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Si—H bond activation of a number of silanes via metal ligand
cooperation in a carbene complex is reported. Thereby, the
electronic flexibility of the carbene ligand allows for the
activation via a unique mechanism with oxidative addition to
an 18e species without a formal change in the number of
valence electrons.

Activation of Si—-H bonds by transition metal complexes is a
fundamental step in many stoichiometric and catalytic transforma-
tions of organosilanes.1 These include reactions of academic as well
as industrial interest, such as hydrosilylation,2 silane polymeri-
zation® or Si-C coupling reactions.” Comparable to other E-H bond
activation reactions, the activation of the Si-H bond usually
proceeds via its oxidative addition onto a metal centre resulting in
the formation of hydrido silyl complexes (Scheme 1a). This has been
studied in detail with a variety of different metal complexes.5 An
alternative, yet much less explored strategy for bond activation
reactions is the use of metal ligand cooperation. This method has
been applied for the cleavage of a series of E-E and E—H bonds and
their catalytic transformations.® However, only very few examples
have been reported for the activation of Si—H bonds. This limitation
is probably due to the fact that metal ligand cooperation often
relies on the propensity of the ligand to act as internal proton
acceptor, such as in the Noyori7 and Milstein® systems. This
reactivity however, is in contradiction to the polarity of the Si-H
bond and its hydridic character. Accordingly, cooperative Si—H bond
activation reactions proceed via desilylation and the formation of a
hydrido complex (Scheme 1b). This has for example been
demonstrated by the addition of silanes to polar M-S (M = Ru, Ir)9
and Re=0 bonds,’® which led to the application of the hydrido
complex in hydrosilylation and silylation reactions, respectively. The
reverse Si—H activation via deprotonative bond cleavage (Scheme
1c) through metal-ligand cooperation has only been observed once
by Stradiotto and coworkers by means of a zwitterionic complex.11
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As part of our research program on carbene complexes deriveu
from methandiides we have focused on the exploration of the no: -
innocent behavior of these ligands and their use in cooperative
bond activation reactions.®*® This has allowed for the activation r*
polar E-H bonds as well as the H-H bond in dihydrogen.MYet, SG .
only the activation of protic compounds, such as alcohols and
amines, has been achieved.” Due to the strong nucleophilicity of
the carbene moiety, we assumed that Si—-H cleavage would procee 1
with the reverse selectivity than observed for protic E-H bonds, i. .
formation of a hydrido complex via desilylation by the carberc
ligand. Here, we show that cooperative Si—H activation of a series .
silanes selectively occurs against the polarity of the M=C bond ar .
that this is due to the unique reaction mechanism and the unusu
non-innocent behavior of the carbene ligand.

The activation of Si-H bonds by carbene complex 1 was investigate '
by *p{"H} NMR spectroscopy (for experimental details see the E€I).
Treatment of a purple solution of 1 in toluene at room tempera ire
with an excess of phenylsilane, PhSiH;, instantaneously resultea ..
the selective formation of a single new product characterized by .
singlet at &, = 65.2 ppm (6p = 67.1 ppm for 1) and a distinct colr
change to orange.16 However, no formation of the expected hydric"
complex was observed, but selective transformation to the silV'
complex 2a, which could be isolated as orange solid in 79% yie. '
(Scheme 2). 2a is unequivocally characterized by the signal of th~
methanide hydrogen atom, which appears as doublet at §,, = 3.7 1
ppm with a coupling constant of 2JPH =9.40 Hz. The diastereotopic

J. Name., 2013, 00, 1-3 | 1



ChemE€omm

Ph
Ph—p—S b _oRsFr 2aR=H.R =P
P H-SiR,R' he A, , 2b:R=PhR=H
phod Y 5—RU 2¢:R= R'=Ph
S0 toluene, RT ~ ph_f 2d: R =Me, R' = Ph
O g ° 2e:R=R'=Et
1 2f: R=R'=OEt

Scheme 2. Cooperative Si—H activation with ruthenium carbene complex 1.

SiH, protons appear as AB system at &, = 4.39 and 4.80 ppm (Jag = 5
Hz). No signal indicating the formation of a hydrido species or any
other product was observed. The silicon resonance appears as
doublet at &5; = —0.99 ppm (3Jp5i = 7.68 Hz) in the 29Si{lH} NMR
spectrum. Thus, in total Si—H activation cleanly occurred across the
M=C double bond with transfer of the hydridic hydrogen to the
nucleophilic carbon centre.

