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Summary: CationicZa,b) and formally zwitterionic §a,b) Rh-

group 9 species that feature formal charge separation between

() and Ir(l) complexes supported by P,N-substituted indene or a cationic metal fragment and an associated anionic ancillary

indenide ligands (respectly) have been employed in the
selectbe hydroboration of substitutedinylarenes with pina-
colborane (HBpin, pir= 1,2-0,C,;Mey). Notably,3a,b exhibited
remarkably high, but differing, seleciiies in the hydroboration
of 1-phenylpropene.

Introduction

ligand are emerging as a complementary class of catalysts.
While the first zwitterionic Rh complexes explored in catalytic
applications involving EH and/or E-E bond activation were
those supported byS-tetraphenylborate and related ligarfds,
other classes of Rh zwitterions in which the anionic charge
carrier is a substituted carborahsulfate® or boraté fragment

have been developed and in some cases have exhibited desirable
catalytic properties. Conversely, Ir zwitterions are much less

Cationic square-planar complexes of the heavier group 9 commontoand their reactivity properties have not been explored
metals are among the most effective and widely used classesy, 5 systematic manner.

of homogeneous catalysts for the addition 6fHE and E-E

bonds (E = main-group element) to unsaturated organic
substrated.While the design and construction of new cationic
catalysts of this type continues to facilitate advancements in

metal-mediated synthesisuch discrete salts often display poor

With the goal of establishing new classes of metal complexes
that exhibit interesting and synthetically useful reactivity patterns
with substrate EH and/or E-E bonds, one of our groups has
reported previously thdta can be employed in the preparation
of cationic complexes such as,b, as well as structurally related

solubility in low-polarity media and can be rendered catalytically

inactive in strongly coordinating solvents-urthermore, the (5) Formally zwitterionic complexes are defined herein as those species

strategic design of group 9 Cati‘?nic catalysts is complicated .by lacking conventional resonance structures that place an anionic charge onto
the fact that the accompanying outer-sphere counteranionone of the donor atoms of the ancillary ligand.

influences the solubility and reactivity properties of the catdlyst.

In this context, structurally related and formally zwitterionic
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G.; Alper, H.J. Am. Chem. So2001, 123 10214. (c) Dai, C.; Robins, E.
G.; Scott, A. J.; Clegg, W.; Yufit, D. S.; Howard, J. A. K.; Marder, T. B.
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Scheme 1. Cationic and Zwitterionick?-P,N Rh(I) and Ir(l)
Complexes Derived from la

iPr,

Q Pra © H PPr, O
P. N X P. \
q \I\©/I/ — Q NMe, —> @ \3/
N/ AN 2 N/ N
H H Me; H H Mey
cationic 1a zwitterionic
2a, M=Rh, X =PFg 3a, M=Rh
2b,M =1Ir, X =PFg 3b,M=1Ir

and formally zwitterionic species, includidg,b (Scheme 1}!
Whereas2ab can be compared with other more traditional
group 9 [(COD)M(2-P,N)]™X~ salts, the zwitterions3ab
constitute an unusual class of substituted indenygtal com-
plexest?which are comprised of a formally cationic [(COD)M]
fragment counterbalanced by an uncoordinatedr¥ectron
indenide unit that is incorporated into the backbone of the
«?-P,N ancillary ligand framework. Preliminary reactivity studies
revealed the catalytic utility ca and3ain alkene hydrosilyl-
ation reactions, and &b and3b for alkene hydrogenatioH¢d

In an effort to assess further the ability of these Rh and Ir
complexes to mediate the addition of-H and E-E bonds to

