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Abstract

Addition of o-Ph2PC6H4CH@N-2,6-iPr2C6H3 (1) to [RhCl(coe)2]2 (coe = cis-cycloctene) gave several new iminophosphino rho-
dium(I) complexes including [Rh(j2-o-Ph2PC6H4CH@N-2,6-iPr2C6H3)(l-Cl)]2 (2). Addition of 1 to Rh(acac)(coe)2 (acac = acetylaceto-
nato) gave [Rh(acac)(j2-o-Ph2PC6H4CH@N-2,6-iPr2C6H3)] (3) in yields of up to 75%. Complex 3 has been examined for its ability to
catalyze the hydroboration of a series of vinyl arenes. Reactions using catecholborane and pinacolborane seem to proceed largely
through a dehydrogenative borylation mechanism to give a number of boronated products.
� 2005 Elsevier B.V. All rights reserved.

Keywords: Borylation; Catalysis; Hydroboration; Iminophosphine; Rhodium compounds
1. Introduction

One of the most important synthetic methodologies to
emerge from organic chemistry in the last century has been
the discovery that boron–hydrogen bonds add to unsatu-
rated organic molecules to form a class of compounds
known as organoboranes [1]. Organoboranes possess an
incredibly diverse chemistry and are remarkably useful
intermediates in organic synthesis. Indeed, organoboranes
can be transformed into any number of functional groups.
The simplest boron hydride agent is borane, BH3, which
reacts rapidly with unhindered alkenes to afford initially
monoalkylboranes, then dialkylboranes, and finally trial-
kylboranes. For sterically hindered alkenes, the second
and third hydroboration steps become increasingly slug-
gish. Addition occurs in a controlled cis-fashion (syn-addi-
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tion) where the boryl (BR2) fragment adds preferentially to
the least hindered carbon of the unsymmetrically substi-
tuted double bond. While borane adds rapidly to alkenes
at �80 �C [2], some hydroborating agents, such as polyhe-
dral boranes, are slow to react even at room temperature.
Likewise, addition of H3B Æ THF to catechol affords cate-
cholborane (HBcat, cat = 1,2-O2C6H4), a relatively stable
hydroborating agent which adds to alkenes and alkynes
only at elevated temperatures (ca. 100 and 70 �C, respec-
tively) [3]. HBcat decomposes thermally or by addition of
nucleophiles to give a number of boron-containing prod-
ucts [4].

That transition metals accelerate the addition of B–H
bonds to unsaturated organic moieties was initially
reported for catalyzed hydroborations of alkenes and alky-
nes using polyhedral boranes [5]. Männig and Nöth [6] then
demonstrated that rhodium complexes could be used to
catalyze the hydroboration of alkenes with HBcat under
mild conditions and with chemoselectivity differing from
that of the uncatalyzed reaction. Indeed, in the catalyzed
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hydroboration of 5-hexen-2-one, addition of HBcat
occurred preferentially at the C@C double bond, even in
the presence of the more reactive ketone group. Since this
seminal discovery, a considerable amount of research has
focussed on investigating the mechanism and scope of cat-
alyzed hydroboration reactions [7]. Although other transi-
tion metals have been found to catalyze hydroborations
with HBcat, rhodium catalysts are usually the most effec-
tive for reactions of vinylarenes [8]. The judicious choice
of the rhodium complex can be used to effectively generate
either the expected linear or the unusual branched hydrob-
oration product (Scheme 1). Unfortunately, these reactions
can suffer from poor selectivities or competing pathways
(i.e., hydrogenation) and, as a result, a considerable
amount of research has focussed on designing new catalyst
systems [9]. We report herein on the synthesis and reactiv-
ity of rhodium(I) complexes containing a bulky iminophos-
phine ligand.

2. Experimental

Reagents and solvents used were purchased from
Aldrich Chemicals. NMR spectra were recorded on a
JEOL JNM-GSX270 FT spectrometer. 1H NMR chemical
shifts are reported in ppm and referenced to residual sol-
vent protons in deuterated solvent at 270 MHz. 11B
NMR chemical shifts are reported in ppm and are refer-
enced to BF3 Æ OEt2 as an external standard at 87 MHz.
13C NMR chemical shifts are referenced to solvent carbon
resonances as internal standards at 68 MHz and are
reported in ppm. 13P NMR chemical shifts are reported
in ppm and are referenced to H3PO4 as an external stan-
dard at 109 MHz. Multiplicities are reported as singlet
(s), doublet (d), septet (sept), multiplet (m), and overlap-
ping (ov). Microanalyses for C, H, and N were carried
out at Guelph Chemical Laboratories (Guelph, ON). All
reactions were carried out under an atmosphere of
dinitrogen.

2.1. Preparation of [Rh(j2-o-Ph2PC6H4CH@N-

2,6-iPr2C6H3)(l-Cl)]2 (2)

A mixture of 1 (122 mg, 0.29 mmol) and [RhCl(coe)2]2
(100 mg, 0.14 mmol) in toluene (3 mL) was allowed to react
for 18 h. Upon removal of solvent the mixture was washed
with hexane (2 · 3 mL) and dried under vacuum to afford a
dark purple solid (Yield 180 mg, 55%). Selected NMR data
(in C6D6): 1H d: 8.10 (d, 2H, JRhH = 4 Hz, N@CH), 7.70
(m, 8H, Ar), 7.24–7.02 (ov m, 20H, Ar), 6.87 (m, 6H,
O
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Scheme 1. The rhodium catalyzed hyd
Ar), 3.62 (sept, 4H, J = 7 Hz, C(H)Me2), 1.40 (d, 12H,
J = 7 Hz, Me), 0.88 (d, 12H, J = 7 Hz, Me); 31P{1H} d:
47.1 (d, JRhP = 201 Hz), 46.1 (d, JRhP = 200 Hz).

