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B-hydride elimination is a process commonly encountered for
alkyl metal complexes.'l In contrast, a-hydride elimination,
which generates a metal-hydrido—carbene complex, is far less
common.”) Both processes require the availability of an
empty orbital on the metal.’™! Recently, Koppel, Hashmi,
and co-workers studied, experimentally and computationally,
the thermally induced B-H elimination reactions of d'°
gold(I)-alkyl complexes A (Scheme 1).1! They concluded
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Scheme 1. Unfavored 3-hydride elimination from a gold(l) alkyl com-
plex.!

that such a process, leading to a gold(I)-hydride complex and
free alkene, is precluded by the high energy of the three-
coordinate gold(I)-alkene-hydride complex B, which is due
to the filled d-shell of gold(I). On the other hand, B- and a-
hydride abstractions from alkyl metal complexes, yielding
metal-alkene and metal-carbene complexes, respectively, are
processes that have been well-developed.”) However, none of
these reactions are known with gold complexes. To provide
more insights into these elimination or abstraction processes,
we decided to probe the hydricity of the - and a-hydrogen
atoms of gold(T) alkyl complexes. Herein we show that both
reactions, leading to gold(I)-alkene and gold(I)-carbene
complexes, are feasible.

To favor the abstraction of a hydride from gold(I) alkyl
complexes, we chose a very electron-donating ancillary
ligand, namely a cyclic (alkyl)(amino)carbene (CAAC).F1
CAAC gold(I)-n-butyl complex 2 was prepared in high yield
(97 %) from the CAAC gold(I) chloride 1 by simple ligand
exchange with n-butyllithium (Scheme 2). In the "“C{'H}
NMR spectrum of complex 2, the carbene peak shifted
drastically downfield (2: 266.8, 1: 237.2 ppm), clearly indicat-
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Scheme 2. Synthesis of gold(l) n-butyl complex 2 and hydride elimina-
tion. Dipp =2,6-diisopropylphenyl.

ing the exchange of the chloride by a more electropositive
substituent. The structure of 2 was confirmed by a single-
crystal X-ray diffraction study.')

Reaction of 2 with triphenylcarbenium tetrafluoroborate
in CH,Cl, proceeded quickly as indicated by the fast
decoloration of the reaction mixture. The "H NMR spectrum
shows the quantitative formation of triphenylmethane, and
three new multiplets at 4.8, 5.0, and 6.2 ppm that indicate the
presence of a coordinated alkene (Figure 1, top). The “*C{'H}
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Figure 1. Expansion of the '"H NMR (500 MHz) spectra of complexes
3,5, and 8. *=Ph,CH; = CH,Cl,; + =CHDCl,.

spectrum shows two carbene signals at 243.3 and 243.4 ppm.
These data are consistent with the formation of two diaste-
reomers of gold(I)-alkene complex 3 (owing to the presence
of the chiral menthyl group of the CAAC ligand).

This result confirms that hydride abstraction is feasible
from a gold(I) alkyl complex A. However, two possible
mechanistic pathways can be envisioned: the typically
encountered B-hydride abstraction, or an a-hydride abstrac-
tion yielding the cationic bis(carbene) gold(I) complex D,
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which subsequently rearranges to the gold(I)-alkene complex
C via 1,2-hydride shift (Scheme 3).

To differentiate between these two pathways, we turned
our attention to the gold(I) tert-butyl complex 4 and gold(I)
neopentyl complex 6, which possess no hydrogen atoms that
can undergo o- and P-hydride abstraction, respectively
(Scheme 4).
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Scheme 3. Two possible mechanistic pathways towards the formation
of gold(l)—alkene complexes.
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Scheme 4. (-hydride and a-hydride abstraction from gold(l) alkyl
complexes 4 and 6, respectively.

Reaction of 4 with triphenylcarbenium tetrafluoroborate
or trityl tetrakis(perfluoro-tert-butoxy)aluminate occurred
instantaneously, and the gold(I)-alkene complex 5 was
isolated in 92 % yield. Two singlets at 4.58 and 4.60 ppm for
the diastereotopic C=CH, protons were detected in the
"H NMR spectrum (Figure 1, center). In the “C{'H} NMR
spectrum, the carbene peak shifted upfield to 242.0 ppm and
two resonances were detected at 89.5 and 155.8 ppm for the
CH, and quaternary carbon for the alkene, respectively.
Single crystals were obtained by vapor diffusion of pentane
into a saturated fluorobenzene solution of §, and the X-ray
diffraction study confirmed the n*-coordination of the alkene
to the cationic gold(I) center (Figure 2, left).

