ph, 4; i-
Pr, 5; Me, 6] which react with lithium pentadienide to give the exclusive formation of [(h4-COD)Ir(1-3-h-
CH2CHCHCHCH2)PR3] [R¼ Ph, 7; P(i-Pr), 8], whereas the less steric trimethylphosphine shows an
equilibrium mixture of the pseudo iridacyclic [(h4-COD)Ir(1,4-50-h-CH2CHCHCHCH2)PMe3] (9a) and [(h4-
COD)Ir(1-3-h-CH2CHCHCHCH2)PMe3] (9b) in a 2:1 ratio. Additionally, the addition reaction of phos-
phines to compound 2 gives the dimethyl-pentadienyl complexes [(h4-COD)Ir(1-3-h-CH2CMeCHC-
MeCH2)PPh3] (10) and the mixture of isomers [(h4-COD)Ir(1,4-50-h-CH2CMeCHCMeCH2)PMe3] (11a) and
[(h4-COD)Ir(1-3-h-CH2CMeCHCMeCH2)PMe3] (11b) in a 2:1 ratio. Compounds 2, 4, 5, 6, 7, 8, 9b, 10 and
11a have been structurally characterized by single-crystal X-ray diffraction studies. The influence of the
electronic and steric effects of the different ligands, as well as the preference of the bonding modes in the
pentadienyl ligands is analyzed and contrasting to pentadienyl electron rich complexes, derived from
IrCl(PR3)3, previously described in the literature.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The cycloocta-1,5-diene ligand (COD) is a popular ancillary
ligand in iridium chemistry, with a great number of accessible
compounds and common starting materials [1]. As a result of the
accessibility of [(h4-COD)Ir(m-Cl)]2 (1) [2], iridium cyclooctadiene
complexes with interesting properties have been reported [1c,3]
and many of them have been useful in various homogeneous cat-
alytic reactions [1c,4].

In previous years, a versatile and interesting chemistry with
heteronuclear substituents in acyclic unsaturated ligands (penta-
dienyl analogues in which one terminal CH2 group has been
replaced by heteroatoms, such as oxygen, sulfur or sulfur dioxide)
has been described which included the (h4-COD)Ir moiety [3b,5-7].

These results motivated further research on the acyclic unsat-
urated pentadienyl ligands, as well as the influence of tertiary
in the field of organometallic

doval).
phosphines in the preference of bonding modes, when they are
coordinated to the iridium cyclooctadiene moiety.

Previously, the reactions of allylic complexes, such as (h4-COD)
Ir(h3-C3H4X) (X¼H, Me) with various types of phosphites have
been examinated and published elsewhere [8]. In particular, the
reaction of allyllithium and dimer 1 yielded [(h4-COD)Ir(h3-allyl)] a
thermally reactive molecule [8,9], which can react with trime-
thylphosphite, yielding the corresponding [(h4-COD)Ir(h3-allyl)(-
P(OMe)3)] or [(h4-COD)Ir(h1-allyl)(P(OMe)3)2], where the former is
a catalysis for olefin hydrogenation [9].

A systematic study by Bleeke et al. regarding the reactions of
electron rich complexes IrCl(PR3)3 (R¼ Et, Me) [10,11], ½ [IrCl(-
PEt3)2]2 [12], as well as Vaska's derivatives from Ir(Cl)(CO)(PR3)2
(R¼ Et, Ph) [11] with lithium pentadienide and 2,4-dimethyl-pen-
tadienide reagents have shown to produce 1-3-h-pentadienyl, 1,4-
5-h-pentadienyl and 1,5-h-iridacyclohexa-2,4-diene complexes or
equilibrium mixtures as summarized in Scheme 1 [10e13] and 2
[11], respectively.

In contrast to the pentadienyl iridium chemistry of electron-rich
complexes and Vaska's derivatives shown in Schemes 1 and 2,
respectively, the present study describes the results of the
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Scheme 1. Influence of the substituents on the pentadienyl and phosphine ligands in electron rich complexes [10e13].

Scheme 2. Reactivity of Vaska's complex with pentadienide salts [11].
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pentadienyl iridium chemistry which involves less electron-rich
ligands, such as the reactivity of dinuclear iridium cyclooctadiene
complex 1, as well as mononuclear phosphine complexes (h4-COD)
Ir(PR3) [R¼ Ph, (4) i-Pr, (5) Me (6)] toward lithium pentadienide,
2,4-dimethylpentadienide or tin-pentadiene reagents. The influ-
ence of the electronic and steric effects of the complementary li-
gands involved in the pentadienyl compounds will be analized.
2. Results and discussion

2.1. Pentadienyl chemistry

Reaction of [(h4-COD)Ir(m2-Cl)]2 (1) with 2,4-dimethyl-1-
trimethyltin-2,4-pentadiene reagent led to the formation of [(h4-
COD)Ir(2,4-dimethyl-h5-pentadienyl) (2) in 90% yield, (Scheme 3).
The synthesis of the [(h4-COD)Ir(h5-pentadienyl) (3) was carried
out through the transmetallation andmetathesis reactions with the
1-tributyltin-2,4-pentadiene or lithium pentadienide prepared in
situ at �78 �C from 1,4-pentadiene and lithium diisopropylamine
(LDA) in THF, (Scheme 3).

The high volatility and solubility, as well as the thermal
Scheme 3. Trasmetallation and metathesis reactions of compounds 2 and 3.
instability of compound 3, allowed to obtain only the spectroscopic
characterization through the 1H and 13C NMR. In contrast, com-
pound 2 was isolated as a stable yellow solid and fully character-
ized. It has been known that the presence of methyl groups
substituted in pentadienyl ligands confers higher stability to the
complexeswhich contain them, and there is also a preference of the
U conformer if themethyl substitution occurs on C2 and C4 [14], see
Scheme 3.

The 1H and 13C NMR data of compounds 2 and 3 are described in
Tables 1 and 2, respectively. The 1H NMR of 2 shows all chemical
shifts as broad bands, in C6D6, at room temperature. Further sup-
port for the full assignment of 2was obtained by 1H and 13C NMR in
CD2Cl2 at �90 �C, as well as by the coupled 13C NMR. The assign-
ment is consistent with a U conformation for the pentadienyl
ligand. Similar chemical shifts have been observed for related
complexes [(h5-C5H5)Ir(2,4-dimethyl-h5-pentadienyl)]þ and [(2,4-
dimethyl-h5-pentadienyl)Ir(h4-CH2CMeCHC(Me)2)] [15]. At room
temperature the CH and CH2 carbon and hydrogen of the COD
ligand in 2 are equivalent between each other. However, at low
temperature, there is no magnetic equivalence and all hydrogen
and carbon atoms can be assigned. Compound 3 has been assigned
based on compound 2. The molecular structure of 2 has been ob-
tained from a single-crystal X-ray diffraction study. The crystalline
structure is shown in Fig. 1, crystal data, bond lengths and angles
are described in Tables 4 and 6, respectively.

The iridium atom in 2 is within bonding distances of the four
olefinic carbon atoms of the COD, and five carbon atoms of the 2,4-
dimethyl-h5-pentadienyl ligands. These bond lengths are in the
range of 2.092(6) to 2.167(5) and 2.141(8) to 2.284(5) Å,
respectively.

The iridium bond lengths with the non-conjugated olefin car-
bon atoms are shorter for C5 (2.112(5) Å) and C6 (2.092(6) Å) and
longer for C9 (2.167(5) Å) and C10 (2.158(8) Å), while the double
bond C5-C6 (1.442(9) Å) is longer than C9-C10 (1.401(8) Å). The
elongation of the COD double bonds is consistent with back
donation to the p* orbitals from a low valent Ir(I). The elongation is
not symmetric, with C5-C6 being larger than C9-C10, similar than
those for five coordinate geometries, such as (h4-COD)2IrCl [16],
(h4-COD)Ir(1-2,5-h-butadienesulfonyl)(L) (L¼ PMe3, PMe2Ph,
PPh3, CO, DMSO) [5], (h4-COD)Ir(5-h-butadienesulfonyl)(PMe3)2



Table 1
1H NMRa of compounds 2-8, 9a, 9b, 10, 11a and 11b.

Pentadienyl COD PR3
31P
{1H}

Compound H1anti/H5anti H1syn/H5syn H2/Me H3 H4/Me H5’/H5�� H5 H6 H7 H8 H9 H10 H11 H12

2b 1.44 2.80 1.70 5.53 1.70 3.39 3.39 2.23 2.23 3.39 3.39 2.23 2.23
2b,c 0.57

1.66
1.93
3.30

2.17 5.90 1.51 2 2.25 4.01 2.46
3.13

1.18
1.85

2.33 4.01 ~1.50
2.17

1.35
1.85

3d 1.32 (d, 8.7) 2.83 (dd, 2.2,
8.4)

4.60 (m,
8.4)

5.49 (t, 6.1) 4.60 (m, 8.4) 3.54 3.54 2.21 2.21 3.54 3.54 2.21 2.21

4d 2.83 2.83 1.60 (m,
8.0)
2.07 (m,
5.6)

1.39 (m,
7.6)
2.07 (m,
5.6)

5.53 5.53 1.39 (m,
7.6)
2.07 (m,
5.6)

1.60 (m,
8.0)
2.07 (m,
5.6)

7.03
7.84 (m, 8.2)

22.5

5 P(i-Pr)3 3.06 (q,ap,
2.8)

3.06 (q,ap,
2.8)

1.51 (m)
2.06e2.16
(m)

1.51 (m)
1.93e2.05
(m)

5.24 (q,ap,
2.8)

5.24 (q,ap,
2.8)

1.51 (m)
1.93e2.05
(m)

1.51 (m)
2.06e2.16
(m)

1.11 (d, 7.2)
1.15 (d, 7.2)
2.33 (m)

25.7

5e P(i-Pr)3 3.27 (q,ap,
2.4)

3.27 (q,ap,
2.4)

1.70 (m)
2.17 (m)

1.60 (m)
2.17 (m)