2.2. Preparation of [Rh(acac)(j2-o-Ph2PC6H4CH@N-

2,6-iPr2C6H3)] (3)

A mixture of 1 (213 mg, 0.47 mmol) and Rh(acac)(coe)2

(200 mg, 0.47 mmol) in toluene (3 mL) was heated at reflux
for 18 h. Upon removal of solvent the mixture was washed
with hexane (2 · 1 mL) and dried under vacuum to afford a
dark purple solid (Yield 230 mg, 75%). Spectroscopic
NMR data (in C6D6): 1H d: 8.32 (d, 1 H, JRhH = 4 Hz,
N@CH), 7.88 (m, 4H, Ar), 7.40 (d of d, 1H, J = 9 Hz,
Ar), 7.25 (t, 1H, J = 9 Hz, Ar), 7.19 (d, 2H, J = 9 Hz,
Ar), 7.08 (m, 6H, Ar), 6.98 (m, 3H, Ar), 5.18 (s, 1H,
CHC(O)Me), 3.73 (sept, 2H, J = 7 Hz, C(H)Me2), 1.60
(s, 3H, Me(O)C), 1.53 (s, 3H, C(O)Me), 1.42 (d, 6H,
J = 7 Hz, Me), 0.98 (d, 6H, J = 7 Hz, Me); 31P{1H} d:
50.7 (d, JRhP = 206 Hz); 13C{1H} d: 184.2, 183.9, 158.8
(d, JRhC = 8 Hz, C(H)N), 151.4, 141.4, 139.2 (d,
JPC = 19 Hz), 135.6 (d, JPC = 45 Hz), 134.0 (d,
JPC = 13 Hz), 132.7, 132.3 (d, JPC = 9 Hz), 130.0, 129.3
(d, JPC = 6 Hz), 128.9, 127.6 (d, JPC = 9 Hz), 125.9,
122.4, 99.2, 28.0, 26.6, 26.5, 24.4, 23.6. Anal. Calc. for
C36H39NOPRh: C, 66.35; H, 6.04; N, 2.15. Found: C,
66.98; H, 6.47; N, 1.87%.

2.3. Preparation of [Rh(catBcat)(j2-o-Ph2PC6H4CH@N-

2,6-iPr2C6H3)] (4)

A mixture of 3 (140 mg, 0.22 mmol) and B2cat3 (74 mg,
0.22 mmol) in Et2O (4 mL) was allowed to react for 18 h. A
purple solid was collected by suction filtration and dried
under vacuum (Yield 62 mg, 35%). Spectroscopic NMR
data (in CDCl3): 1H d: 7.81 (d, 1H, JRhH = 5 Hz, N@CH),
7.57–7.49 (ov m, 5H, Ar), 7.42 (m, 8H, Ar), 7.24–7.13 (ov
m, 4H, Ar), 5.24 (m, 4H, Ar), 6.62 (m, 4H, Ar), 3.14 (sept,
2H, J = 7 Hz, C(H)Me2), 1.34 (d, 6H, J = 7 Hz, Me), 0.73
(d, 6H, J = 7 Hz, Me); 11B{1H} d: 13.7 (s); 31P{1H} d: 50.6
(d, JRhP = 210 Hz). Anal. Calc. for C43H40BNO4PRh: C,
66.25; H, 5.18; N, 1.80. Found: C, 66.62; H, 5.35; N, 1.98%.

2.4. General procedure for the catalyzed hydroboration of

vinylarenes

The appropriate hydroboration reagent (1.2 equiva-
lents), in 0.5 mL of C6D6, was added to a 0.5 mL C6D6

solution of 3 and the vinylarene. Reactions were allowed
O
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roboration of styrene with HBcat.
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Fig. 1. P,N ligands used in the catalysed hydroboration of vinylarenes.

Fig. 2. A view of compound 1, with displacement ellipsoids drawn at the
30% probability level. H atoms have been omitted for clarity.
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to proceed for 18 h and then monitored by multinuclear
NMR spectroscopy.

2.5. X-ray crystallography

Crystals of 1 were grown from saturated MeOH and
crystals of 2 and 3 from toluene solutions at �5 �C. Single
crystals were coated with Paratone-N oil, mounted using a
glass fibre and frozen in the cold stream of the goniometer.
A hemisphere of data were collected on a Bruker AXS P4/
SMART 1000 diffractometer using x and h scans with a
scan width of 0.3� and 30 s exposure times. The detector
distances were 5 (1 and 2) and 6 cm (3). The data were
reduced [10a] and corrected for absorption [10b]. The
structures were solved by direct methods and refined by
full-matrix least squares on F2 [10c]. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
located in Fourier difference maps and refined
isotropically.

3. Results and discussion

3.1. Synthesis and structures

There has been recent considerable interest in the syn-
thesis of late metal complexes containing P,N-bidentate
ligands as catalysts for the hydroboration of vinylarenes
[8,11–13]. For example, rhodium quinap (quinap =
1-(2-diphenylphosphino-1-napthyl)isoquinoline, Fig. 1(a))
complexes have been shown to catalyse the addition of
HBcat to 2,4-dimethylstyrene to selectively give the corre-
sponding branched isomer [13l]. Similar work with rho-
dium quinazolinap (Fig. 1(b)) [9a] and pyphos
(Fig. 1(c)) [9d] complexes has also been reported and
these catalysts show excellent selectivity in favour of the
branched products. However, a cationic rhodium system
using carbohydrate iminophosphine ligands (Fig. 1(d))
was reported in the catalysed hydroboration of 4-methyl-
styrene with HBcat to give equimolar amounts of the
branched and linear products [13i]. Addition of HBcat
to 2,3,4,5-pentafluorostyrene using this iminophosphine
catalyst system gave predominant formation of the corre-
sponding terminal product. In order to gain an under-
standing of the factors that influence selectivities in
these reactions we have prepared rhodium complexes con-
taining a bulky hemilabile ligand (Fig. 1(e)) and examined
their ability to catalyse the hydroboration of a wide range
of vinylarenes.