The same reactivity was observed for a series of other secondary
and tertiary silanes with aromatic and aliphatic substituents
independent of the steric demand (Scheme 2). Even the often
employed reducing agents, Et;SiH and (EtO);SiH, underwent
selective Si—H activation to the corresponding silyl complexes 2
without formation of any by-products (see ESI). In the case of Et;SiH
the Si-H activation resulted in the formation of an equilibrium
between carbene complex 1 and silyl complex 2e. Thereby,
guantitative activation could only be observed by using an excess of
silane. Dissolving of the formed addition product 2e immediately
resulted in the re-formation of 1 and the free silane. This
reversibility was studied by VT-NMR spectroscopy, which only
showed a small temperature dependency of the equilibrium.
However, the reversibility of the Si-H activation of Et;SiH was
unambiguously confirmed via an exchange experiment. Treatment
of the silyl complex 2e with Ph,SiH, resulted in the consumption of
2e and the formation of the activation product 2b (see ESI for NMR
spectra). Only few examples of reversible, cooperative Si-H
activations have been described before.g‘10 Due to this equilibrium,
silyl complex 2e could not be obtained in pure form. However, all
other silyl complexes 2 could be isolated at room temperature as
yellow to orange solids in good to excellent yields (see ESI).

The activation products 2a, 2b and 2c were additionally
characterized by single-crystal X-ray diffraction analysis (Figure 1
and the ESI). The structures confirm the constitution of the silyl
complexes and exhibit a cis-arrangement of the hydrogen and the
silyl moiety relative to the former M=C bond. In solid as well as in
solution only these cis-isomers were found. This diastereoselectivity
suggests that the addition reaction selectively proceeds in a cis-
manner. Upon Si—-H addition the M—C bond elongates from 1.965(2)
A'in the carbene complex 1 to 2.194(2) A in 2a and 2.210(2) A in 2c.
This is in line with a change from a M=C double to a M-C single
bond. The Ru-Si bonds are in the range of known ruthenium silyl
complexes.17

The reactivity of carbene complex 1 towards silanes is remarkable,
above all the observed selectivity, which clearly disagrees with the
strong nucleophilicity of the carbene moiety and the polarity of the
Si-H bond. Thus, DFT calculations were performed to provide
further insight into the reaction mechanism (see the ESI for details).
Optimizations were conducted on a methyl substituted model
system of 1 with PhSiH; and Me;SiH (Figure 2). For both silanes, the
reaction was found to be exergonic. Thereby, the energy gain is
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higher for PhSiH; (AG = -93 ki-mol™) than for Me;SiH (AG = -
ki-mol™), thus being in line with the reversibility observed for Et;Si .
in experiment.'® The hypothetic hydrido complexes turned out 1
be considerably less stable than the silyl complexes. Interestir ;I
no concerted reaction mechanism via simple 1,2-addition of tf.»
Si—H bond across the M=C bond was found to be operative. Instead.
Si—H activation proceeds via two reaction steps: (i) oxidati\ 2
addition of the Si-H bond onto the ruthenium centre followed by
(ii) hydrogen transfer to the ligand. This is in contrast to O-H ar 1
H-H activation reactions with complex 1, which both proceed via
1,2-addition reactions.™ However, for the Si—-H activation reactions
no transition state for such a concerted 1,2-addition of the Si-..
bond across the M=C bond to form the silyl complexes 2 could k .
located. All optimizations resulted in the oxidative addition of tt
Si—H bond to the ruthenium centre. This addition showed a barrie
of only 79 and 85 ki-mol™, respectively, which corroborates wit
the fast reaction process observed in experiment. It is notewor™
that the intermediate hydrido silyl complex (Intl) is higher n
energy than the carbene complex 1. Yet, the final hydrogen tran
from ruthenium to carbon requires almost no energy. This low
activation barrier suggests that the hydrogen transfer proce--'-
smoothly and presumably faster than any conformational chang =
in Intl. This might be the reason for the observed diastereo-
selectivity of the activation reaction.