4.84 (m) 4.84 (m) 1.60 (m)
2.17 (m)

1.70 (m)
2.17 (m)

1.32 (d, 7.2
1.36 (d, 7.2)
2.54 (m, 7.4,
8.9)

26.5

6 2.90 (q,ap,
3.3)

2.90 (q,ap,
3.3)

1.62
2.03

1.55
2.15

5.28 (q,ap,
2.4)

5.28 (q,ap,
2.4)

1.55
2.15

1.62
2.03

0.97 (d, 9.6) �15.5

6d,e 3.14 (q,ap,
3.2)

3.14 (q,ap,
3.2)

1.68
1.84

1.46
2.20

4.97 (q,ap,
2.8)

4.97 (q,ap,
2.8)

1.46
2.20

1.68
1.84

1.40 (d, 10.4) �14.6

7d 0.44 (dd, br, 5.9,
12.4)

1.60f (br) 4.87 (m) 2.99 (dt, 9.9,
13.0)

6.20 (dt, 10.1,
16.8)

5.16 (d,
17.1)
5.25 (d,
10.1)

3.62 2.55 1.22e1.93 1.22e1.93 3.81 3.81 2.30 1.00e1.50 7.45 (t, 8.5, o)
6.90e7.11 (m,
m,p)

10.2

8d 1.28 (t, 7.6) ~2.21f 4.69 (m) 3.45 (q,ap,
10.0)

6.15 (dt, 10.7,
16.6)

5.17 (d,
6.7)
5.20 (s)

2.94 2.94 2.06e2.26 1.97 3.70 3.70 1.98e2.30 1.98e2.30 0.99 (d, 7.2)
1.03 (d, 7.2)
2.10
(sept, 7.2)

5.28

9a 0.77 (H1)
(d, br, 16.1)

1.31 (H10)
(d, br, ~16.0)

5.64 (m) 6.36 (m, br) 4.18 (m, br) 1.20e1.50
(m)
1.80e2.60
(m)

3.02 (m) 2.50 (m) 2.24 (m) 2.10 (m) 2.31 (m) 3.44 (m) 2.04 (m)
2.40 (m)

2.78 (m) 1.08 (d, 8.2) �53.7

9b 1.42 (dd, 12.6,
7.9)

1.54 (dd, 4.2,
7.4)

4.95f 2.40f 6.05 (dt, 10.1,
17.1)

4.86e5.04
(m)

3.02 (m) 2.50 (m) 2.24 (m) 2.10 (m) 2.31 (m) 3.44 (m) 2.04 (m)
2.40 (m)

2.78 (m) 0.99 (d, 7.7) �52.7

10d 0.61 (d, 22.8) 1.99 2.65 (d,
5.7)

1.90 1.77 (s) 5.18 (s)
5.28 (s)

3.28 3.65 1.55
1.20e2.40

2.32
2.10e2.40

3.53 3.80 1.44
1.20e2.10

1.84
1.35e2.40

7.48 (t, 7.7, o)
7.05e7.16 (m,
m,p)

10.7

11a 0.67 (d, 16.1) 1.13 (t, 16.6) 2.29 (d,
7.0)

5.91 (br, 3.3) 1.85 (s) 1.43 (d,
2.5)
2.28f (m)

3.25 (m) 1.64e2.34
(m)

2.52 (m)
2.70 (m)

1.33 (m)
1.64e2.34
(m)

2.70 (m) 3.44 (m) 1.64e2.34
(m)

1.64e2.34
(m)

1.06 (d, 7.8) �52.4
�58.5c

�50.3g

11b 0.47 (d, 25.2) 1.10f 2.78 (d,
6.6)

2.25f 1.54 (s) 5.12 (s)
5.34 (s)

3.13 (m) 3.32 (m) 2.00 (m)
2.52 (m)

2.10 (m)
2.23 (m)

3.12 (m) 3.12 (m) 1.91 (m)
2.30 (m)

1.63 (m)
2.23 (m)

0.95 (d, 7.4) �55.5
�59.3c

�60.5g

11ae 0.37 (d, 16.3) 1.01 (t, 16.3) 2.02 (d,
7.2)

5.54 (s,br) 1.59 (s) 1.27 (m)
2.72f

3.50 (m) 3.29 (s,br) 2.11 (m) 1.34 (m)
~1.50 (m)

2.60 (m) 2.83 (m) 2.11 (m) 1.56 (m) 1.49 (d, 8.2) �50.7

11be 0.32 (d, 25.2) 1.20e1.60f 2.60 (d,
6.4)

2.20f 1.92 (s) 4.85 (s)
5.02 (s)

2.93 (m) 3.19 (m) 2.10e2.30
2.60 (m)

2.10e2.30
(m)

2.83 (m) 2.83 (m) 1.20e1.60
(m)
2.10e2.30
(m)

1.20e1.60
(m)
2.10e2.30
(m)

1.41 (d, 7.4) �53.4

a) In C6D6. d in ppm and J in hertz. For numbering see Schemes 3-5.
b) All chemical shifts appear as broad singlets (except where otherwise stated).
c) In CD2Cl2 at �90 �C.
d) All COD signals appear broad (except where otherwise stated).
e) In CDCl3.
f) Overlapped signals.
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Table 2
13C{1H} NMRa of compounds 2-8, 9a, 9b, 10, 11a, 11b and 11c.

Compound
Pentadienyl COD PR3

C1 C2/Me C3 C4/Me C50 C5 C6 C7 C8 C9 C10 C11 C12

2 44.1 101.7
23.7

100.1 101.7
23.7

44.1 56.0 (br) 56.0 (br) 34.3 34.3 56.0 (br) 56.0 (br) 34.3 34.3

2b 44.1 (t,
156.2)

101.7
23.7 (q,
127.2)

100.1 (d,
161.0)

101.7
23.7 (q,
127.2)

44.1 (t,
156.2)

55.7 (d,
148.4)

55.7 (d,
148.4)

34.3 (t,
125.1)

34.3 (t,
125.1)

55.7 (d,
148.4)

55.7 (d,
148.4)

34.3 (t,
125.1)

34.3 (t,
125.1)

2c 43.1 103.0
25.3

100.4 101.2
23.0

42.1 53.3 45.6 42.2 26.6 64.1 58.6 36.8 30.4

3 41.7 89.8 101.2 89.8 41.7 55.5 (br) 55.5 (br) 34.7 34.7 55.5 (br) 55.5 (br) 34.7 34.7
4 52.9 (s) 52.9 (s) 33.5 (s) 29.6 (s) 94.1 (d,

14.3)
94.1 (d,
14.3)

29.6 (s) 33.5 (s) 135.2 (d,
11.0, o)
131.4 (d,
49.5, i)
130.1 (d,
1.9, p)
127.9 (d,
9.5, m)

5 50.7 (s) 50.7 (s) 33.8 (d,
2.6)

29.0 (d,
1.7)

90.5 (d,
13.5)

90.5 (d,
13.5)

29.0 (d,
1.7)

33.8 (d,
2.6)

19.6 (s)
22.6 (d,
24.4)

5d 51.5 (s) 51.5 (s) 33.7 (d,
2.9)

28.8 (d,
1.7)

90.3 (d,
13.3)

90.3 (d,
13.3)

28.8 (d,
1.7)

33.7 (d,
2.9)

19.9 (s)
22.6 (d,
24.4)

6 49.6 (s) 49.6 (s) 34.0 (d,
2.9)

29.2 (s) 92.7 (d,
15.4)

92.7 (d,
15.4)

29.2 (s) 34.0 (d,
2.9)

12.0 (d,
33.6)

6d 51.3 (s) 51.3 (s) 29.1 (s) 33.9 (d,
3.3)

93.3 (d,
14.8)

93.3 (d,
14.8)

33.9 (d,
3.3)

29.1 (s) 12.8 (d,
33.6)

7 32.3 (d,
4.7)

73.8 (d,
4.7)

60.1 141.8
(d,1.6)

109.2 58.9 (d, br,
20.2)

50.3 (br) 39.2 (br) 28.6 (br) 75.0 (br) 66.7 (br) 36.5 (br) 30.2 (br) 137.1 (d,
35.8, Ci)
134.4 (d,
10.4, o)
128.2e (m)
129.2 (s, p)

8 24.4 (d,
4.8)

70.8 (d,
~4.0)

54.6 (d,
~4.0)

141.6 107.5 51.2 51.2 34.3 34.3 66.5 66.5 34.3 34.3 19.9 (Me)
27.6
(d,14.4)

9a 17.9 (d,
9.3)

136.8 (d,
12.5)

138.3 (d,
4.7)

56.1 (d,
15.6)

25.9 (d,
6.2)

59.9
(d,15.6)

58.9 (d,
7.3)

33.6 (d,
4.7)

34.1 (d,
2.1)

89.2 (d,
4.2)

74.9 (d,
3.6)

32.2 (d,
2.6)

37.3 16.4 (d,
28.0)

9b 34.6 (d,
8.3)

64.3 (d,
5.7)

52.7 (d,
5.2)

142.6 107.5 59.9
(d,15.6)

58.9 (d,
7.3)

33.6 (d,
4.7)

34.1 (d,
2.1)

89.2 (d,
4.2)

74.9 (d,
3.6)

32.2 (d,
2.6)

37.3 17.4 (d,
25.0)

10 37.4 (d,
6.5)

80.3 (d,
5.1)
20.9

57.1 (d,
4.1)

145.3
26.1

109.3 61.4 (d,
19.3)

56.1 33.6 34.3 73.7 62.6 30.9 32.6 136.2 (d,
33.7, Ci)
134.2 (d,
10.1, o)
128.9 (s, p)
128.0e (m)

11a 21.6 (d,
9.1)

141.1 (d,
8.4)
21.0

138.3 (d,
2.9)

63.0 (d,
17.2)
25.7

29.7 (d,
3.3)

60.5 (d,
17.8)

50.4 (d,
5.7)

39.5 (d,
8.6)

28.4 84.3 (d,
4.5)