Comparing the structural data for § to those of analogous
N-heterocyclic carbene (NHC)!"! or tri-tert-butylphosphane
gold(I)-isobutene complexes,'*! it appears that although the
Aul—C2 and Aul—C3 bond distances are similar, the C2—C3
bond length of 5 is significantly lengthened (Table 1). This is
most likely due to the enhanced backbonding from the gold
center, which is enriched by the stronger electron donating
properties of the CAAC ligand versus NHCs or phos-
phanes.™]
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Figure 2. Structure of 5-[tetrakis (perfluorotertbutoxy)aluminate] (left)
and 10-[tetrafluoroborate] (right) in the solid state. Hydrogen atoms
and counterions have been omitted for clarity.

Table 1: Selected bond lengths [A] for gold(l)-isobutene complexes.

Complex Aul—C2 Aul—C3 Cc2—C3
[(tBusP)Au(isobutene)] 2.224 2.350 1.349
[(IPr)Au (isobutene)]? 2.199 2.285 1.331
5 2.202 2.359 1.383

[a] IPr=1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene.

Reaction of the gold(I)-neo-pentyl complex 6 with
triphenylcarbenium tetrafluoroborate was drastically slower
than in the case of 4, with full conversion of the starting
material only observed after 6 h. In the '"H NMR spectrum,
quantitative formation of triphenylmethane was detected, as
well as a broad quartet at 5.34 ppm (/=6.0 Hz) (Figure 1,
bottom). In the *C{'"H} NMR spectrum, two carbene peaks
appeared at 241.6 and 241.8 ppm, and two very close new CH
signals were detected at 107.2 ppm. These data indicate the
formation of the two diastereomeric gold(I)—(2-methylbut-2-
ene) complexes 8 (Scheme 4).

The latter result strongly suggest that a-hydride abstrac-
tion is possible on a gold(I) alkyl complex. Monitoring the
reaction by 'H and “C{'H} NMR spectroscopy did not allow
for the observation of the bis(carbene) intermediate 7,
indicating that the a-elimination process is the rate-determin-
ing step of the reaction, with the 1,2-methyl shift occurring
rapidly.

To confirm the formation of a carbene by a-hydride
abstraction, we prepared the gold(I) dithianyl complex 9, in
which the ensuing carbene center would benefit from the
well-known stabilizing effect of heteroatoms, featuring a lone
pair of electrons.'!! Complex 9 cleanly reacted with triphe-
nylcarbenium tetrafluoroborate, yielding the expected cat-
ionic bis(carbene) gold(I) complex 10 (Scheme 5). Quantita-
tive formation of triphenylmethane, concomitant with the
disappearance of the SSC-H signal, was observed by 'H NMR
spectroscopy. In the “C{'H} NMR spectrum, two carbene
peaks were detected at 248.0 and 268.0 ppm for the CAAC
and dithianylidene, respectively. The chemical shift of the
CAAC is in line with the previously reported cationic
bis(CAAC) gold(I) complexes (249-252 ppm),’”! and the
downfield shift for the dithianylidene™ is consistent with its
very electrophilic nature. The structure of the bis(carbene)
complex was confirmed by a single crystal X-ray diffraction
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Scheme 5. Synthesis of a stable cationic bis(carbene) gold(l) complex
10 by a-hydride abstraction.

study; however the quality of the crystals does not allow for
discussing the geometric parameters (Figure 2, right).

These results demonstrate that while (3-H-elimination is
not feasible, both - and a-hydrogen atoms of gold(T) alkyl
complexes are hydridic enough to be abstracted, with the
former process being easier. The a-hydride abstraction is
a novel route to prepare gold—carbene complexes. The scope
of this process is under active investigation.

Experimental Section

General procedure for hydride abstraction reactions: The gold(I)
alkyl complex and triphenylcarbenium tetrafluoroborate (1 equiv)
were loaded into a Schlenk tube. Dry dichloromethane was added,
and the reaction was stirred until the bright yellow color disappeared.
The solvent was removed under vacuum and the residue was washed
with benzene and then pentane to remove the triphenylmethane
produced during the reaction. The resulting white solid was dried
under vacuum. See the Supporting Information for the full character-
ization of all of the compounds.