Figure 1. Molecular structures of the activation products (left) 2c and (right) 2a. All
hydrogen atoms except for the H atoms at C1 and Si have been omitted for clarity.
Displacement ellipsoids drawn at the 50% probability level. For the molecular structure
of 2b see the SI. Selected bond lengths [A] and angles [°]: 2a: Ru-C1 2.194(2), Ru-Si
2.4168(7), Ru-S1 2.445(1), S1-P 2.0091(8), S2-01 1.4417(17), S2—-02 1.4478(17), S2— .
1.750(2), P-C1 1.788(2), C1-Ru-Si 86.89(6), C1-Ru—S1 75.3(1), S2—C1-P 125.73(13),
$2-C1-Ru 121.64(12), P-C1-Ru 90.9(1). 2¢: Ru—-C1 2.2101(15), Ru-Si 2.3547(5), Ru-S1
2.4237(4), S1-P 2.006(1), P1-C1 1.8006(16), C1-52 1.762(2), 01-S2 1.440(1), $2-02
1.439(1), C1-Ru-Si 84.70(4), C1-Ru-S1 79.34(4).

Overall, the cooperative Si-H activation results from an oxidativ

addition of the Si-H bond to the metal centre and the H transfer t

the ligand. Thus, the selective transfer of the hydridic hydrogen ¢ *
the silane to the nucleophilc carbon atom of the carbene ligend
originates from the higher migration ability of hydrogen comp: ‘ed
to the silyl group. Accordingly, silyl transfer to the ligand (from Inv.,
showed a higher activation barrier (AGi = 84 ki-mol™* for MesSit .
The same holds true for the concerted 1,2-addition of the Si-’

bond across the M=C bond (AG1F =100 kJ-mol™ for MesSiH) to yie!
the hypothetical hydrido complex. The facile and high-yielding Si-+*
activation with complex 1 is remarkable and can be attributed 1

the unique metal carbon interaction in methandiide based carben-
alkylidene complexes, the .-
substituents in 1 allow for an efficient delocalization of the m-

In

complexes. Contrary to “classica

This journal is © The Royal Society of Chemistry 20xx
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electron density either to the metal or into the ligand backbone.
This results in an extremely flexible metal carbon interaction and its
adjustment to the electronic situation at the metal.” Table 1 shows
the Wiberg bond indices (WBI) and the NBO charges in the complex
during the activation process, which reflect the flexible bonding
situation. While the WBI of the Ru-Si bond continuously increases
during the silyl complex formation, the index of the Ru-C bond
decreases, thus being well in line with the change from the M=C
double to the M-C single bond. This is connected with an increase
of the negative charge at carbon, which is stabilized by the positive
charges of the thiosphosphinoyl and sulfonyl moiety (see Sl).
According to the calculations, the metal carbon double character is
already lost as a result of the interaction of the Si—-H bond with the
ruthenium centre (TS1). It is interesting to note, that the “free”
coordination site at the metal for oxidative addition is solely
generated by the flexibility of the M-C bond. The Ru-S bond
remains intact during the whole activation process (c.f. WBIg,_s).
This suggests, that the ligand does not only serve as proton
acceptor. Instead, its electronic flexibility also enables the shuttling
of electrons to the metal and back. This flexibility allows for the
oxidative addition of the Si-H bond to the 18e species 1, while

Chem€omm

keeping the 18 valence electrons of the metal (c.f. 1 and Int1).
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Figure 2. Calculated mechanism and reaction profile for the Si—H
and Me;SiH with a methyl substituted model system of complex
311+G(d,p)/LANL2TZ(f)].

Table 1. Wiberg bond indices and NBO charges of the complex 1
activation.

>
activation of PhSiH;
1 [M062X//6-

during Si—H bond

1 TS1 Intl TS2 Pro
WBIg, ¢ 1.26 0.77 0.78 0.70 0.58
WBlg,si - 0.23 0.55 0.57 0.71
WBlgey - 0.34 0.55 0.44 0.02
WBIlg,s 0.59 0.74 0.76 0.76 0.65
Jc -0.93 -1.13 -1.08 -1.11 -1.00
ORu —-0.19 —-0.55 —0.83 -0.87 -0.80
Js -0.39 -0.33 -0.22 -0.24 -0.29
OH -0.15 -0.02 0.22 0.29 0.27