74.1 (d,
2.8)

38.5 37.1 15.4 (d,
27.8)

11ad 21.2 (d,
10.4)

141.8
20.9

137.6 n.o.f

25.4
29.6 60.1 (d,

17.7)
55.1 (d,
6.8)

43.4 28.3 84.5 74.4 38.2 34.1 16.1 (d,
28.0)

11ag 21.2 (d,
9.3)

141.6 (d,
8.4)
20.7

137.7 61.8
(d,16.9)
25.2

29.4
(d,<3.0)

59.7 (d,
17.7)

54.9 (d,
6.9)

43.2 28.1 84.1 (d,
3.9)

74.5
(d,3.1)

38.3 34.0 (br) 15.7 (d,
28.4)

11b 31.9 (d,
7.3)

71.1 (d,
6.3)
21.5

55.2 (d,
6.8)

145.7
26.4

107.1 57.0 (d,
5.4)

53.7 (d,
5.7)

33.2 32.5 70.4 (d,
13.1)

61.6 (d,
17.7)

35.0 34.4 17.0 (d,
24.0)

11bd 31.6 (d,
~9.3)

n.of

21.3
55.9 (s, br) 143.0

26.4
106.5 56.9

(d,~5.0)
53.8
(d~5.0)

32.9 32.3 70.3 (d,
12.5)

61.5 (d,
~15.0)

36.9 34.9 17.7 (d,
24.3)

11ch,i,j 32.7 (d,
6.9)

102.1
25.0

55.6 (d,
5.3)

149.1 (d,
12.3)
25.9

100.3 65.2 (d,
17.7)

52.1 (m,
3.8)

30.8 29.3 70.5 (d,
6.2)

67.3 (d,
13.9)

37.0 36.9 16.2 (d,
24.6)

a In C6D6. d in ppm, J in hertz. For numbering see Schemes 3-5.
b Coupled spectrum.
c In CD2Cl2 at �90 �C.
d In CDCl3.
e Overlapped signals.
f Not observed.
g In CD2Cl2 at 0 �C.
h In CD2Cl2 at �40 �C.
i Tentative assignment for COD signals.
j 31P d¼�47.7.
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Fig. 1. Molecular structure of compound [(h4-COD)Ir(2,4-dimethyl-h5-pentadienyl)
(2). Hydrogen atoms have been omitted for the sake of clarity, except those of the
pentadienyl ligand.
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[5], as well as compounds 7, 8, 9b,10,11a, described here, vide infra.
The asymmetric bond lengths of the coordinated carbon atoms of
the COD ligand in compound 2 are contrasting with those of
symmetric elongations in compounds [(h4-COD)Ir(h5-C5H5)Br]PF6
[17a], [(h4-COD)Ir(h5-C5H4)CMe2(h5-C9H6)2Ir(h4-COD)] [17b], [(h4-
COD)Ir(h5-C5H4Me)] [17c], and [(h4-COD)Ir(h5-C5Me5)] [17d].

The iridium bond length of the terminal carbon atom C1
(2.141(8) Å) of the pentadienyl ligand is significantly shorter than
C1A (2.266(6) Å), while the internal carbon atoms are quite sym-
metric (C2, 2.240(5), C2A, 2.235(6) Å) and the longest bond length
is found for the central carbon atom C3 (2.284(5) Å).

Atoms C1, C2, C3, C2A, and C1A of the 2,4-dimethylpentadienyl
ligand are planar to within 1.80�. Methyl carbon atoms C4 and C4A
are displaced out of the plane toward the iridium atom by 0.197 and
0.331 Å, respectively. These bending displacements have been
Table 3
Crystal Data for compounds 4, 5 and 6.

formula
4

C27 H28 Cl4 Ir P

mol wt 717.46
space group P21/m
a (Å) 9.820(2)
b (Å) 12.146(2)
c (Å) 11.606(2)
a (deg) 90.00
b (deg) 98.35(3)
g (deg) 90.00
V (Å3) 1369.7(5)
Z 2
Cryst size (mm) 0.15� 0.09� 0.05
Dcalc (g cm�3) 1.740
Temperature K 293(2)
q limit (deg) 1.773e28.694
h, k, l ranges �13� h� 13

�16� k� 16
�15� l� 15

total no. data 7067
total no. unique
data

3694 [R(int)¼ 0.0180]

Final R indices [I> 2sigma (I)] 0.0216
final wR2 0.0567
GOF 1.134
previously observed in similar compounds, and it has been
explained as a result of a better overlap with the appropriate metal
orbitals [18]. The C-C-C angles within the iridium-bound portion of
the pentadienyl ligand are near and expanded somewhat from the
ideal of 120� (119.1(6), 126.9(5), and 124.2(6) for angles C1-C2-C3,
C2-C3-C2A, and C3-C2A-C1A, respectively).

2.2. Pentadienyl phosphine chemistry

2.2.1. Pentadienyl complexes
Compounds [(h4-COD)IrClPR3] [R¼ Ph, 4; [2a,2e,5] i-Pr, 5 [2e];

Me, 6 [5]] used in this study are known. However, in this report, we
describe an alternative synthetic procedure for compounds 5 and 6,
and the full characterization of 5. The chemistry of 4e6 with the
lithium pentadienide salt is summarized in Scheme 4.

The higher cone angles of the phosphine ligands in 4 (145�)
[19a] and 5 (160�) [19b,c] afford the exclusive formation of [(h4-
COD)Ir(1-3-h-CH2CHCHCHCH2)PR3] [R¼ Ph, 7, 89%; P(i-Pr), 8, 33%].
Whereas the less steric trimethylphosphine (118�) [19a] shows an
equilibrium mixture of isomers in 60% yield: the pseudo iridacyclic
[(h4-COD)Ir(1,4-50-h-CH2CHCHCHCH2)PMe3] (9a) and [(h4-COD)
Ir(1-3-h-CH2CHCHCHCH2)PMe3] (9b) in a 2:1 ratio [20].

The reactions proceed immediately for 7 and 8 at �110 �C,
changing from strong-orange to yellow, while a slower reaction
(12 h), at room temperature, was observed for 9a and 9b.
Comparative NMR spectroscopic data for complexes 7, 8, 9a and 9b
are summarized in Tables 1 and 2

For the 1-3-h-pentadienyl coordination there are two classical
bonding modes [14b]: the first and by far most common mode is
directly analogous to that of a typical h3-allyl complex, observed for
7, 8 and 9b; and the second involving localization of the dienyl
fragment, and formation of formal metal-alkyl and metal-olefin
interactions, such as 9a, common in some iridium compounds
[11,12].

In compounds 7, 8 and 9b the pronounced high frequency
chemical shift of H50 and H5��(4.86e5.25) observed for the h3-co-
ordinated pentadienyl ligand reflects the non-coordination of the
terminal double bond. The protons H2 and H3 resonate at
d 4.69e4.98 and 2.40e3.45, respectively, while the terminal H1anti
5 6

C17 H33 Cl Ir P C11 H21 Cl Ir P

496.05 411.90
P21/c P21/c
7.9318(8) 6.8595(4)
16.0902(18) 11.4387(7)
14.8584(16) 16.8676(10)
90.00 90.00
99.731(3) 101.197(2)
90.00 90.00
1869.0(3) 1298.30(13)
4 4
0.300� 0.085� 0.060 0.282� 0.140� 0.066
1.763 2.107
298(2) 150(2)
2.532e29.522 2.462e30.507
�10� h� 10
�22� k� 22
�20� l� 20

�9� h� 9
�16� k� 16
�24� l� 24

128269 40007
4961 [R(int)¼ 0.0287] 3940 [R(int)¼ 0.0313]

0.0184 0.0155
0.0404 0.0407
1.163 1.074



Table 4
Crystal data for pentadienyl compounds 2, 7, 8, 9b, 10, and 11a.

formula
2 7 8 9b 10 11a

C15 H23 Ir C31 H34 Ir P C22 H40 Ir P C16 H28 Ir P C33 H38 Ir P C18 H32 Ir P

mol wt 395.53 629.75 527.71 443.55 657.80 470.60
space group P21/n Pnaa P21/n P21/c Pca21 C2/c
a (Å) 7.6780(3) 8.3267(2) 9.23280(10) 9.0360(2) 8.3193(17) 17.5475(8)
b (Å) 11.5620(4) 17.4396(6) 13.8401(2) 15.0192(3) 18.205(4) 8.5211(3)
c (Å) 15.0440(5) 35.8607(13) 17.2953(2) 12.7658(2) 35.601(7) 24.1519(10)
a (deg) 90.00 90.00 90.00 90.00 90.00 90.00
b (deg) 95.141(2) 90.00 102.3170(10) 110.4710(10) 90.00 96.115(2)
g (deg) 90.00 90.00 90.00 90.00 90.00 90.00
V (Å3) 1330.13(8) 5207.5(3) 2159.17(5) 1623.08(6) 5391.8(19) 3590.7(3)
Z 4 8 4 4 8 8
Cryst size (mm) 0.29� 0.15� 0.10 0.19� 0.11� 0.08 0.2� 0.2� 0.1 0.3� 0.15� 0.08 0.12� 0.07� 0.05 0.18� 0.10� 0.08
Dcalc (gcm�3) 1.975 1.606 1.620 1.815 1.621 1.741
Temperature K 293(2) 293(2) 293(2) 293(2) 173(2) 173(2)
q limit (deg) 3.564e27.466 3.202e27.509 0.7456e0.5389 3.627e27.488 3.317e27.517 3.088e27.331
h, k, l ranges �8� h� 9

�13� k� 14
�19� l� 19

�9� h� 10
�22� k� 22
�20� l� 46

�11� h� 9
�17� k� 17
�22� l� 21

�11� h� 11
�19� k� 19
�14� l� 16

�9� h� 10
�23� k� 23
�46� l� 46

�22� h� 22
�9� k� 10
�19� l� 31

total no. data 7980 27614 31708 18969 16388 10143
total no. unique data 2953 [R(int)¼ 0.0448] 5862 [R(int)¼ 0.0861] 4919 [R(int)¼ 0.1119] 3710 [R(int)¼ 0.0347] 9155 [R(int)¼ 0.0298] 3906 [R(int)¼ 0.0451]
Final R indices [I>

2sigma (I)]
0.0346 0.0456 0.0291 0.0228 0.0283 0.0372

final wR2 0.0891 0.1114 0.0739 0.0531 0.0614 0.0727
GOF 1.055 1.041 1.039 1.045 1.033 1.097

Table 5
Selected bond lengths (Å) and angles (�) of compounds 4, 5 and 6.