Notes

differing from that of the uncatalyzed reaction, Rh and Ir
complexes have emerged as the most effective catalysts for the
addition of HBcat or HBpin to vinylarené8:1” Nevertheless,
achieving high levels of selectivity in such metal-catalyzed
hydroboration reactions can still represent a significant chal-
lenge; in addition to the typical linear and less common branched
hydroboration B-H addition products, borylated olefins and
hydrogenated products are also observed frequently in such
metal-catalyzed transformations. In the context of comparing
and contrasting the catalytic abilities of our catiorfie,p) and
formally zwitterionic @ab) group 9 catalyst complexes, we
viewed vinylarene hydroboration as representing an appealing
prototype for metal-mediated-BH bond additions in which
product selectivity can be difficult to achieVel?18

Our initial catalytic studies (room temperature, T2 mol
% catalyst) examined the hydroboration of monosubstituted
vinylarenes (4-vinylanisole and 4-fluorostyrene) with either
HBcat or HBpin, catalyzed bgab or 3ab. Catalytic reactions
were monitored by use of multinuclear magnetic resonance
techniques, which allowed for the identification of numerous
boron-containing specié§jncluding linear and branched hy-

unsaturated substrates, we turned our attention to the hydro-grohoration products and mono- and diborated species derived
boration and diboration of alkenes. Herein we I‘eport on the from dehydrogenative borylation reaction pathwh%/as well

results of this catalytic survey and related reactivity studies,
which suggest that2ab and 3ab can be viewed as a
complementary family of catalyst complexes for vinylarene

hydroboration, especially when pinacolborane is employed

(HBpin; pin = 1,2-0,C;Me,). Notably, the successful applica-

tion of 3b in this context represents the first reported hydro-
boration reaction mediated by a formally zwitterionic Ir
complex.

Results and Discussion

The addition of B-H bonds to unsaturated organic molecules

as the corresponding substituted ethylbenzene arising from the
hydrogenation of the vinylarene substrate. In turning our
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temperature$! However, the reluctance of these (RBW

reagents to add to alkenes can allow for hydroborations to be

carried out under the control of a catalyzEollowing a report
by Mannig and Noh,'® who demonstrated that Rh complexes
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Scheme 2. Metal-Catalyzed Hydroboration of Scheme 3. Metal-Catalyzed Hydroboration of
2-Phenylpropene (4) using HBpin 1-Phenylpropene (6) using HBpin
Bpin Bpin _
@\ ©)\/Bpin ©/\/ ©)\/ ©/\r8pln
o + 2mol% +
4 iarg?)l/ft 5a 5b 6 catalyst 7a b
+ > + e
o] ! ; :o .
j BN X Bpin :BH . ©/\/\Bpln
o vt = 2a. 26 + 5c o catalyst = 2a, 2b, 7c
catalyst = Za, y .
HBpin Y 3a or 3b HBpin 3a, or 3b
Table 1. Product Distribution Data for the Metal-Catalyzed presumably arises from an initial metal-mediated isomerization

Hydroboration of 2-Phenylpropene (4) and 1-Phenylpropene

(6) with Hbpin a of the double bond i® to give the corresponding-olefin (3-

phenylpropene), followed by a regioselective hydroboration step.

catalyst While the isomerization of 3-phenylpropene to 1-phenylpropene
product 2a 3a 2b 3b (6) under similar conditions is commdhthe apparent reverse
5a 0 30 0 0 rearrangement o8 to 3-phenylpropene (ultimately leading to
5b 90 70 60 >95 7¢) has not been observed previously in metal-catalyzed
5c 10 0 40 0 hydroboration reactions. In contrast to the selectivity achieved
;ﬁ gg >gg g 8b in these reactions employing HBpin, complex product mixtures
7c 0 0 >o5 >95p were generated in analogous hydroborations employing HBcat.