This journal is © The Royal Society of Chemistry 20xx

The ease of the Si-H activation by carbene complex 1 and u :
observed reversibility led us to explore a possible transfer of tr .
activated silane to organic substrates. Due to its importance |

academia as well as industry we chose the hydrosilylation as “r -
test reaction. Treatment of a toluene solution of the Ph,Sil .
activation product 2b with norbornene at 60 °C resulted in the
consumption of the complex (as evidenced by p NNV
spectroscopy). GC/MS analysis of the product mixture showed the
formation of the hydrosilylation product (see ESI), yet only in sm¢ |
quantities due to the preferred ring-opening metathesis
polymerization of the alkene.”® Thus, all attempts to establisn
catalytic hydrosilylation based on complex 1 failed so far. It s
interesting to note, that Grubbs-type ruthenium complexes we' .
found to be active in hydrosilylation reactions.”’ Recent studi
however, led to the conclusion that the initial stage of the catalyt’
cycle involves direct o-bond metathesis between the silane Si-
bond and the Ru—Cl bond of the catalyst and no Si-H addi*

across the Ru=C bond. The alkylidene ligand was thus proposed tu
solely act as spectator Iigand.22 Despite the fact that methanc ~-
derived carbene complexes are electronically different from
prototypical alkylidene ligands, also for these complexe- -
mechanism via ligand assisted Si—H activation at the metal (Figu. »
2) might be operative.

In conclusion, we reported the efficient Si—H activation of a numb r
of silanes via metal ligand cooperation in a methandiide based
carbene complex. The activation proceeds selectively via transfer cr
the hydridic hydrogen to the nucleophilic carbon atom of tt :
carbene ligand. DFT calculations show that the activation does nc.
proceed via a concerted 1,2-addition across the M=C bond, but in .
step-wise fashion via oxidative addition to the metal centre an.
hydrogen transfer to the carbene ligand. Thereby, the ligar .
enables the activation by its electronic flexibility as well as i
function as Brgnsted base. These properties allow for the oxidativ .
addition of the Si—H bond to the metal centre, while keeping its 1.
valence electrons.

Notes and references

1 (a) T. D. Tilley, In The Chemistry of Organic Silicon
Compounds; S. Patai, Z. Rappoport, Eds.; Wiley: New York,
1989; Chapter 24, p 1415. (b) I. Ojima, In The Chemistry of
Organic Silicon Compounds; S. Patai, Z. Rappoport, Eds.;
Wiley: New York, 1989; Chapter 24, p 1479. (c) T. D. Tilley,
Comments Inorg. Chem. 1990, 10, 37. (d) T. D. Tilley, In The
Silicon-Heteroatom Bond; S. Patai, Z. Rappoport, Eds.; Wiley:
New York, 1991; Chapters 9 and 10, pp 245-309. (e) J. Y.
Corey and J. Braddock-Wilking, Chem. Rev. 1999, 99, 175.

2 Forrecent reviews on hydrosilylation, see: (a) H. Brunner,

Angew. Chem., Int. Ed. 2004, 43, 2749. (b) B. M. Trost ana 7.
T. Ball, Synthesis 2005, 853. (c) N. D. Smith, J. Mancuso and
M. Lautens, Chem. Rev. 2000, 100, 3257. (d) D. Troegel and *
Stohrer, Coord. Chem. Rev. 2011, 255, 1440. (e) Y. Nikajima
and S. Shimada, RSC Advances 2015, 5, 20603.

3 (a) M. A. Brook, Silicon in Organic, Organometallic, and

Polymer Chemistry; Wiley: New York, 2000. (b) C. T. Aitken, .
F. Harrod and E. Samuel, J. Am. Chem. Soc. 1986, 108, 4059.
(c) T. D. Tilley, Acc. Chem. Res. 1993, 26, 22. (d) F.-G.
Fontaine and D. Zargarian, J. Am. Chem. Soc. 2004, 126,
8786, and references therein.

J. Name., 2013, 00, 1-3 | 3



ChemComm

For examples: (a) M. Murata, M. Ishikura, M. Nagata, S.
Watanabe and Y. Masuda, Org. Lett. 2002, 4, 1843. (b) Y.
Yamanoi, J. Org. Chem. 2005, 70, 9607.

For examples, see: (a) R. Goikhman, M. Aizenberg, Y. Ben-

David, L. J. W. Shimon and D. Milstein, Organometallics

2002, 21, 5060. (b) T. Zell, T. Schaub, K. Radacki, U. Radius,

Dalton Trans., 2011, 40, 1852. (c) D. Karshtedt, A. T. Bell, and

T. D. Tilley, Organometallics 2006, 25, 4471. (d) B. Procacci,

Y. Jiao, M. E. Evans, W. D. Jones, R. N. Perutz and A.

Whitwood, J. Am. Chem. Soc. 2015, 137, 1258.