Ligand 1 [14] (Fig. 1(e)) was prepared as described pre-
viously and the molecular structure is shown in Fig. 2.
Crystallographic data is provided in Table 1. Bond dis-
tances and angles are within the range reported for other
iminophosphine ligands [15] and are provided in Table 2.
In comparison to the related compound o-
Ph2PC6H4CH@NC6H4OMe-o [15c], both iminophosphines
have a very similar arrangement with planar C(14)–
C(19)@N(20)–C(21) imino units with an E configuration
with respect to the diphenylphosphine group. These struc-
tures are in contrast to o-Ph2PC6H4CH@NC6H4OH-o
[15d] where the nitrogen is closer to the phosphorus atom
as the molecule assumes a Z configuration. The
N(20)@C(19) double bond of 1 is 1.267(2) Å is well within
the range observed for these types of compounds.

Addition of 1 to [RhCl(coe)2]2 (coe = cis-cyclooctene)
lead to the formation of several new iminophosphinorho-
dium complexes, as indicated by 31P{1H} NMR spectros-
copy and the observation of doublets with JP–Rh =
200 Hz. While we were not able to isolate these products,
dimeric 2 has been characterized by a single crystal X-ray
diffraction study. The molecular structure of 2 is shown
in Fig. 3, crystallographic data in Table 1, and select bond
distances and angles in Table 3. The Rh–P bond distances
of Rh(1)–P(3) 2.1543(7) Å and Rh(2)–P(4) 2.1507(7) Å are
somewhat shorter than typical donor phosphine Rh–P
interactions in related 4-coordinate Rh(I) structures [16].
For instance, the average Rh–P interaction in [Rh(dippe)
(l-Cl)]2 (dippe = 1,2-bis(diisopropylphosphino)ethane) is



Table 1
Crystallographic data collection parameters for 1–3

Complex 1 2 Æ 2MePh 3

Formula C31H32NP C76H80Cl2N2P2Rh2 C36H39NO2PRh
Fw 449.55 1360.08 651.56
Crystal system triclinic monoclinic triclinic
Space group P�1 P21/c P�1
a (Å) 9.8753(11) 23.4312(17) 11.8139(16)
b (Å) 11.8954(14) 12.9412(10) 12.2718(17)
c (Å) 12.6795(15) 22.3225(16) 14.306(2)
a (�) 66.576(2) 90 75.580(2)
b (�) 74.721(2) 93.039(1) 67.240(2)
c (�) 74.208(2) 90 66.349(2)
V (Å3) 1294.6(3) 6759.3(9) 1740.9(4)
Z 2 4 2
qcalc (mg m�3) 1.153 1.337 1.243
Crystal size (mm3) 0.35 · 0.30 · 0.20 0.40 · 0.25 · 0.15 0.30 · 0.15 · 0.15
Temperature (K) 213(1) 173(1) 173(1)
Radiation Mo Ka (k = 0.71073) Mo Ka (k = 0.71073) Mo Ka (k = 0.71073)
l (mm�1) 0.125 0.658 0.566
Total reflections 8400 46142 12725
Total unique reflections 5540 14985 12725
Number of variables 426 811 385
Rint 0.0175 0.0341
H range (�) 1.78–27.49 0.87–27.50 1.55–25.00
Largest difference peak/hole (e Å�3) 0.505/�0.168 1.057/�0.564 2.174/�0.633
S(GoF) on F2 1.102 1.038 1.073
R1

a (I > 2r(I)) 0.0463 0.0346 0.0577
wR2

b (all data) 0.1356 0.0883 0.1945

a R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 ¼ ð

P
½wðF 2

o � F 2
cÞ

2�=
P
½wF 4

o�Þ
1=2, where w ¼ 1=½r2ðF 2

oÞ þ ð0:0824PÞ2 þ ð0:0732P Þ� ð1Þ, 1=½r2ðF 2
oÞ þ ð0:0426PÞ2 þ ð3:1194P Þ� ð2Þ and

w ¼ 1=½r2ðF 2
oÞ þ ð0:134PÞ2 þ ð0:2957P Þ� ð3Þ, where P ¼ ðmaxðF 2

o; 0Þ þ 2F 2
cÞ=3.