a Except where noted, reactions were carried out at room temperature in In addition, in evaluating the utility i?ab or 3ab in mediating
THF-dg with 2 mol % catalyst. Product distributions were determined based the dlboratloﬁ of the vinylarenes fea_tur_ed hereln l_JS_'ng either
on H NMR spectroscopic data after 72 h, at which point quantitative B2Cab or sz_mz! c_omplex product d'_St“bUt'C’nS_ arising from
consumption of the vinylarene substrate was achieved. See the Supportingcompeting diboration, dehydrogenative borylation, hydrobora-
Information for complete experimental detaitsReaction carried out in tion, and hydrogenation pathways were obtained, as has been
refluxing toluene. observed previously in reactivity studies involving some other

attention to disubstituted alkene substrates, the hydroborationCatalyst systems! _

of 2-phenylpropeneo-methylstyrene4) mediated by2a,b or Co_ntrol experiments condqcted |n.the course of the afo.r.e-
3ab was investigated under similar conditions. Reactions of Mentioned alkene hydroboration studies confirmed the stability
HBcat with 4 once again gave a complex mixture of products ©f 2ab and3ab in either THF or toluene at room temperature
arising from competing hydroboration, dehydrogenative boryla- for & minimum of 72 h. However, the remarkably similar
tion, and hydrogenation reaction pathways. However, greatly catalytic performance exhibited b and3b in the selective
enhanced selectivity was achieved when the less reactive HBpinhydroboration of 1-phenylpropené)(with HBpin at elevated

was employed (Scheme 2), with each of the catalyst complexestémperatures prompted us to investigate the extent to which these

exhibiting a preference for the linear addition prodéet(Table Ir species might access a common reactive intermediate upon
1). Whereas the cationic Rh compl&a proved to be more heating in solutllon.lln .'[hIS regard, we observed that heating of
selective than the structurally analogous zwitteri®m the the formally zwitterionic3b in THF at 60°C for 72 h resulted
opposite trend was observed in the Ir system, with the formally in the partial conversion (ca. 25%) to a single new phosphorus-
zwitterionic catalyst3b producing5b exclusively. Notably, ~ containing species8( 6(*'P) 14). Significant quantities o,
while significant quantities of the alkenyl boronate eSewere along with another as yet unidentified phosphorus-containing

generated in reactions employing the cationic catalyst complexesSPecies¢(*'P) 61), were also produced in toluene under similar
2ab, such products arising from dehydrogenative borylation condmons_. Although we have thus far been un_successful in our
were not detected in reactions mediated by their formally €fforts to isolate sufficient amounts of analytically pugeo

zwitterionic relatives3ab. In an effort to identify potential ~ allow for the comprehensive characterization of this complex,
intermediates in these metal-catalyzed hydroborations, com-in one instance we were able to obtain a minute quantity of
plexes2ab and3ab were treated separately with HBpin and
Bopiny (vide infra) and the progress of each reaction was (20) Competing isomerization reactions have been reported previously

- - in catalyzed hydroborations: (a) Morrill, T. C.; D’Souza, C. @rgano-
monitored by use of!P NMR techniques. Unfortunately, under metallics 2003 22, 1626. (b) Morrill, T. C.; D'Souza, C. A Yang, L.

all experimental conditions surveyed (1 or 10 equiv HBpin or sampognaro, A. JJ. Org. Chem.2002 67, 2481. (c) Vogels, C. M.;
Bopiny; room temperature or 6GC), complex reaction mixtures ~ O’Connor, P. E.; Phillips, T. E.; Watson, K. J.; Shaver, M. P.; Hayes, P.

; ; ; G.; Westcott, S. ACan. J. Chem2001, 79, 1898. (d) Reference 6f.
resulted, from which no pure materials could be obtained. (21) For examples of catalyzed diboration reactions, see: (a) Laitar, D.