Bond lengths (Å)

4 5 6

Ir1-C5 2.112(3) 2.113(2) 2.101(2)
Ir1-C6 2.112(3) 2.141(2) 2.1044(19)
Ir1-C9 2.180(3) 2.195(2) 2.182(2)
Ir1-C10 2.180(3) 2.191(2) 2.214(2)
Ir1-Cl1 2.3558(12) 2.3668(6) 2.3538(5)
Ir1-P1 2.3172(9) 2.3522(5) 2.2993(5)
C5-C6 1.430(8) 1.428(3) 1.433(3)
C9-C10 1.389(11) 1.394(3) 1.396(3)

Bond Angles (�)
4 5 6

C(5)-Ir(1)-P(1) 94.5(9) 93.4(7) 93.2(6)
C(6)-Ir(1)-P(1) 94.5(9) 98.4(6) 95.4(6)
C(9)-Ir(1)-Cl(1) 87.9(11) 87.4(7) 88.6 (6)
C(10)-Ir(1)-Cl(1) 87.9(11) 87.3(7) 93.6(6)
P(1)-Ir(1)-Cl(1) 90.5(5) 90.1(2) 87.3(2)
C(5)-Ir(1)-Cl(1) 159.6(11) 154.6 (7) 160.7(7)
C(6)-Ir(1)-Cl(1) 159.6(11) 163.7(7) 159.4(6)
C(9)-Ir(1)-P(1) 161.4(14) 161.3(7) 159.6(6)
C(10)-Ir(1)-P(1) 161.4(14) 161.2(7) 163.3(6)
C(5)-Ir(1)-C(6) 39.6(2) 39.2(9) 39.8(9)
C(10)-Ir(1)-C(9) 37.2(3) 37.1(9) 37.0(8)
C(5)-Ir(1)-C(9) 81.0(13) 96.7(9) 97.2(9)
C(6)-Ir(1)-C(10) 81.0(13) 88.9(9) 89.7(8)
C(5)-Ir(1)-C(10) 93.5(14) 81.3(9) 80.4(9)
C(6)-Ir(1)-C(9) 93.5(14) 80.0(9) 81.8(8)
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and H1syn appear at d 0.44e1.42 and 1.28e1.66, see Table 1. The
relative upfield chemical shift position for H3 clearly reflect the
exo-syn configuration of the 1-3-h pentadienyl ligand in these
complexes. This proposal was also confirmed by 1H-1H ROESY
experiment, which show strong interactions between the spatial
orientation of H2 and H4 in compound 7. In the 13C{1H} NMR
spectra, C4 and C50 appear at high frequency as expected for a
terminal double bond non-coordinated, while C1, C2 and C3 are
characteristic of an h3-allylic coordination, see Table 2. The 31P{1H}
spectra of 7, 8 and 9b showed singlets at d 10.2, 5.3 and �52.7,
respectively. The 13C{1H} NMR spectrum of 9a exhibits all pattern of
resonances as doublets due to phosphorus coupling. The chemical
shifts are characteristic of the 1,4-50-h-pentadienyl bonding mode:
The uncomplexed carbon atoms C2 and C3 resonate at higher fre-
quency [d 136.8 (d,12.5 Hz) and 138.3 (d, 4.7 Hz)], while the iridium
coordinated atoms C1, C4 and C50 at upfield, at 17.9 (d, 9.3 Hz), 56.1
(d, 15.6) and 25.9 (d, 6.2), respectively. In the 31P{1H} NMR spec-
trum the signal of the phosphorus atom resonates at �53.7 ppm.

According to 1H NMR compound 9a is the dominant species in
the equilibrium mixture with 9b, the ratio observed was 2:1.
Several reactions with different amounts of lithium pentadienide
(3e8 equiv) were carried out to check if the equilibrium of the
mixture between 9a and 9b could change. In each case, the same
ratio was observed. Also, an experiment in an NMR tube with the
mixture of isomers in C6D6, was heated in an oil bath at 65 �C for
12 h, the spectra were obtained at 65 �C, and also after cooling the
sample at room temperature, giving the same ratio of 2:1 for 9a and
9b, respectively. In contrast, in the chemistry of 7 and 8, with the
triphenyl- and tris(iso-propyl) phosphine ligands, the 1,4-50-h-
pentadienyl bonding mode is not detected by NMR. As already
mentioned, this different behavior is explained in terms of less
steric interactions of the trimethylphosphine in compounds 9a and
9b. The chemistry of electron rich pentadienyl iridium phosphine
complexes obtained from IrCl(PR3)3 (R¼Me, Et), (Scheme 1), as
well as the Vaska's complex Ir(Cl(CO)(PPh3)2 (Scheme 2), in pres-
ence of potassium pentadienide, affords similar bonding modes.
The crystalline structures of 7, 8 and 9bwill be discussed alongwith
10 and 11a, vide infra.
2.2.2. 2,4-dimethyl-pentadienyl complexes
The favorability of the h5-U pentadienyl coordination, instead of

h3 or h1, by the incorporation of methyl substituents in the pen-
tadienyl ligands is well known [14]. In order to study the effects of
the double methyl substitution in C2 and C4, compounds [(h4-COD)
Ir(1-3-h-CH2CMeCHCMeCH2)PPh3] (10) and themixture of isomers
[(h4-COD)Ir(1,4-50-h-CH2CMeCHCMeCH2)PMe3] (11a) and [(h4-
COD)Ir(1-3-h-CH2CMeCHCMeCH2)PMe3] (11b) were isolated by
addition of one equiv of PPh3 and PMe3 to compound 2 in THF at



Table 6
Selected bond lengths (Å) and angles (�) of pentadienyl compounds 2, 7, 8, 9b, 10 and 11a.

Bond lengths (Å)

2 7 8 9b 10 11a

Ir1-C1 2.141(8) 2.126(7) 2.145(4) 2.143(3) 2.117(8) 2.128(6)
Ir1-C2 2.240(5) 2.132(7) 2.132(4) 2.120(4) 2.150(9)
Ir1-C3 2.284(5) 2.329(8) 2.360(4) 2.291(3) 2.337(7)
Ir1-C5 2.112(5) 2.129(8) 2.160(4) 2.141(3) 2.148(7) 2.136(6)
Ir1-C6 2.092(6) 2.134(7) 2.120(4) 2.136(3) 2.134(7) 2.131(7)
Ir1-C9 2.167(5) 2.172(7) 2.167(4) 2.169(3) 2.182(7) 2.235(6)
Ir1-C10 2.158(8) 2.216(6) 2.192(4) 2.188(3) 2.213(8) 2.236(6)
Ir1-P1 2.342(2) 2.4048(10) 2.3386(8) 2.348(2) 2.3511(16)
C1-C2 1.430(9) 1.431(11) 1.416(6) 1.422(6) 1.461(10) 1.491(9)
C2-C3 1.401(8) 1.396(11) 1.414(6) 1.423(6) 1.424(11) 1.317(10)
C3-C4 1.444(11) 1.470(7) 1.448(6) 1.469(10)
C4-C4A 1.309(12) 1.261(7) 1.318(6) 1.334(11)
C5-C6 1.442(9) 1.431(10) 1.437(6) 1.432(5) 1.449(12) 1.434(9)
C9-C10 1.401(8) 1.422(10) 1.412(6) 1.400(5) 1.416(10) 1.398(9)
Ir1-C1A 2.266(6) 2.157(6)
Ir1-C2A 2.235(6) 2.210(6)
C1A-C2A 1.422(9)
C2A-C3 1.442(8) 1.500(10)

Bond angles (�)
2 7 8 9b 10 11a

C1-C2-C3 119.1(6) 117.7(8) 117.3(4) 116.4(4) 111.7(7) 118.3(6)
C2-C3-C4 121.2(9) 119.1(5) 121.7(4) 127.7(8)
C3-C4-C4A 127.6(10) 128.8(7) 126.2(5) 119.3(8)
C1-Ir1-P1 96.3(3) 94.6(12) 94.3(12) 95.6(2) 83.0(19)
C3-Ir1-P1 93.5(2) 94.6(13) 89.8(11) 90.4(2)
C5-Ir1-P1 101.7(2) 104.8(13) 100.0(9) 100.0(2) 96.1(19)
C6-Ir1-P1 140.8(2) 143.6(12) 138.8(11) 139.4(2) 139.4(2)
C9-Ir1-P1 116.8(2) 118.1(13) 118.5(10) 116.8(2) 119.2(17)
C10-Ir1-P1 87.7(2) 90.0(12) 87.7(9) 86.6(2) 84.7(18)
C1-Ir1-C10 175.1(3) 175.1(17) 177.9(14) 176.2(3) 161.1(2)
C1-Ir1-C9 140.5(3) 139.6(17) 141.2(14) 142.3(3) 157.7(3)
Ir1-C1-C2 70.6(4) 70.1(2) 69.7(2) 71.2(5) 73.0(4)
P1-Ir1-C6 140.8(2) 143.6(12) 138.8(11) 139.4(2) 133.7(18)
C5-Ir1-C3 158.5(3) 155.3(18) 163.1(14) 160.3(3)
C5-Ir1-C1A 173.6(3)
C2-C3-C2A 126.9(5) 121.4(6)
C1A-C2A-C3 124.2(6) 117.8(6)
C1A-Ir1-P1 90.2(19)

Scheme 4. Synthesis of 7, 8 and isomers 9a and 9b.