For reviews, see: (a) V. K. K. Praneeth, M. R. Ringenberg and

T. R. Ward, Angew. Chem. Int Ed. 2012, 51, 10228. (b) O. R.

Luca and R. H. Crabtree, Chem. Soc. Rev. 2013, 42, 1440. (c)

H. Grutzmacher, Angew. Chem. Int. Ed. 2008, 47, 1814. (d) J.

I. van der Vlugt and J. N. H. Reek, Angew. Chem. Int. Ed.

2009, 48, 8832. (e) S. Schneider, J. Meiners and B. Askevold,

Chem. Eur. J. 2012, 412. (f) V. Lyaskovskyy and B. de Bruin,

ACS Catal. 2012, 2, 270.

7 (a) S. Hashiguchi, A. Fuji, J. Takehara, T. Ikariya, R. Noyori, J.

Am. Chem. Soc. 1995, 117, 7562. (b) ) T. Ohkuma, N. Utsumi,

K. Tsutsumi, K. Murata, C. Sandoval, R Noyori, J. Am. Chem.

Soc. 2006, 128, 8724.

(a) S. W. Kohl, L. Weiner, L. Schwartsburd, L. Konstantinovski,

L.J. W. Shimon, Y. Ben-David, M. A. Iron and D. Milstein,

Science 2009, 324, 74. b) R. Langer, Y. Diskin-Posner, G.

Leitus, L. J. W. Shimon, Y. Ben-David and D. Milstein, Angew.

Chem. Int. Ed. 2011, 50, 9948; c) R. Langer, G. Leitus, Y. Ben-

David and D. Milstein, Angew. Chem. Int. Ed. 2011, 50, 2120;

c) C. Gunanathan and D. Milstein, Acc. Chem. Res. 2011, 44,

588.

o (a) H. F. T. Klare, M. Qestreich, J. Ito, H. Nishiyama, Y. Ohki
and K. Tatsumi, J. Am. Chem. Soc. 2011, 133, 3312. (b) K. D.
Hesp, R. McDonald, M. J. Ferguson, and M. Stradiotto, J. Am.
Chem. Soc. 2008, 130, 16394.

10 (a) Nolin, K. A.; Krumper, J. R.; Pluth, M. D.; Bergman, R. G.;

Toste, F. D. J. Am. Chem. Soc. 2007, 129, 14684. (b) Kennedy-

Smith, J. J.; Nolin, K. A.; Gunterman, H. P.; Toste, F. D. J. Am.

Chem. Soc. 2003, 125, 4056. (c) Royo, B.; Romao, C. C. J. Mol.

Catal. A: Chem. 2005, 236, 107. (d) Reis, P. M.; Romao, C. C.;

Royo, B. Dalton Trans. 2006, 1842. (e) Ison, E. A.; Cessarich, J.

E.; Du, G. D.; Fanwick, P. E.; Abu-Omar, M. M. Inorg. Chem.

2006, 45, 2385.
1 (a) M. A. Rankin, G. Schatte, R. McDonald and M. Stradiotto,
J. Am. Chem. Soc. 2007, 129, 6390. (b) M. A. Rankin, R.
McDonald, M. J. Ferguson and M. Stradiotto, Angew. Chem.,
Int. Ed. 2005, 44, 3603. (c) M. A. Rankin, D. F. MacLean, R.
McDonald, M. J. Ferguson, M. D. Lumsden and M. Stradiotto,
M. Organometallics 2009, 28, 74.
For a recent review on methandiide based carbene
complexes, see: V. H. Gessner, J. Becker, K.-S. Feichtner, J.
Eur. J. Inorg. Chem. 2015, 1841.
13 (a) 0. J. Cooper, D. P. Mills, J. McMaster, F. Moro, E. S.
Davies, W. Lewis, A. J. Blake and S. T. Liddle, Angew. Chem.
Int. Ed. 2011, 50, 2383. (b) R. G. Cavell, R. P. K. Babu, A.
Kasani and R. McDonald, J. Am. Chem. Soc. 1999, 121, 5805.
(c) G. Lin, N. D. Jones, R. A. Gossage, R. McDonald and R. G.
Cavell, Angew. Chem. Int. Ed. 2003, 42, 4054. (d) T. Cantat, T.
Arliguie, A. Noél, P. Thuéry, M. Ephritikhine, P. Le Floch and
N. Mézailles, J. Am. Chem. Soc. 2009, 131, 963. (e) D. P. Mills,
0. J. Cooper, F. Tuna, E. J. L. MclInnes, E. S. Davies, J.
McMaster, F. Moro, W. Lewis, A. J. Blake and S. T. Liddle, J.
Am. Chem. Soc. 2012, 134, 10047. (f) T. Cantat, N. Mézailles,
L. Ricard, Y. Jean and P. Le Floch, Angew. Int. Ed. 2004, 43,
6382. (g) P. Cui, C. C. Comanescu and V. M. lluc, Chem.
Commun. 2015, 6206.
For examples, see: (a) D. P. Mills, L. Soutar, W. Lewis, A. J.
Blake and S. T. Liddle, J. Am. Chem. Soc. 2010, 132, 14379.