Table 2
Selected bond lengths (Å) and angles (�) for 1

P–C(7) 1.8260(17)
P–C(1) 1.8297(16)
P–C(13) 1.8363(16)
C(19)–N(20) 1.2668(19)
N(20)–C(21) 1.4280(19)

C(7)–P–C(1) 103.39(7)
C(7)–P–C(13) 103.07(7)
C(1)–P–C(13) 101.91(7)
C(26)–C(21)–N(20) 120.78(13)
C(22)–C(21)–N(20) 117.26(13)
N(20)–C(19)–C(14) 121.46(14)
N(20)–C(19)–H(19) 121.0(9)
C(19)–N(20)–C(21) 118.68(13)

Fig. 3. A view of complex 2, with displacement ellipsoids drawn at the
30% probability level. H atoms and solvent molecules have been omitted
for clarity.
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2.1821(13) Å [16b]. Furthermore, the Rh–P bond distances
in related rhodium(I) cationic complexes containing 1

range from 2.1934(11) to 2.2361(6) Å [17]. Rhodium phos-
phorus bond distances similar to 2 have been found, how-
ever, in related diphosphite complexes [18a,18b] and in
[Rh(dfepe)(l-Cl)]2 (dfepe = (C2F5)2PCH2CH2P(C2F5)2)
[18c], which contains electron-withdrawing fluoroalkyl-
phosphines. The Rh–N distances of Rh(1)–N(23)
1.996(2) Å and Rh(2)–N(55) 2.005(2) Å are similar to those
reported in other rhodium imine complexes [19]. The
Rh2(l-Cl)2 core is strictly planar with a Rh–Rh distance
of 3.4806(3) Å and the metals occupying a distorted square
planar environment. Interestingly, cationic diolefin rho-
dium(I) complexes containing 1 have been shown to
undergo conformational change of the iminophosphine
ligands in solution, whereby inverting the position of the
six-membered chelate ring relative to the N–Rh–P plane
[20]. It is possible that this process is responsible for gener-
ating isomers of 2 and making isolation problematic.



Table 3
Selected bond lengths (Å) and angles (�) for 2

Rh(1)–N(23) 1.996(2)
Rh(1)–P(3) 2.1543(7) N(23)–Rh(1)–P(3) 90.02(6)
Rh(1)–Cl(2) 2.3469(7) N(23)–Rh(1)–Cl(2) 175.79(6)
Rh(1)–Cl(1) 2.4325(7) P(3)–Rh(1)–Cl(2) 93.35(2)
Rh(2)–N(55) 2.005(2) N(23)–Rh(1)–Cl(1) 94.23(6)
Rh(2)–P(4) 2.1507(7) P(3)–Rh(1)–Cl(1) 175.37(2)
Rh(2)–Cl(1) 2.3490(7) Cl(2)–Rh(1)–Cl(1) 82.48(2)
Rh(2)–Cl(2) 2.4582(7) N(55)–Rh(2)–P(4) 89.72(6)
C(22)–N(23) 1.301(3) N(55)–Rh(2)–Cl(1) 175.76(6)
N(23)–C(24) 1.467(3) P(4)–Rh(2)–Cl(1) 92.78(3)
C(54)–N(55) 1.300(3) N(55)–Rh(2)–Cl(2) 95.62(6)
C(54)–H(54) 0.9500 P(4)–Rh(2)–Cl(2) 174.66(3)
N(55)–C(56) 1.454(3)
Cl(1)–Rh(2)–Cl(2) 81.89(2) C(48)–P(4)–C(42) 102.50(13)
Rh(2)–Cl(1)–Rh(1) 93.41(2) C(48)–P(4)–C(36) 103.19(13)
Rh(1)–Cl(2)–Rh(2) 92.80(2) C(42)–P(4)–C(36) 102.90(13)
C(16)–P(3)–C(4) 102.85(12) C(48)–P(4)–Rh(2) 113.85(9)
C(16)–P(3)–C(10) 102.51(12) C(42)–P(4)–Rh(2) 120.75(9)
C(4)–P(3)–C(10) 102.79(12) C(36)–P(4)–Rh(2) 111.67(9)
C(16)–P(3)–Rh(1) 113.22(8) C(22)–N(23)–Rh(1) 131.69(17)
C(4)–P(3)–Rh(1) 118.78(9) C(24)–N(23)–Rh(1) 116.08(15)
C(10)–P(3)–Rh(1) 114.70(8)

Fig. 4. A view of complex 3, with displacement ellipsoids drawn at the
30% probability level. H atoms have been omitted for clarity.

Table 4
Selected bond lengths (Å) and angles (�) for 3

Rh–N(1) 2.015(3)
Rh–O(37) 2.018(3)
Rh–O(33) 2.077(3)
Rh–P 2.1692(11)
P–C(4) 1.812(4)
P–C(15) 1.823(4)
P–C(9) 1.836(5)
N(1)–C(2) 1.287(5)
N(1)–C(21) 1.486(5)

N(1)–Rh–O(37) 178.37(14)
N(1)–Rh–O(33) 89.96(13)
O(37)–Rh–O(33) 89.57(12)
N(1)–Rh–P 88.07(10)
O(37)–Rh–P 92.43(9)
O(33)–Rh–P 177.66(9)
C(4)–P–C(15) 105.03(18)
C(4)–P–C(9) 101.90(19)
C(15)–P–C(9) 103.06(19)
C(4)–P–Rh 111.08(14)
C(15)–P–Rh 118.81(14)
C(9)–P–Rh 115.14(13)
C(2)–N(1)–C(21) 115.0(3)
C(2)–N(1)–Rh 132.1(3)
C(21)–N(1)–Rh 112.6(3)
N(1)–C(2)–C(3) 127.0(4)
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As mentioned previously, rhodium phosphine com-
plexes are versatile and efficient catalysts for the hydrobo-
ration of alkenes using catecholborane (HBcat). Among
this group, complexes of the type Rh(acac)(P2)
(acac = acetylacetonato; P2 = diphosphine) are unique in
that they are the only catalyst precursors to have been used
in the hydroboration of a tetrasubstituted alkene [7d].
These complexes are also active and selective catalysts for
the hydroboration of a wide range of vinylarenes using
HBcat, giving predominantly the corresponding branched
isomers. In this study, we have prepared the analogous rho-
dium acetylacetonato complex bearing the bulky imino-
phosphine ligand 1.