A. Reyna-Madrigal et al. / Journal of Organometallic Chemistry 886 (2019) 13e26 19
room temperature, after stirring for 48 h and 5min, in 53 and 26%
yield, respectively, see Scheme 5.

Even after 1 h of stirring at room temperature, the mixture of
11a and 11b, in C6D6, shows the relative ratio of the products (2:1)
remaining constant. According to the close similarity of the
chemical behavior of the pentadienyl 9a and 9b (vide supra) and the
corresponding 2,4-dimethyl-pentadienyl 11a and 11b (vide infra) it
is evident that the influence of the methyl groups substituted in the
pentadienyl ligand is not relevant as the far as the preference of
different bonding modes is concerned.

These results contrast to those electron rich iridium pentadienyl
complexes, obtained by Bleeke et al. [10e13], see Scheme 1, which
clearly show the relevance of the electronic contribution of the
methylated or unmethylated pentadienyl ligands on the final
products. The products obtained by addition of PR3 to 2, Scheme 5,
are more resembling to the equilibrium mixture found in the
Vaska's type iridium pentadienyl complexes Ir(1-3-h-
CH2CMeCHCMeCH2)(CO)(PPh3)2 and Ir(1,4-50-h-CH2CMeCHC-
MeCH2)(CO)(PPh3)2, Scheme 2 [11]. This fact is attributed to the less
electron donor complexes 11a and 11b, due to the presence of the
COD ligand, which is acting as an acceptor ligand, and to the
presence of only one donor phosphine.

The 1H and 13C{1H} NMR spectra of compounds 10 and 11b
confirm the exo-syn configuration of the W-pentadienyl ligand,
which exhibit upfield shifts of H3 at d 1.90 and 2.25 (overlapped);
C3 at d 57.1 (d, 4.1) and 55.2 (d, 6.8), respectively.



Scheme 5. Iridium phosphine compounds with the 2,4-dimethyl-pentadienyl ligand.
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In the 1H NMR spectrum of the equilibrium mixture of 11a and
11b, the major isomer 11a shows the resonance of H3 at d 5.91,
which suggests an anti configuration of the U-pentadienyl ligand. In
the 13C{1H} NMR spectrum of 11a, non-coordinated carbon C2 and
C3 resonates at d 141.1 (d, 8.4) and 138.3 (d, 2.9), contrasting with
those coordinated to iridium in 11 b at d 71.1 (d, 6.3) and 55.2 (d,
6.8).

With the objective of establishing factors that favor the stabili-
zation of the equilibrium mixture observed for 11a and 11b, sub-
sequent NMR experiments were carried out; such as adding PMe3
to a CDCl3 solution of 2 in an air-sensitive NMR tube, under N2
atmosphere at �90 �C. There was evidence of the exclusive for-
mation of 11a, but once the reaction reached room temperature the
presence of 11b was corroborated. After 2 h the equilibrium
mixture of 11a and 11b was detected in a 1:1 ratio. According to
these results, reaction of 2with 1.2 equiv of PMe3 was monitored at
different temperatures in the interest to determine if isomer 11b
could be obtained as the preferential product. The experiment,
through the 31P NMR, was carried out in CD2Cl2 from �90 �C until
30 �C, and in C7D8 from 25 �C until 100 �C. In Fig. 2 monitoring of
reaction is shown from �60 �C until 100 �C, and then, the mixture
in solution was going back to room temperature.

The reaction mixture at �60 �C showed free PMe3, a minimum
amount of 11a,11b and a major new species assigned as (h4-COD)Ir
[1-3-h-CH2C(Me)CHC(Me)CH2](PMe3) (11c) at d �59.1. This inter-
mediate species 11c is proposed based on similar iridium h5-
Fig. 2. 31P{1H} NMR (VT in CD2Cl2 and C7D8
pentadienyl complexes, that has shown the interconversion from
the U-conformation into the corresponding 1-3-h-W-pentadienyl
isomers [12], (vide infra).

Ate 40 �C the PMe3 has been already consumed,11c is themajor
species in solution, along with a minimum amount of 11a and
traces of 11b. At 0 �C, 11c was totally consumed, 11a was growing,
and there were traces of 11b. At room temperature 11a and 11b
were present in 3.0:1.0 ratio, whereas at 100 �C the ratio changed to
1.0:~2.8. Finally, going back to room temperature the ratio of 11b to
11a was almost 1.0:1.0.

It should be mentioned that the experiment carried out in
CD2Cl2 after reaching room temperature, and the same sample
cooled once again at�80 and�40 �C, showed in all cases 11a as the
major compound. In view of the above, a tentative mechanism is
proposed as described in Scheme 6. Firstly, the addition of PMe3 to
2 affords initially 11c, which acts as an intermediary species to give
11a, and in turn 11a rearranges to 11b. Once 11b is formed it can
interconvert to 11a, however, 11a cannot interconvert into 11c. The
interconversion of 11c into 11b involved coordination of the ter-
minal double bond to give the bonding mode 1,4-50-h observed for
11a, and it is proposed that the isomerization of 11a into 11b
occurred through coordinatively unsaturated intermediates such as
(h4-COD)Ir[h1-CH2CHCHCHCH2](PMe3) (i) and the rotation of the
C3-C4 bond to afford (ii) which induced the transformation to 11b.

The similarity of the 13C{1H} NMR spectrum of 11c, at �40 �C
in CD2Cl2, with the analogue of Ir[1-3-h-CH2C(Me)CHC(Me)
) of the reaction between 2 and PMe3.



Scheme 6. Proposed mechanism of the formation of the equilibrium mixture of 11a
and 11b.

Fig. 3. Molecular structure of compound (h4-COD)Ir(Cl)(P(i-Pr3) (5). Hydrogen atoms
have been omitted for the sake of clarity.

Fig. 4. Molecular structure of compound (h4-COD)Ir(Cl)(PMe3) (6). Hydrogen atoms
have been omitted for the sake of clarity.
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CH2](PEt3)2 [12], at �80 �C in C7D8, as described in Scheme 6,
supports the same bonding mode with an uncoordinated terminal
double bond at d ~149.1 and ~100.3 for C3 and C4, respectively.

The existence of the equilibrium mixture of two different
bonding modes (s-allyl-p-olefin and s,p-allyl) in 11a and 11b, as
well as 9a and 9b, is attributed to two complementary factors: the
more sterically demanding bondingmode 1,4-50-h vs. 1-3-h and the
small cone angle of the tertiary phosphine.

In order to understand in more detail the role of the phosphine
ligands, we decide to synthesize the monosubstituted complex
[(h4-COD)IrCl(PMe2Ph)] with a higher cone angle (PMe2Ph, 122�)
than PMe3, following the synthetic procedure described for com-
pound 6. However, a mixture of the mono- and disubstituted
complexes [(h4-COD)IrCl(PMe2Ph)n] (n¼ 1, 2) was obtained, efforts
to separate them were unsuccessful. A previous reported NMR
study on the reaction of PMe2Ph with the dimeric complex 1, gives
spectroscopic evidence of the easy exchange and loss of ligands,
according to the species observed, and reported as [(h4-COD)
IrCl(PMe2Ph)n] (n¼ 1, 2), [(h4-COD)Ir(PMe2Ph)3]þ, as well as
[IrCl(PMe2Ph)3] and [Ir(PMe2Ph)5]þ [21]. Contrastingly, studies
with the bulkier complex [(h4-COD)IrCl(PPh3)] [22] in presence of
an excess of PPh3 have shown a rapid self-exchange between free
and coordinated PPh3 instead of the formation of a five-coordinate
bis-triphenylphosphine adduct (h4-COD)IrCl(PPh3)2 [4b].

The pentadienyl ligand of compound 7 reacts in presence of
chloroform, showing to be quite labile and favoring the regenera-
tion of 4. Compound 7 showed after 24 h in CDCl3 the regeneration
of compound 4 in 1:1 ratio; besides the crude product from the
metathesis reaction of 7, in presence of LiCl, displayed the forma-
tion of 4 in non-chlorinated solvents. Similarly, in the synthesis of
the allylic compound (h4-COD)Ir(2-Me-h3-C3H4) [8], the formation
of side products (h4-COD)IrX(PH(t-Bu)2) (X¼Cl, Br) have already
been obtained, as a result of the presence of residues of LiX in the
mixture of reaction. The lability of the pentadienyl ligand in bulkier
compounds 8 and 10 hampered the detection of the molecular ion
in the mass spectra. Both compounds showed, through the
ESI þ TOF-MS technique, using acetonitrile, a peak detected at
502.2197 and 604.1737 m/z, respectively, assigned to [(h4-COD)
Ir(PR3)(MeCN)]þ (R¼ i-Pr, Ph). Similar peak as the one detected for
8 was observed for compound 5 at 502.2215m/z. Compounds [(h4-
COD)Ir(PPh3)(MeCN)]BF4 [23] and [(h4-COD)Ir(PMe3)(MeCN)]BF4
[4a] have already been isolated and previously reported.

Further characterization of 7, as well as the mixtures of 9a, 9b
and 11a and 11bwas accomplished also by ESIþ TOF-MS giving the
corresponding molecular ion.

As observed from the NMR analysis, the same chemical struc-
tures are observed in solid-state and in solution for 2, 7, 8, 9b, 10
and 11a, vide infra.

2.2.3. Crystal structures
The single crystal X-ray structural determination of compounds

4e6 was carried out, allowing 5 and 6 to complete the crystallo-
graphic study of the precursors used in this work. Compound 4 has
already been reported [24], and its molecular structure is included
in the Supplementary Data. The ORTEP plots of 5 and 6 are shown in
Figs. 3 and 4, respectively. The summary of experimental data is
listed in Table 3, including compound 4 for comparison purposes,



Fig. 7. Molecular structure of (h4-COD)Ir(1-3-h-CH2CHCHCHCH2)(PMe3) (9b).
Hydrogen atoms have been omitted for the sake of clarity, except those of the pen-
tadienyl ligand.
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and selected bond lengths (Å) and angles (�) are described in
Table 5. The overall structures of 4e6 can be described as approx-
imately square-planar, with the COD ligand occupying two coor-
dination sites, and the chlorine atom and phosphine ligand at the
other two sites.