Encouraged by the catalytic results involving 2-phenylpropene s : Tsui, E. Y.; Sadighi, J. Rl. Am. Chem. So@006 128 11036. (b)
(4), the metal-mediated hydroboration of 1-phenylpropghe ( Corbéan, R.; Raritez, J.; Poyatos, M.; Peris, E.; Féndez, E Tetrahedron:

methvistvren with HBpin w. xamin room temperatur Asymmetn2006 17, 1759. (c) Sieber, J. D.; Morken, J. .Am. Chem.
THe::%/jSt)z/e Pﬂ)/ tt | E[) adse.at d eds( ?10 ’[63 F\)/(\E/hé}i[u t?{ Soc. 2006 128 74. (d) Rarmez, J.; Segarra, A. M.; Ferndez, E.
-ds, 2 mol % catalyst), as depicted in Scheme 3. 11 e tetrahedron: Asymmetr3005 16, 1289. (e) Kabalka, G. W.; Das, B. C;

cationic Rh catalysa exhibited excellent selectivity for the  Das, STetrahedron Lett2002 43, 2323. (f) Kurahashi, T.; Hata, T.; Masai,
hydroboration produca (Table 1), the structurally related F) TKItlfgr?W%" HK-: Slhrllr_mzu, l\/lT H'{/)Ilama, Wgtghedroﬂotoi g&r]gggi
: : : : H g akanasnhni, K.; Isnlyama, 1.; Miyaura, M. Organomet. e
zwitterion 3a proved superior, gen.eratlnga exclu.swely. 625 47. (h) Yang, F. Y.. Cheng. C. H. Am. Chem. So@001 123 761,
Conversely, poor substrate conversions were achieved underj) Mann, G.; John, K. D.; Baker, R. TOrg. Lett. 200Q 2, 2105. (j)
analogous conditions employirp and3b. However, both of Ishiyama, T.; Miyaura, NJ. Organomet. Chh%rﬂ.OOQ 611, 392. (k) Mard(ei)r,
_T. B.; Norman, N. C.; Rice, C. RTetrahedron Lett1998 39, 155.

these Ir CataIy.St complexes perforrged well at elevateq temper Irvine, G. J.; Lesley, M. J. G.; Marder, T. B.; Norman, N. C.; Rice, C. R,;
atures (refluxing toluene, 2 mol % catalyst), affording the Ropins E. G.: Roper, W. R.; Whittell, G. R.; Wright, L. Ghem. Re.

terminally substituted boran&c quantitatively. Productrc 1998 98, 5137. (m) Reference 19e.
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iPI’z N
P
2bor 3b THF or toluene ‘ \Ir/
or
60°C, 72h N
H

Figure 1. Formation of8 from 2b or 3b. The ORTEP diagram
for 8 is shown with 50% displacement ellipsoids; selected hydrogen
atoms have been omitted for clarity.

pure8in crystalline form from pentane, which allowed for the
spectroscopicH and 3P NMR) and X-ray crystallographic
identification of8 as the cyclometalation product depicted in
Figure 122 The generation oB from 3b can be viewed as
proceeding by way of an initial €H activation step involving
the NMe fragment, followed by net transfer of a proton (either
intra- or intermolecular) from the formally cationic Ir center to

Notes

the Ir starting complex, along with the formation &fas the
major product. Nonetheless, all of our efforts to isolate [@ire
from such reactions have met with only limited success, and as
such we are unable to comment regarding the catalytic
competence 08. Unlike 2b and3b, both of the Rh complexes
2a and 3a exhibited excellent thermal stability under similar
experimental conditions, with no decomposition observed for
2a and <5% decomposition detected in the case3af (3P
NMR). As well, no reaction was observed upon exposure of
2aor 3ato NEt for 12 h at room temperature in THF.

Summary and Conclusions

The cationic Rh and Ir complexeza,b, as well as their
formally zwitterionic relatives3ab, have proven capable of
mediating the selective hydroboration of disubstituted vinyl-
arenes with pinacolborane (HBpin). To the best of our knowl-
edge, the successful application3tfin this context represents
the first reported hydroboration reaction mediated by a formally
zwitterionic Ir complex. Despite the structurally similar metal
coordination environments that are found in these cationic and
formally zwitterionic complexes, some notable reactivity dif-
ferences were observed both within and between the Rh and Ir
cation/zwitterion pair@a/3aand2b/3b. Particularly interesting
was the selectivity observed in the hydroboration of 1-phenyl-
propene §) with HBpin; while the branched product&) was

the indenide backbone of the ancillary ligand. We have observed favored when using one of the Rh cataly@a ¢r 3a), the linear
similar cyclometalation processes in our examination of Pt and Product {c) was formed exclusively in reactions mediated by