Addition of 1 to Rh(acac)(coe)2 [21] gave the corre-
sponding complex [Rh(acac)(j2-o-Ph2PC6H4CH@N-
2,6-iPr2C6H3)] (3) in yields of up to 75%. The 31P{1H}
NMR spectra showed a doublet with coupling to rhodium
with JP–Rh = 206 Hz. Complex 3 has also been character-
ized by a single crystal X-ray diffraction study (Fig. 4).
The rhodium atom lies in a distorted square planar geom-
etry. While the rhodium oxygen distance of Rh–O(33) of
2.077(3) Å is slightly longer than that found in other rho-
dium acetylacetonato complexes [22], the Rh–O(37) bond
length of 2.018(3) Å is somewhat shorter. This result is pre-
sumably due to the steric crowding caused by the bulky
imine group, leading to an asymmetry of the steric demand
of the iminophosphine ligand. Selected bond distances and
angles are provided in Table 4.

Although phosphinorhodium acetylacetonato com-
plexes are active and selective catalysts for the hydrobora-
tion of a wide range of alkenes, the catalyst resting state in
these systems is believed to be the zwitterionic complexes
Rh(g6-catBcat)(P2), arising from the redistribution of sub-
stituents on HBcat [7d,23]. Indeed, hydroborations using
these zwitterionic complexes give similar selectivities to
those observed for the acetylacetonato precursors. In an
elegant study, Marder and co-workers [23c] found that
addition of B2cat3 to Rh(acac)(P2) led to the zwitterionic
complexes Rh(g6-catBcat)(P2) in high yields, along with
concomitant formation of acacBcat. In this study we have
found that addition of B2cat3 to 3 gave the zwitterionic
compound [Rh(catBcat)(j2-o-Ph2PC6H4CH@N-2,6-iPr2-
C6H3)] (4). The 31P{1H} NMR spectrum shows a doublet
with coupling to rhodium at JP–Rh = 210 Hz and the
11B{1H} NMR has a sharp peak at 14 ppm, consistent with
the boron atom being four coordinate [23]. All attempts to
grow single crystals of 4 suitable for X-ray diffraction stud-
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ies proved unsuccessful. Compound 4 rapidly decomposed
in chloroform or methylene chloride and as a result, we
were unable to obtain useful 13C{1H} NMR data. This
result is not surprising as rhodium(I) complexes are well
know to activate the C–Cl bond in these solvents [24].
Complexes 2 and 3 also decomposed in chlorinated
solvents.

3.2. Catalysed hydroborations

The mechanism of the catalyzed hydroboration reaction
has been the subject of considerable debate [11]. For reac-
tions using commonly employed RhCl(PPh3)3, one plausi-
ble mechanism has been postulated to occur via initial loss
of phosphine to give �RhCl(PPh3)2�, which in turn oxida-
tively adds the borane to the metal centre to give an unsat-
urated hydrido boryl intermediate. This is followed by
coordination of the alkene and insertion into either the
Rh–H or Rh–B bond [6] with subsequent reductive elimi-
nation to afford the corresponding organoboronate ester
product (Scheme 2). The unusual regioselectivity observed
in hydroborations of vinylarenes is believed to arise when
the rhodium centre can best stabilize a benzylic intermedi-
ate [10].
ClRh
catB

RCH2CH2

PPh3

PPh3

ClRh
catB

H3CRHC
PPh3

PPh3

CH(Bcat)RCH3

RCH2CH2(Bcat)

Scheme 2. A plausible mechanism for the catalysed

MeO O
BH

O

MeO

+
5 mol% 3

HBcat

-H2

MeO

Scheme 3. Catalyzed addition of 4-
In order to compare these new complexes against other
rhodium catalysts, we have examined 3 for its ability to cat-
alyze the hydroboration of a series of vinylarenes. Catalytic
studies were not done with the chloride dimer due to diffi-
culties in isolating one discrete complex. Initial studies with
3 were done on 4-vinylanisole using HBcat in C6D6 and
this reaction (Scheme 3), surprisingly, gave a mixture of
products including the linear hydroboration product 4-
MeOC6H4CH2CH2Bcat (25% by 1H NMR spectroscopy),
the alkenyl boronate ester trans-4-MeOC6H4CH=CHBcat
(25%) and the diborated product 4-MeOC6H4CH2CH(B-
cat)2 (50%). Interestingly, unlike reactions using other
phosphinorhodium acetylacetonato complexes, the
branched product 4-MeOC6H4CH(Bcat)CH3 was not
observed to any significant degree. The diborated product
presumably arises from hydroboration of the alkenyl bor-
onate ester, which is generated from a dehydrogenative
borylation reaction [25]. Dehydrogenative borylations are
generally believed to occur via initial coordination of the
alkene to the metal centre followed by insertion into the
Rh–B, and not the Rh–H bond, with subsequent b-H elim-
ination to give the corresponding alkenyl boronate ester
and an active rhodium dihydride species. Although the lin-
ear product could be generated from a traditional catalyzed
RhCl(PPh3)3

'RhCl(PPh3)2'

-PPh3

ClRh
catB

H
PPh3

PPh3

HBcat

Rh
ClH

catB

PPh3

PPh3

R R

hydroboration of alkenes using RhCl(PPh3)3.

Bcat

Bcat

H2

MeO

Bcat

Bcat

vinylanisole using HBcat and 3.



MeO O
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O
+

5 mol% 3

HBpin

MeO
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Scheme 4. Catalyzed addition of 4-vinylanisole using HBpin and 3.
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F
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F
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Scheme 5. Catalyzed addition of 2,3,4,5,6-C6H5CH=CH2 using HBpin and 3.
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hydroboration reaction, it is also plausible that this prod-
uct arises from the catalyzed hydrogenation of alkenyl bor-
onate ester via the aforementioned rhodium dihydride
intermediate.