The bond angles about the iridium center show carbon atoms
C10 and C5 opposite to the phosphorus and chlorine atoms,
respectively, the latter being in a cis arrangement (~87e90�). The
higher cone angle of the coordinated phosphine to the iridium
atom, shows the longest bond length: [P(iPr)3, 2.3522(5)> PPh3,
2.3172(9)> PMe3, 2.2993(5) Å].

The elongation of the double bonds C5-C6 are longer [range:
1.428(3)-1.433(3) Å] than those for C9-C10 [range: 1.389(11)-
1.396(3) Å], while the Ir-C5, Ir-C6 [range: 2.101(2)-2.141(2) Å] show
shorter bonds compared to those of Ir-C9, Ir-C10 [range: 2.180(3)-
2.214(2) Å]. The asymmetry of the coordination of the COD ligand is
also observed for the corresponding (h4-COD)Ir(pentadienyl)(PR3)
derivatives, vide infra.

The solid state structures of 7, 8, 9b, 10 and 11a are presented in
Figs. 5e9. The crystal data and selected bond lengths and angles are
Fig. 5. Molecular structure of (h4-COD)Ir(1-3-h-CH2CHCHCHCH2)(PPh3) (7). Hydrogen
atoms have been omitted for the sake of clarity, except those of the pentadienyl ligand.

Fig. 6. Molecular structure of (h4-COD)Ir(1-3-h-CH2CHCHCHCH2)(P(i-Pr)3) (8).
Hydrogen atoms have been omitted for the sake of clarity, except those of the pen-
tadienyl ligand.

Fig. 8. Molecular structure of (h4-COD)Ir(1-3-h-CH2CMeCHCMeCH2)(PPh3) (10).
Hydrogen atoms have been omitted for the sake of clarity, except those of the pen-
tadienyl ligand.
provided in Tables 4 and 6, respectively. The crystal structure
determination of compound 10 revealed the presence of two in-
dependent molecules in the unit cell. These molecules are struc-
turally identical, and for clarity, the crystal data and structure of
only one is described here.

In general, the structural parameters for complexes 7, 8, 9b and
10 correspond fairly close to each other. All five-coordinate com-
plexes 7, 8, 9b, 10 adopt a geometric distortion from square-
pyramidal (SP) rather more than a trigonal-bipyramidal (TBPY),
while 11a shows an intermediacy between the geometric extremes
of SP and TBPY structures, such as that observed for (h4-COD)2IrCl
[16].

This is supported according to the t parameter [16,25,26],
calculated using the mid-points of both C5¼C6 and C9¼C10 double
bonds of the COD ligands with the corresponding C1 and C3 of the
allylic fragment, giving for 7 (t¼ 0.295), 8 (t¼ 0.346), 9b (t¼ 0.216),
10 (t¼ 0.265), while the mid-points of C5¼C6 and C9¼C10 double
bonds of the COD ligands with C1 and the mid-point of C1A¼C2A of
the pentadienyl ligand for 11A gives a higher value (t¼ 0.584),
which suggests similar geometry than (h4-COD)2IrCl (t¼ 0.52) [16],
and [(h4-COD)Ir(1-2,5-h-CH2CHCHCHSO2)(PR3)] (R¼Me, t¼ 0.550;



Fig. 9. Molecular structure of (h4-COD)Ir(1,4-50-h-CH2CMeCHCMeCH2)(PPh3) (11a).
Hydrogen atoms have been omitted for the sake of clarity, except those of the pen-
tadienyl ligand.
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Ph, t¼ 0.0.617) [5]. All these structures contrast to the SP geometry
found in [(h4-COD)Ir(h3-CH2CMeCH2)(PH(t-Bu)2)] (t¼ 0.0006) [8],
[(h4-COD)Ir(h3-CH2CHCH2)(P(OMe)3)] (t¼ 0.045) [9] and [Ir(h4-
COD)(PMe3)3]þ (t¼ 0.058) [27].

The elongation of the double bonds C5-C6 and C9-C10 are
asymmetric, where the C5-C6 double bonds are larger [range:
1.431(10)-1.449(12) Å] than C9-C10 [range: 1.398(9)-1.422(10) Å].
Similarly, the bond lengths between iridium and the double carbon
bonds also show asymmetry with shorter distances for Ir-C5 and Ir-
C6 [range: 2.120(4)-2.160(4) Å], and longer distances for Ir-C9 and
Ir-C10 [range: 2.167(4)-2.236(6) Å]. Related asymmetry was
observed for (h4-COD)2IrCl [16] andwith distorted TBPYgeometries
for Ir(h4-COD)(1-2,5-h-CH2CHCHCHSO2)(L) (L¼ PMe3, PPh3) [5].

The bonding parameters within the pentadienyl ligands are quite
similar, where the enyl fragment in all complexes is coordinated to
the iridium center, which is clearly demonstrated by the enlarge-
ment of the bond lengths C1-C2-C3 [1.416e1.461(10) and
1.396e1.424(11) Å] due to the backbonding of the p-ligand. In
contrast, the terminal double bonds, which are not coordinated,
show the typical sp2 C4-C4A bond lengths between 1.261(7) and
1.334(11) Å. The C1-C2-C3-C4 andC2-C3-C4-C4A torsional angles for
theh3-pentadienyl complexes 7, 8 and 9b [average:�174.8,�164.0�]
and 10 [176.7(8), �158.5(9)�] imply that the ligand can be described
as a W conformers with a exo-syn geometry. In contrast, compound
11a displays a pseudo-six-membered iridacyle structure with the
metal coordination h1 to C1, and h2 to C1A and C2A. The torsional
angles of 11a [C(1)-C(2)-C(3)-C(2A), �3.9(11)� and C(2)-C(3)-C(2A)-
C(1A), �66.0(10)�] give evidence of the pentadienyl ligand being U
shaped, and where bond lengths of alternating double and single
bonds of the pseudo-iridium ring are C1-C2, 1.491(9), C2-C3,
1.317(10), C3-C2A, 1.500(10) and C2A-C1A, 1.422(9) Å.

The Ir-P bond lengths exhibited the longest value for the bulky
tris-iso-propylphosphine complex 8 [2.4048(10) Å], followed by the
triphenylphosphine complexes 7 [2.342(2) Å], 10 [2.348(2) Å], and
the trimethylphosphine 9b [2.3386(8) Å], being a particularly long
bond length observed for 11a (2.3511(16) Å).

Themolecular structures of electron-rich complexes Ir(PEt3)3(1,4-
50-h-CH2CHCHCHCH2) and Ir(PMe3)3(1,4-50-h-CH2CMeCHCMeCH2),
as well as Ir(CO)(PPh3)2(1,4-50-h-CH2CMeCHCMeCH2) differs from
11a. Those have been described as a distorted octahedron, in which
the six coordinated sites are occupied by C1, C4 and C5 of the
pentadienyl ligandand the threePR3 (R¼ Et,Me) or twoPPh3 andCO.
The octahedral geometry in both electron-rich complexes and Vas-
ka's derivative is justified by the substantial back-bonding as
evidenced by the relative long C4-C5 bond lengths [1.454(17),
1.465(12) and 1.430 (11) Å] and the Ir-C4-C5 bond angles [69.0(7),
68.9(5), 68.1(4)�], respectively. Based on that, these molecular
structures of Ir(PEt3)3(1,4-50-h-CH2CHCHCHCH2), Ir(PMe3)3(1,4-50-
h-CH2CMeCHCMeCH2) and Ir(CO)(PPh3)2(1,4-50-h-CH2CMeCHC-
MeCH2) have been proposed as an approximation to a metal-
lacyclopropane in which the iridium center is formally oxidized to
Ir(III) [11]. In compound 11a there is a shorter bond length of 1.422(9)
Å and a wider bond angle 73.0(4)� which supports the preference of
Ir(I) for a less electron rich complex 11a.

3. Concluding remarks

The products 7e11 obtained by reaction of 1 with phosphines
depend on the nature of the phosphorus donor ligand, the steric
effect being predominant in the preference of the pentadienyl
bonding mode. The 1-3-h-pentadienyl complexes 7, 8 and 10 are
formed in presence of the bulkier phosphines P(i-Pr)3 and PPh3,
while the less bulky PMe3 favor an equilibrium between the 1,4-50-
h-pentadienyl and 1-3-h-pentadienyl complexes 9a, 9b and 11a,
11b in a ratio of 2:1, respectively. The 31P NMR of the reaction of 2
and PMe3, in different solvents and temperatures, gave spectro-
scopic evidence of the interconversion bonding modes of the
pentadienyl ligand, where the pseudo-metallacycle (h4-COD)Ir(2,4-
dimethyl-1,4-50-h-pentadiene)(PMe3) (11a) correspond to the ki-
netic product, and (h4-COD)Ir(2,4-dimethyl-1-3-h-pentadie-
nyl)(PMe3) (11b) as the thermodynamic one. There was also the
detection of the pentadienyl ligand in a U conformer 11c, being the
first species formed in the addition reaction of PMe3 into com-
pound 2, without spectroscopic evidence of the intermediacy of h1

bonding mode species.
The p-accepting COD ligand play the role of an ancillary and