Ru coordination complexes of P,N-substituted indeA@s?
Whereas the cationic compl&k proved to be more thermally
robust than3b, with only 10% decomposition observed after
72 h at 60°C in THF or toluene P NMR), once agai® was
identified as one of the thermolysis products. In this c#&se,
can be viewed as arising from an initial insertion of Ir into a
C—H bond of the NMe unit in 2b, followed by net loss of
HPFs. Notably, treatment of eithe2b or 3b with NEt; for 12
h at room temperature in THF resulted in the consumption of

(22) (a) Spectroscopic data f8r H NMR (CD,Cly) ¢ 7.24 (d,3Jun =
8.0 Hz, 1H, C4-H or C7-H), 7.18 (dJun = 6.5 Hz, 1H, C7-H or C4-H),
7.02 (t,3Jun = 7.8 Hz, 1H, C5-H or C6-H), 6.76 (BJun = 7.3 Hz, 1H,
C6-H or C5-H), 4.11 (br m, 2H, COD), 3.91 (br m, 2H, COD), 3.51 (s,
2H, C1(H) or N-CHy-Ir), 3.47 (s, 2H, NCH—Ir or C1(H)), 3.18-2.98
(m, 5H, NMe and P(EMe;Mey),), 2.13-2.05 (m, 4H, COD), 1.85 (m,
2H, COD), 1.74 (m, 2H, COD), 1.27 (d of d, 6F)uy = 7.0 Hz,3Jpy =
15.0 Hz, P(CHlesMey,),), 1.14 (d of d, 6H3Jun = 7.0 Hz,3Jpn = 15.0
Hz, P(CHMeMey),); 3'P{*H} NMR (CD.Cl,) 6 13.7. (b) Selected crystal-
lographic data for8: empirical formula, GsHz/NPIr; formula weight,
574.73; crystal dimensions, 0.470.40 x 0.39; crystal system, monoclinic;
space groupP2i/n (No. 14);a = 11.0069(8) A;b = 9.2904(7) A;c =
21.893(2) A;3 = 97.828(1); V =2217.8(3) B, Z = 4; peaca= 1.721 g
cm™3; u = 6.103 mnT; 20 limit = 52.82 with =13 < h < 13,-11 <k
< 11,-27 < | = 27, total no. of data collected, 16 692; no. of independent
reflections, 4539; no. of observed reflections, 4167; absorption correction,
multiscan (SADABS); range of transmission, 0.19®11616; no. of data/
restraints/parameters, 4539/0/254; R2(> 20(F¢?)) = 0.0193; WR2 2
> 30(F?)) = 0.0505; goodness of fit, 1.037; largest peak, hole 1.193,
—0.672 e A3. Selected interatomic distances (A) & Ir—P, 2.3314(7);
Ir—C27, 2.088(3); It-*N, 3.064; I-C11, 2.168(3); I+C12, 2.156(3); I+
C15, 2.200(3); 1+C16, 2.181(3); N-C2, 1.341(4); N-C27, 1.471(4);
N—C28, 1.444(4); C+C2, 1.519(4); C2C3, 1.383(4).

either of the Ir catalysts2p or 3b). The observation that the
formally zwitterionic catalysts3ab) provided either comparable

or improved catalytic performance versus their cationic relatives
(2a,b) in this transformation provides further evidence that such
zwitterions represent an effective class of neutral catalyst
complexes for the addition of BH bonds to unsaturated
substrates, whose reactivity properties are in some cases
complementary to those of more traditional group 9 [(COD)M-
(k3-P,N)] "X~ salts.
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