Reactions of 4-vinylanisole using pinacolborane
(HBpin, pin = 1,2-O2C2Me4) and 3 gave exclusive forma-

tion of the corresponding linear �hydroboration product�
4-MeOC6H4CH2CH2Bpin after 24 hours (Scheme 4). How-
ever, monitoring this addition by 1H NMR spectroscopy
showed the formation of a transient alkenyl boronate ester
4-MeOC6H4CH@CHBpin at the beginning of the reaction.
This observation suggests that reactions using bulky 3 are
occurring predominantly through a competing dehydroge-
native borylation reaction. Similar chemistry was observed
using both HBpin and HBcat for reactions with 2,4,6-trim-
ethylstyrene, a-methylstyrene and b-methylstyrene. Reac-
tions using preformed zwitterionic 4 also gave similar
regioselectivities with both HBcat and HBpin.

Reactions with 4-fluorostyrene, 2,3,4,5,6-perfluorosty-
rene, and 2-naphthylstyrene and HBcat all gave compli-
cated product distributions, including varying amounts of
the corresponding branched hydroboration products. For
instance, reactions of highly activated 2,3,4,5,6-perfluoro-
styrene with HBcat and 3 gave up to 50% of 2,3,4,5,6-
C6F5CH(Bcat)CH3. Interestingly, reactions of 2,3,4,5,6-
perfluorostyrene with HBpin and 3 also gave several prod-
ucts, including the linear hydroboration product, diborated
and hydrogenation products and even the branched prod-
uct 2,3,4,5,6-C6F5CH(Bpin)CH3 (50%) (Scheme 5). A
recent report [26] describes the formation of similar
branched products from hydroborations of vinylarenes
using cyclooctadiene rhodium(I) catalysts and HBpin.
Reactions with 3, however, appear to be substrate depen-
dent and further work is therefore needed to understand
the factors controlling product selectivities.

4. Conclusions

We have found that addition of o-Ph2PC6H4CH@
N-2,6-iPr2C6H3 (1) to [RhCl(coe)2]2 (coe = cis-cycloctene)
gave several new iminophosphino rhodium(I) complexes
including [Rh(j2-o-Ph2PC6H4CH@N-2,6-iPr2C6H3)(l-Cl)]2
(2). Addition of 1 to Rh(acac)(coe)2 (acac = acetylacetonato)
gave [Rh(acac)(j2-o-Ph2PC6H4CH@N-2,6-iPr2C6H3)] (3),
which could be converted to the zwitterionic [Rh(catB-
cat)(j2-o-Ph2PC6H4CH@N-2,6-iPr2C6H3)] (4) by addition
of B2cat3. Complex 3 has been examined for its ability to
catalyze the hydroboration of a series of vinyl arenes.
Reactions using catecholborane and pinacolborane seem
to proceed largely through a dehydrogenative borylation
mechanism to give a number of boronated products.
Future work will investigate other iminophosphine rho-
dium complexes for their ability to catalyze the hydrobora-
tion of vinylarenes and to gain insight into the steric and
electronic requirements needed for the metal to facilitate
these unusual dehydrogenative borylation reactions.

5. Supplementary data

Crystallographic information has also been deposited
with the Cambridge Crystallographic Data Centre (CCDC
Nos. 285186–285188). Copies of the data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retriev-
ing.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
+44 1223 336033; or deposit@ccdc.cam.ac.uk).

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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(d) A.E. Dorigo, P. von Ragué Schleyer, Angew. Chem., Int. Ed.
Engl. 34 (1995) 115;
(e) D. Liu, K.-C. Lam, Z. Lin, J. Organomet. Chem. 680 (2003) 148;
(f) S.A. Kulkarni, N. Koga, J. Mol. Struct. (Theochem.) 461–462
(1999) 297;
(g) D. Liu, Z. Lin, Organometallics 21 (2002) 4750.

[12] T. Hayashi, Y. Matsumoto, Y. Ito, Tetrahedron: Asymmetry 2
(1991) 601.

[13] (a) K. Maeda, J.M. Brown, Chem. Commun. (2002) 311;
(b) F.I. Knight, J.M. Brown, D. Lazzari, A. Ricci, A.J. Blacker,
Tetrahedron 53 (1997) 11411;
(c) S. Gladiali, G. Loriga, S. Medici, R. Taras, J. Mol. Catal. A 196
(2003) 27;
(d) J.M. Brown, D.I. Hulmes, T.P. Layzell, J. Chem. Soc., Chem.
Commun. (1993) 1673;
(e) A.M. Segarra, R. Guerrero, C. Claver, E. Fernández, Chem. Eur.
J. 9 (2003) 191;
(f) A. Schnyder, A. Togni, U. Wiesli, Organometallics 16 (1997) 255;
(g) R.J. Kloetzing, M. Lotz, P. Knochel, Tetrahedron: Asymmetry 14
(2003) 255;
(h) S.U. Son, H.-Y. Jang, J.W. Han, I.S. Lee, Y.K. Chung,
Tetrahedron: Asymmetry 10 (1999) 347;
(i) C. Borriello, M.E. Cucciolito, A. Panunzi, F. Ruffo, Inorg. Chim.
Acta 353 (2003) 238;
(j) M. McCarthy, M.W. Hooper, P.J. Guiry, Chem. Commun. (2000)
1333;
(k) M. McCarthy, P.J. Guiry, Polyhedron 19 (2000) 541;
(l) H. Doucet, E. Fernández, T.P. Layzell, J.M. Brown, Chem. Eur.
J. 5 (1999) 1320;
(m) F. Blume, S. Zemolka, T. Fey, R. Kranich, H.-G. Schmalz, Adv.
Synth. Catal. 344 (2002) 868;
(n) A. Korostylev, I. Gridnev, J.M. Brown, J. Organomet. Chem. 680
(2003) 329.