spectator ligand in these iridium complexes, showing a robust
iridium-diene bonding. The high degree of p back-bonding of the
pentadienyl and cyclooctadiene ligands in complexes 9, 10 and 11
contrast strongly with the reactivity of the pentadienyl ligands
coordinated to electron rich Ir(PR3)3 (R¼ Et, Me) moieties, where a
C-H activation of the pentadienyl ligand favors the formation of 1,5-
h bonding mode in the iridacyclohexadiene complex. As observed
for all compounds in Scheme 1, the influence of the inductive effect
by the presence or absence of methyl substituents on the penta-
dienyl ligands, along with the steric bulkiness of the coordinated
phosphines, leads to the following outcomes: (a) the exclusive
generation of metallacycles; (b) an equilibrium mixture of metal-
lacycle Ir(III) and pseudo-metallacycles Ir(I) and (c) the exclusive
formation of the pseudo-metallacycles Ir(I) complexes. In the
cyclooctadiene phosphine chemistry described in this paper, the
presence or absence of methyl substituents in the pentadienyl li-
gands does not modify the preference of the bonding modes in the
(h4-COD)Ir(PR3) (R¼ i-Pr, Ph) moieties, which suggests that the
methyl substituents in a W-shaped, such as 2,4-dimethyl-h3-syn-
pentadienyl ligand in 11b does not experience significant steric
contact, as proposed for Ir(2,4-dimethyl-1-3-h-pentadie-
nyl)(CO)(PPh3)2 [11]. The reaction of IrCl(CO)(PPh3)2 with potas-
sium 2,4-dimethyl-pentadienide produced an analogue
equilibriummixture, with similar bonding modes 1,4-50-h and 1-3-
h-pentadienyl, as observed for 11a, 11b, Schemes 2 and 5, respec-
tively. Considering the electronic and steric properties of the
different Ir(h4-COD)(PMe3) and Ir(CO)(PPh3)2 moieties which are
coordinated to pentadienyl complexes, is interesting to observe
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that the chemical structures of Ir(h4-COD)(1,4-50-h-
CH2CHMeCHCMeCH2)(PMe3) (11a) and Ir(1,4-50-h-CH2CHMeCHC-
MeCH2)(CO)(PPh3)2 [11] show quite similar bond lengths in their
corresponding pentadienyl ligands [Ir-C1, 2.128(6), 2.143(7); Ir-C4,
2.210(6), 2.214(8); Ir-C50, 2.157(6), 2.141(7); C1-C2, 1.491(9),
1.506(10); C2-C3, 1.317(10), 1.309(13); C3-C4, 1.500(10), 1.484(12);
C4-C50, 1.422(9), 1.430(11) Å, respectively]. The latter suggests a
counterbalance between the electronic and steric contribution of
the corresponding ligands: on one side [(h4-COD), PMe3], on
another [CO, (PPh3)2].

In general terms, and in agreement with the influence of elec-
tronic and steric effects on the preferential bonding modes of
iridium pentadienyl complexes, it could be concluded that the 1-3-
h-pentadienyl complexes are favored in presence of p-ligands and
bulkier phosphines, such as PPh3 and P(i-Pr)3, while they are
definitively not favored in presence of electron rich precursors
IrCl(PR3)3. The 1,5-h-iridacyclohexadiene complexes are fully
dependent on the electronic effects, and finally the 1,4-50-h-pen-
tadienyl complexes play an intermediate role, depending on the
modulation of those electronic and steric effects.
4. Experimental section

4.1. General procedures

Standard inert-atmosphere experimental techniques were used
for all syntheses and sample manipulations. Solvents were dried
by standard methods (hexane and pentane with CaH2, diethyl
ether and THF with Na/benzophenone, CH2Cl2 and CHCl3 with
CaCl2, benzene with Na) and distilled under nitrogen prior to use.
Compounds CH2CRCHCRCH2SnMe3, (R¼H [28a,b], Me [28c]), [(h4-
COD)Ir(m-Cl)]2 (1) [2d], (h4-COD)Ir(Cl)(PPh3) (4) [2a,2e,5], were
prepared according to literature procedures. All other chemicals
were used as purchased from Sigma-Aldrich, Strem Chemicals,
Merck, Pressure Chemicals, Cambridge Isotopes and J. T. Baker. All
compresses gases were obtained from Infra: argon and nitrogen
and were used as supplied without purification. Melting points
were uncorrected. Elemental analyses were performed with a
Thermo-Finnigan Flash 1112 combustion analyzer, at the Chemis-
try Department at Cinvestav. Infrared spectrawere recorded on FT-
IR Perkin-Elmer16F and 1600 spectrometers using KBr pellets,
chloroform, or benzene solutions. The 1H, 13C, and 31P NMR spectra
were recorded on Jeol GSX-270, Eclipse 400MHz, Eclipse 500MHz
or Bruker 300MHz spectrometers in deoxygenated, deuterated
solvents. NMR chemical shifts are reported relative to their re-
sidual protium resonances in the solvent, and 31P NMR chemical
shifts relative to 85% H3PO4. Mass spectra were recorded on a
Hewlett-Packard HP-5990A spectrometer, while high resolution
mass spectra were obtained by Agilent LC/MSD TOF (ESI) spec-
trometer with APCI as the ionization source. Melting points were
determined in a Melt-Temp Gallenkamp (digital) instrument and
have not been corrected.

The crystal structure determination was carried out in diffrac-
tometers Bruker Nonius, Kappa CCD or Bruker Instrument Service
vV6.2.6. The resolution and refinement were done by SHELXS-97
[29] and SHELXL-97 [29] included in the software WingX, also
cell refinement and data reduction: SAINT V8.38A (Bruker AXS
Inc.,2017). Program(s) to solve structure XT, VERSION 2014/5,
refined structure SHEXL2014/7 [29], and molecular graphics, XP V
5.1 (Bruker, 1998) and software used to prepare material for pub-
lication: CIFTAB V 2013/2 [29]. A summary of crystal data collection
and refinement parameters of compounds is given in Tables 3 and
4. The ellipsoids were drawn at 50% probability for all crystalline
structures.
4.2. Synthesis of (h4-COD)Ir(h5-CH2CMeCHCMeCH2) (2)

A THF solution (30mL) of [Ir(h4-COD)(m-Cl)2]2 (509mg,
0.76mmol) was filtered, and Me3SnCH2CMeCHCMeCH2 (779.0mg,
3.03mmol) previously dissolved in THF (1mL) was added. The
orange-red reactionmixture immediately changed to bright yellow,
and was stirred for 1 h. The solution was cooled (�110 �C) and the
solvent was removed under vacuum until ~ 8.0mL [30]. Distilled
water (~2.0mL) was added, and the solution stirred for 5min. Ex-
tractions with diethyl ether, filtration and the solvent removed
under vacuum afforded a pale-yellow oily product, which was put
in the freezer (�72 �C) for 12 h. A solid was obtained and kept under
vacuum at �78 �C (acetone/dry ice). The solid was kept, under ni-
trogen, in the freezer at �72 �C. The yield of 2 is 90% (682.0mg,
0.68mmol). M. p. 60e62 �C. IR (CHCl3, cm�1): 2959 (s), 2929 (s),
2873 (s), 1461 (m,br), 1373 (w,br), 1001 (w), 892 (w). LREI: m/z
396.1430. Anal. Calcd for C15H23Ir: C, 45.55; H, 5.86. Found: C,
45.56; H, 6.51.
4.3. Synthesis of (h4-COD)Ir(h5-CH2CHCHCHCH2) (3)

Method (a). Under nitrogen atmosphere, n-BuLi (0.23mL,
0.33mmol, 1.6M) and 1,4-pentadiene (34.0 mL, 0.33mmol) were
added to a cold (�110 �C) THF solution (1.0mL). The yellow solution
was stirred 15min. After this time the solution was changed to an
ice-bath turning to a strong-orange color and stirred 10min. The
lithium pentadienide was added to a cold (�110 �C) THF (15mL)
solution of [Ir(h4-COD)(m-Cl)2]2 (100.0mg, 0.15mmol). The solution
turned pale yellow and it was stirred 15min. The solution was
evaporated at low temperature (�110 �C) [30] affording an amber-
yellow oil, which was analyzed through the 1H NMR.

Method (b). Following a similar synthetic procedure as described
for compound 2, a diethyl ether solution (4mL) of [(h4-COD) Ir(m-
Cl)2]2 (173.0mg, 0.26mmol) and n-Bu3SnCH2CHCHCHCH2
(368.0mg, 1.04mmol) previously dissolved in THF (1mL) was
added. The bright orange reaction mixture immediately changes to
yellow, and it was stirred for 15min. Distilled water (~3.0mL) was
added, and the solution stirred for 5min and the ethereal phase was
filtered. The solvent was removed in vacuo at low temperature
affording an amber-yellow oily product in very low yield. Attempts
to solidify 3 were unsuccessful, and only the spectroscopic charac-
terization was carried out through the IR and 1H and 13C{1H} NMR.
IR (CHCl3, cm�1): 2938 (vs), 2873 (vs), 2728 (vw), 1712 (w,br), 1461
(s), 1379 (m), 1137 (vw), 1290 (vw), 1222 (vw), 1136 (w,br), 1063
(w,br), 1013 (vw,br), 982 (w,br), 898 (w,br), 867 (w,br), 752 (w,br).
4.4. Synthesis of (h4-COD)Ir(Cl)(P(i-Pr)3) (5)

A cold solution (�100 �C, N2 liquid/EtOH) of dimer 1 (400.0mg,
0.60mmol) in THF (40mL) tris-iso-propylphosphine (0.23mL,
1.19mmol) was added or dropwise under argon atmosphere.
Removing the cold bath, the resulting suspension was allowed to
reach room temperature, filtered and the solvent concentrated to
c.a. 8mL and hexane (80mL) added. A yellow solid precipitated was
filtered and dry under vacuum, giving 95% yield (560.0mg,
1.13mmol). IR (KBr, cm�1): 3017 (sh), 2965 (vs), 2931 (vs), 2873
(vs), 2834 (sh), 2730 (sh) 2578 (sh), 2343 (w, br), 1940 (w, br), 1740
(m, br), 1712 (m, br), 1633 (m, br), 1599 (m, br), 1548 (sh),.1459 (vs),
1386 (s), 1329 (s), 1329 (s), 1294 (m), 1244 (s), 1213 (sh), 1158 (m),
1090 (s), 1056 (s), 1030 (vs), 1001 (s), 928 (s), 969 (s), 928 (m), 881
(s), 814 (s), 696 (m), 648 (vs), 573 (m), 533 (s), 503 (s), 463 (m), 432
(m). ESI þ TOF: m/z 502.2215; error: �0.552083 ppm, DBE 4.0
which correspond to [(COD)Ir(MeCN)(P(i-Pr)3)]þ [4a].
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4.5. Synthesis of [(h4-COD)Ir(Cl)(PMe3)] (6)

The synthesis was carried out as described in the literature [5],
but the THF concentrated to c.a. 8mL and hexane (80mL) added. A
cream precipitate appeared which was filtered and dried under
vacuum, affording the disubstituted compound (h4-COD)
Ir(Cl)(PMe3)2 [5,31] (17.0mg, 0.035mmol) in 2.9% yield. The
remaining THF/hexane solution was evaporated under vacuum
until dryness, to give an orange solid of 6 (410.0mg, 1.04mmol) in
88.0% yield and was stored in a refrigerator to avoid decomposition.