4| J. Name., 2012, 00, 1-3

20

21

22

Page 4 of 4

(b) O. J. Cooper, D. P. Mills, W. Lewis, A. J. Blake and S. T.
Liddle, Dalton Trans. 2014, 43, 14275. (c) H. Heuclin, X. F. Le
Goff, N. Mézailles, Chem. Eur. J. 2012, 18, 16136. (d) D. P.
Mills, W. Lewis, A. J. Blake and S. T. Liddle, Organometallics
2013, 32, 1239. (e) R. G. Cavell, R. P. Kamalesh Babu and K.
Aparna, J. Organomet. Chem. 2001, 617-618, 158. (f) J.
Becker and V. H. Gessner, Organometallics 2014, 33, 1310.
(g) J. Becker, T. Modl and V. H. Gessner, Chem. Eur. J. 2014,
20, 11295. (h) J.-Y. Guo, Y.-C. Chan, Y. Li, R. Ganguly and C.-
W. So Organometallics 2015, 34, 1238.

(a) D. V. Gutsulyak, W. E. Piers, J. Borau-Garcia and M.
Parvez, J. Am. Chem. Soc. 2013, 135, 11776. (b) R. J. Burford,
W. E. Piers and M. Parvez, Organometallics, 2012, 31, 2949.
(c) L. E. Doyle, W. E. Piers and J. Borau-Garcia, J. Am. Chem.
Soc. 2015, 137, 2187. (d) C. C. Comanescu and V. M. lluc,
Organometallics 2014, 33, 6059.

P. Schroter and V. H. Gessner, Chem. Eur. J. 2012, 18, 11223
For examples, see: (a) V. K. Dioumaev, B. R. Yoo, L. J.
Procopio, P. J. Carroll and D. H. Berr, J. Am. Chem. Soc. 20"~
125, 8936. (b) M. V. Campian, R. N. Perutz, B. Procacci, R. J.
Thatcher, O. Torres and A. C. Whitwood, J. Am. Chem. Soc
2012, 134, 3480. (c) D. A. Strauss, C. Zhang, G. E. Quimbita, >.
D. Grumbine, R. H. Heyn, T. D. Tilley, A. L. Rheingold, and S. J.
Geib, J. Am. Chem. Soc. 1990, 112, 2673. (d) Strauss, D. A,
Tilley, T. D.; Rheingold, A. L.; Geib, S. J. J. Am. Chem. Soc.
1987, 109, 5872.

Using a phenyl substituted model system leads to a smaller
preference of the silyl complex over the starting carbene
complex and to overall smaller reaction barriers.

V. H. Gessner, F. Meier, D. Uhrich and M. Kaupp, Chem. Eur.
J. 2013, 19, 16729.

The reformed carbene complex turned out to be a highly
efficient catalyst in the ROMP of norbornene. This
polymerization is preferred over the hydrosilylation of the
alkene, thus preventing a stoichiometric transformation. In
the case of active alkenes, no hydrosilylation was observed.
(a) C. Menozzi, P. I. Dalko and I. Cossy, J. Org. Chem. 2005,
70, 10717. (b) C. S. Aricé and L. R. Cox, Org. Biomol. Chem.
2004, 2, 2558. (c) S. V. Maifeld, R. L. Miller and D. Lee,
Tetrahedron Lett. 2002, 43, 6363.

A. Bokka, Y. Hua, A. S. Berlin and J. Jeon, ACS Catalysis 20?7~
5,3189.

This journal is © The Royal Society of Chemistry 20xx