[14] K.R. Reddy, W.-W. Tsai, S.G.-H. Lee, S.M. Peng, J.-T. Chen, S.T.
Liu, J. Chem. Soc., Dalton Trans. (2002) 1776.

[15] (a) D.W. Allen, T. Gelbrich, M.B. Hursthouse, Inorg. Chim. Acta
318 (2001) 31;
(b) E.W. Ainscough, A.M. Brodie, A.K. Burrell, X. Fan, M.J.R.
Halstead, S.M.F. Kennedy, J.M. Waters, Polyhedron 19 (2000) 2585;
(c) G. Bandoli, A. Dolmella, L. Crociani, S. Antonetta, B. Crociani,
Trans. Met. Chem. 25 (2000) 17;
(d) J.R. Dilworth, S.D. Howe, A.J. Hutson, J.R. Miller, J. Silver,
R.M. Thompson, M. Harman, M.B. Hursthouse, J. Chem. Soc.,
Dalton Trans. (1994) 3553.

[16] (a) A.G. Orpen, L. Brammer, F.H. Allen, O. Kennard, D.G. Watson,
R. Taylor, J. Chem. Soc., Dalton Trans. (1989) S1;



D.I. McIsaac et al. / Inorganica Chimica Acta 359 (2006) 2771–2779 2779
(b) S.S. Oster, W.D. Jones, Polyhedron 23 (2004) 2959;
(c) F.A. Cotton, K.R. Dunbar, C.T. Eagle, L.R. Falvello, A.C. Price,
Inorg. Chem. 28 (1989) 1754;
(d) P. Hofmann, C. Meier, W. Hiller, M. Heckel, J. Riede, M.U.
Schmidt, J. Organomet. Chem. 490 (1995) 51.

[17] S.I. Pascu, K.S. Coleman, A.R. Cowley, M.L.H. Green, N.H. Rees,
J. Organomet. Chem. 690 (2005) 1645.

[18] (a) S. Ini, A.G. Oliver, T.D. Tilley, R.G. Berman, Organometallics
20 (2001) 3839;
(b) T.V. Rajan Babu, B. Radetich, K.K. You, T.A. Ayers, A.L.
Casalnuovo, J.C. Calabrese, J. Org. Chem. 38 (1999) 3429;
(c) B.C. Schnabel, D.M. Roddick, Inorg. Chem. 32 (1993) 1513.

[19] (a) K.T.K. Chan, L.P. Spencer, J.D. Masuda, J.S.J. McCahill, P.
Wei, D.W. Stephan, Organometallics 23 (2004) 381;
(b) D.G.H. Hetterscheid, J.M.M. Smits, B. de Bruin, Organometallics
23 (2004) 4236;
(c) J.A. Gaunt, V.C. Gibson, A. Haynes, S.K. Spitzmesser, A.J.P.
White, D.J. Williams, Organometallics 23 (2004) 1015;
(d) R. El Mail, M.A. Garralda, R. Hernández, L. Ibarlucea, E.
Pinilla, M.R. Torres, Organometallics 19 (2000) 5310;
(e) S. Nückel, P. Burger, Organometallics 20 (2001) 4345;
(f) E.L. Dias, M. Brookhart, P.S. White, Chem. Commun. (2001)
423.

[20] B. Crociani, S. Antonaroli, M.L. Di Vona, S. Licoccia, J. Organomet.
Chem. 631 (2001) 117.

[21] J.M. Burke, R.B. Coapes, A.E. Goeta, J.A.K. Howard, T.B.
Marder, E.G. Robins, S.A. Westcott, J. Organomet. Chem. 649
(2002) 199.

[22] (a) N.A. Bailey, E. Coates, G.B. Robertson, F. Bonanit, R. Ugo, J.
Chem. Soc., Chem. Commun. (1967) 1041;
(b) G.G. Aleksandrov, Yu.T. Struchikov, V.S. Khandkarova, S.P.
Gubin, J. Organomet. Chem. 25 (1970) 243;
(c) D.R. Russell, P.A. Tucker, J. Chem. Soc., Dalton Trans. (1976)
841;
(d) M.J. Chetcuti, P.A.M. Chetcuti, J.C. Jeffrey, R.M. Mills, P.
Mitrprachachon, S.J. Pickering, F.G.A. Stone, P. Woodward, J.
Chem. Soc., Dalton Trans. (1982) 699;
(e) J.G. Leipoldt, G.J. Lamprecht, G.J. Van Zyl, Inorg. Chim. Acta
96 (1985) L31;
(f) V.A. Nikanorow, V.I. Rozenberg, A.I. Yanovsky, Yu.T. Struch-
kov, O.A. Reutov, B.I. Ginsburg, V.V. Kaverin, V.P. Yur�ev, J.
Organomet. Chem. 307 (1968) 363;
(g) E.E. Nifantyev, A.T. Teleshev, T.A. Shikovets, A.R. Bekker,
A.N. Chernega, M.Yu. Antipin, Yu.T. Struchkov, J. Organomet.
Chem. 336 (1987) 237;
(h) D.W. Price, M.G.B. Drew, K.K. Hii, J.M. Brown, Chem. Eur. J.
6 (2000) 4587;
(i) M.A. Esteruelas, F.J. Lahoz, M. Martin, E. Onate, L.A. Oro,
Organometallics 16 (1997) 4572;
(j) S. Otto, A. Roodt, J.J.C. Erasmus, J.C. Swarts, Polyhedron 17
(1998) 2447;
(k) M.B. Dinger, M.J. Scott, Inorg. Chem. 40 (2001) 856;
(l) M.A. Esteruelas, F.J. Lahoz, E. Onate, L.A. Oro, L. Rodriguez,
Organometallics 15 (1996) 3436;
(m) F. Agbossou, J.-F. Carpentier, C. Hatat, N. Kokel, A. Mortreux,
P. Betz, R. Goddard, C. Kuger, Organometallics 14 (1995) 2480.