4.6. Synthesis of (h4-COD)Ir(1-3-h-CH2CHCHCHCH2)(PPh3) (7)

The reaction of the lithium pentadienide was carried out via a
procedure similar to that described for 3 (method a), but with 1,4-
pentadiene (34 mL, 0.33mmol) and BuLi (0.13mL, 0.33mmol,
2.5M). The lithium pentadienide prepared in situ was added to a
cold (�110 �C) THF (15mL) solution of (h4-COD)Ir(Cl)(PPh3)
(150.0mg, 0.25mmol). The reaction mixture was stirred 5min
at �110 �C (EtOH/liq. N2), changing immediately from strong-
orange to pale-yellow. The solution was filtered and the solvent
removed under vacuum. A minimum amount of pentane (~2mL)
was added to the oily residue affording, after evaporation of the
solvent, a pale-yellow powder was dried in vacuo. Yield: 89%
(140.0mg, 0.22mmol). M.p. 73-75 �C, dec. IR (C6H6, cm�1): 3087
(s), 3070 (s), 3043 (s), 1955 (w), 1814 (m), 1620 (w), 1482 (vs), 1478
(vs), 1474 (vs), 1427 (w), 1091 (w,br), 1034 (s), 881 (w), 747 (w), 683
(vs), 667 (vs). ESIþ TOF:m/z 631.2099; error:�0.2110 ppm, DBE 16.
Anal. Calcd for C31H34PIr: C, 59.12; H, 5.44. Found: C, 59.17; H, 5.77.

4.7. Synthesis of (h4-COD)Ir(1-3-h-CH2CHCHCHCH2)(i-PPr3) (8)

The reaction of the lithium pentadienide was carried out via a
similar procedure to that described for 3 (method a), but with 1,4-
pentadiene (73 mL, 0.70mmol) and BuLi (0.49mL, 0.70mmol,
1.6M). The lithium pentadienide prepared in situ was added to a
cold (�110 �C) THF (15mL) solution of (h4-COD)Ir(Cl)(P(i-Pr3))
(174.3mg, 0.15mmol). The reaction mixture was stirred 5min
at �110 �C (EtOH/liq. N2), changing immediately from strong-
orange to strong-yellow. The solution was filtered and the solvent
removed. A minimum amount of pentane (~2mL) was added to the
oily residue, which after treatment as described for 9a and 9b [32],
afforded a yellow powder of 8 in 33% yield: (61.0mg, 0.12mmol).
M.p. 92-94 �C, dec. IR (KBr, cm�1): 3569 (w), 3401 (w, br), 3081
(vw), 3036 (w), 2958 (vs), 2913 (vs), 2861(vs), 2829 (vs), 2370 (vw,
br), 1989 (vw, br), 1913 (vw, br), 1768 (vw), 1743 (vw), 1614 (s), 1497
(vw), 1466 (s), 1449 (s), 1399 (w), 1376 (m), 1359 (w), 1317 (m), 1284
(w), 1234 (m), 1200 (w), 1166 (w), 1150 (m), 1099 (vw), 1088 (vw),
1057 (w), 1027 (w), 993 (m), 957 (w), 923 (vw, br), 881 (s), 839 (w),
806 (vw), 786 (w), 674 (w), 643 (s), 629 (s), 593 (vw), 565 (w), 529
(s), 492 (m), 461 (m, br). ESI þ TOF: Calcd. m/z 527.7425; Exp. m/z
502.219684, which correspond to [(COD)Ir(MeCN)(P(i-Pr)3)]þ,
(C20H38PIr, 501.69). Anal. Calcd for C22H40PIr, 2H2O: C, 47.66; H,
7.99. Found: C, 47.91; H, 7.39.

4.8. Synthesis of mixture of isomers (h4-COD)Ir(1-3-h-
CH2CHCHCHCH2)(PMe3) (9a) and (h4-COD)Ir[1,4-50-h-
CH2CHCHCHCH2](PMe3) (9b)

The reaction of the lithium pentadienide was carried out via a
similar procedure to that described for 3 (method a), but with 1,4-
pentadiene (0.2mL, 1.94mmol) and BuLi (0.76mL, 1.94mmol,
2.5M). The lithium pentadienide prepared in situ was added to a
cold (�110 �C) THF (15mL) solution of (h4-COD)Ir(Cl)(PMe3)
(100.0mg, 0.24mmol). The solution turned colorless and reached
room temperature under stirring for 12 h. The mixture was filtered
and evaporated under vacuum affording an yellow oily-solid, which
was turned into a powder using the following procedure [32]: the
oily product, in the presence of a magnetic stirrer, and 0.5mL of
diethyl-ether was cooled under liquid nitrogen until the residue
was frozen. The bottom surface of the Schlenk was rubbed with an
external strong magnet, until the frozen residue turned to powder.
Finally, the volatiles were removed in vacuo, and the sticky-solid
was once again treated, as described above, with pentane
(0.5mL) and dried under vacuum. The mixture of isomers 9a and
9bwas obtained as a beige solid in 60% yield (65.0mg, 0.15mmol).
The pentane solution was kept at �4 �C, affording single crystals of
9bwhich melts at 88e90 �C. IR (CHCl3, cm�1): 2958 (vs), 2931 (vs),
2728 (vw), 1712 (w,br), 1461 (s), 1379 (m), 1292 (vw), 1214 (m,br),
1136 (w,br), 1060 (w,br), 945 (w,br), 892 (w,br), 858 (w,br), 750
(w,br). ESI þ TOF: m/z 445.1632; error: 0.2628 ppm, DBE 4. Anal.
Calcd for C16H28PIr,H2O: C, 41.63; H, 6.55. Found: C, 42.05; H, 6.18.

4.9. Synthesis of (h4-COD)Ir(1-3-h-CH2CMeCHCMeCH2)(PPh3) (10)

Compound 2 (100mg, 0.25mmol) and PPh3 (66.4mg,
0.25mmol) in THF (5mL) were placed into a Schlenk flask equipped
with a stir bar. The solution was stirred at room temperature for
48 h, filtered and evaporated under vacum. The yellow powder was
dissolved in pentane and stored at �5 �C, to give yellow crystals in
53% yield (87mg, 0.13mmol). M. p. 133e135 �C. IR (KBr, cm�1):
3048 (m), 3020 (vw), 2980 (s), 2964 (s), 2913 (s), 2857 (s), 2818 (s),
2661 (vw, br), 2627 (vw, br), 2566 (vw, br), 2364 (w), 2366 (w),
1964 (vw, br), 1936 (vw, br), 1910 (w, br), 1869 (vw, br), 1827(vw,
br),1617 (m),1600 (m),1583 (m),1477 (m),1432 (vs),1376 (m),1317
(m), 1236 (vw), 1214 (vw), 1194 (vw), 1178 (m), 1152 (m), 1116 (vw),
1085 (s), 1024 (s), 996 (s), 957 (vw), 906 (vw), 881 (m), 862 (m), 839
(m), 808 (vw), 783 (w), 736 (s), 697 (vs), 657 (sh), 615 (sh), 565 (sh),
529 (vs), 506 (s), 490 (s), 473,417 (m). ESI þ TOF: Calcd. m/z
657.804; Exp. m/z 604.1737 which correspond to [(COD)
Ir(MeCN)(PPh3)]þ, (C20H38PIr, 603.7918). Anal. Calcd for C33H38PIr:
C, 60.25; H, 5.82. Found: C, 60.41; H, 5.90.

4.10. Synthesis of mixture of isomers (h4-COD)Ir(1-3-h-
CH2CMeCHCMeCH2) (PMe3) (11a) and (h4-COD)Ir [1,4-50-h-
CH2CMeCHCMeCH2](PMe3) (11b)

The reaction was carried out via a procedure similar to that
described for 10, but with PMe3 (26.0 mL, 19.2mg, 0.25mmol). The
addition of the PMe3 showed an immediate change of color from
pale-yellow to colorless. The solution was stirred for 5min at room
temperature. After filtration and evaporation under vacuum, an oily
residue was obtained and crystallized with pentane at �5 �C to
afford colorless crystals in 26% (31mg, 0.07mmol). M. p. 76e78 �C.
IR (KBr, cm�1): 3014 (m), 2975 (s), 2947 (s), 2908 (s), 2829 (vs),
2784 (w), 2706 (dw), 2633 (w), 2359 (w), 2263 (w), 2000 (w), 1857
(w),1670 (m), 1483 (w),1443 (s), 1424 (vs), 1359 (w),1320 (m),1301
(w), 1281 (s), 1236 (m), 1211 (w), 1183 (w), 1158 (w), 1124 (s), 1094
(w), 1071 (w), 1041(m), 999 (m), 948 (vs), 931 (vs), 887 (m), 836 (s),
778 (m), 727 (m), 713 (m), 671 (m), 660 (w), 534 (w), 498 (w), 464
(w), 422 (w) ESI þ TOF: m/z 471.1788; error: 0.176026 ppm, DBE 5.
Anal. Calcd for C18H32PIr: C, 45.84; H, 6.84. Found: C, 45.81; H, 7.54.
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