[23] (a) P. Nguyen, R.B. Coapes, A.D. Woodward, N.J. Taylor, J.M.
Burke, J.A.K. Howard, T.B. Marder, J. Organomet. Chem. 652
(2002) 77;
(b) R.T. Baker, P. Nguyen, T.B. Marder, S.A. Westcott, Angew.
Chem., Int. Ed. Engl. 34 (1995) 1336;
(c) C. Dai, E.G. Robins, A.J. Scott, W. Clegg, D.S. Yufit, J.A.K.
Howard, T.B. Marder, Chem. Commun. (1998) 1983.

[24] (a) P.J. Fennis, P.H.M. Budzelaar, J.H.G. Frijns, A.G. Orpen, J.
Organomet. Chem. 393 (1990) 287;
(b) G.E. Ball, W.R. Cullen, M.D. Fryzuk, B.R. James, S.J. Rettig,
Organometallics 10 (1990) 3767;
(c) K.J. Bradd, B.T. Heaton, C. Jacob, J.T. Sampanthar, A. Steiner,
J. Chem. Soc., Dalton Trans. (1999) 1109;
(d) H.F. Haarman, J.M. Ernsting, M. Kranenburg, H. Kooijman,
N. Veldman, A.L. Spek, P. van Leeuwen, K. Vrieze, Organometallics
16 (1997) 887;
(e) H. Nishiyama, M. Horihata, T. Hirai, S. Wakamatsu, K. Itoh,
Organometallics 10 (1991) 2706;
(f) V.V. Grushin, H. Alper, Top. Organomet. Chem. 3 (1999) 193;
(g) U.R. Aulwurm, F. Knoch, H. Kisch, Z. Naturforsch. B 51 (1996)
1555;
(h) T.S. Lobana, K. Isobe, H. Kitayama, T. Nishioka, M. Doe, I.
Kinoshita, Organometallics 23 (2004) 5347;
(i) T. Kawamoto, Inorg. Chim. Acta 300–302 (2000) 512;
(j) R. Dorta, L.J.W. Shimon, H. Rozenberg, D. Milstein, Eur. J.
Inorg. Chem. (2002) 1827;
(k) T.B. Marder, W.C. Fultz, J.C. Calabrese, R.L. Harlow, D.
Milstein, J. Chem. Soc., Chem. Commun. (1987) 1543.

[25] (a) B. Marciniec, M. Jankowska, C. Pietraszuk, Chem. Commun.
(2005) 663;
(b) J.M. Brown, G.C. Lloyd-Jones, J. Chem. Soc., Chem. Commun.
(1992) 710;
(c) S.A. Westcott, T.B. Marder, R.T. Baker, Organometallics 12
(1993) 975;
(d) J.M. Brown, G.C. Lloyd-Jones, J. Am. Chem. Soc. 116 (1994) 866;
(e) D.H. Motry, A.G. Brazil, M.R. Smith III, J. Am. Chem. Soc. 119
(1997) 2743;
(f) M. Murata, S. Watanabe, Y. Masuda, Tetrahedron Lett. 40 (1999)
2585;
(g) M. Murata, K. Kawakita, T. Asana, S. Watanabe, Y. Masuda,
Bull. Chem. Soc. Jpn. 75 (2002) 825;
(h) C. Morrill, T.W. Funk, R.H. Grubbs, Tetrahedron Lett. 45 (2004)
7733;
(i) C.M. Vogels, P.G. Hayes, M.P. Shaver, S.A. Westcott, Chem.
Commun. (2000) 51;
(j) R.B. Coapes, F.E.S. Souza, R.Ll. Thomas, J.J. Hall, T.B. Marder,
Chem. Commun. (2003) 614;
(k) P. Nguyen, R.B. Coapes, A.D. Woodward, N.J. Taylor, J.M.
Burke, J.A.K. Howard, T.B. Marder, J. Organomet. Chem. 652 (2002)
77.

[26] C.M. Crudden, Y.B. Hleba, A. Chen, J. Am. Chem. Soc. 126 (2004)
9200.


	Novel rhodium complexes containing a bulky iminophosphine ligand and their use as catalysts for the hydroboration of vinylarenes
	Introduction
	Experimental
	Preparation of [Rh( kappa 2-o-Ph2PC6H4CHN-2,6-iPr2C6H3)( mu -Cl)]2 (2)
	Preparation of [Rh(acac)( kappa 2-o-Ph2PC6H4CHN-2,6-iPr2C6H3)] (3)
	Preparation of [Rh(catBcat)( kappa 2-o-Ph2PC6H4CHN-2,6-iPr2C6H3)] (4)
	General procedure for the catalyzed hydroboration of vinylarenes
	X-ray crystallography

	Results and discussion
	Synthesis and structures
	Catalysed hydroborations

	Conclusions
	Supplementary data
	Acknowledgements
	References