Received: July 26, 2013
Revised: August 20, 2013
Published online: September 11, 2013

Keywords: alkenes - carbenes - elimination reactions - gold -
hydrides

[1] a) R.J. Cross, P.S. Braterman, Chem. Soc. Rev. 1973, 2, 271,
b) G. Wilkinson, Science 1974, 185, 109; c) P. J. Davidson, M. F.
Lappert, R. Pearce, Chem. Rev. 1976, 76,219; d) F. Zaera, Chem.
Rev. 1995, 95, 2651.

For examples, see: a) D.-H. Lee, J. Chen, J. W. Faller, R. H.
Crabtree, Chem. Commun. 2001, 213; b) E. Carmona, M.
Paneque, M. L. Poveda, Dalton Trans. 2003, 4022; c) M. A.
Rankin, R. McDonald, M. J. Ferguson, M. Stradiotto, Organo-
metallics 2005, 24, 4981; d) V. F. Kuznetsov, K. Abdur-Rashid,
A.J. Lough, D. G. Gusev, J. Am. Chem. Soc. 2006, 128, 14388.
[3] a) G. M. Whitesides, E. R. Stedronsky, C. P. Casey, J. San Filip-
po,Jr., J. Am. Chem. Soc. 1970, 92, 1426; b) A. Yamamoto, J.
Organomet. Chem. 1995, 500, 337; ¢) J. J. Eisch, A. A. Adeosun,
S. Dutta, P. O. Fregene, Eur. J. Org. Chem. 2005, 2657.

For recent examples with early transition metals, see: a) T.
Agrawal, S. P. Cook, Org. Lett. 2013, 15, 96; b) J. A. Suttil, D. S.
McGuinness, Organometallics 2012, 31, 7004; c) K. Yan, A.
Ellern, A. D. Sadow, J. Am. Chem. Soc. 2012, 134,9154; d) E. A.
Jacobs, A. Fuller, S.J. Coles, G. A. Jones, G.J. Tizzard, J. A.
Wright, S.J. Lancaster, Chem. Eur. J. 2012, 18, 8647; ¢) P.
Bellham, M.S. Hill, D.J. Liptrot, D.J. MacDougall, M. F.
Mahon, Chem. Commun. 2011, 47, 9060.

2

—_—

(4

_

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[5] For recent examples with late transition metals, see: a) L.
Huang, J. Qi, X. Wu, K. Huang, H. Jiang, Org. Lett. 2013, 15,
2330; b) Z. Chen, B. Lu, Z. Ding, K. Gao, N. Yoshikai, Org. Lett.
2013, 15, 1966; c) D. Jing, T.J. Schmeier, P. G. Williard, N.
Hazari, W. H. Bernskoeffer, Organometallics 2013, 32, 2152;
d) I. T. Crouch, R. K. Neff, D. E. Frantz, J. Am. Chem. Soc. 2013,
135, 4970; e) A. Béthegnies, J.-C. Daran, R. Poli, Organometal-
lics 2013, 32, 673; f) B. Nelson, S. Herres-Pawlis, W. Hiller, H.
Preut, C. Strohmann, M. Hiersemann, J. Org. Chem. 2012, 77,
4980; g) K. Takahashi, M. Yamashita, Y. Tanaka, K. Nozaki,
Angew. Chem. 2012, 124, 4459; Angew. Chem. Int. Ed. 2012, 51,
4383.

G. Klatt, R. Xu, M. Pernpointner, L. Molinari, T. Q. Hung, F.

Rominger, A. S. K. Hashmi, H. Koppel, Chem. Eur. J. 2013, 19,

3954,

See for examples: a) W. A. Kiel, G.-Y. Lin, G. S. Bodner, J. A.

Gladysz, J. Am. Chem. Soc. 1983, 105, 4958; b) W. A. Schenk, T.

Stur, E. Dombrowski, Inorg. Chem. 1992, 31, 723; c¢) W.R.

Cantrell, Jr., G. B. Richter-Addo, J. A. Gladysz, J. Organomet.

Chem. 1994, 472, 195; d) T. B. Gunnoe, M. Surgan, P. S. White,

J. L. Templeton, L. Casarrubios, Organometallics 1997, 16, 4865;

e) D. M. Heinekey, C. E. Radzewich, Organometallics 1998, 17,

51; f) J. Le Bras, H. Jiao, W. E. Meyer, F. Hampel, J. A. Gladysz,

J. Organomet. Chem. 2000, 616, 54.

For the synthesis of CAACs, see: a) V. Lavallo, Y. Canac, C.

Prasang, B. Donnadieu, G. Bertrand, Angew. Chem. 2005, 117,

5851; Angew. Chem. Int. Ed. 2005, 44, 5705; b) R. Jazzar, R. D.

Dewhurst, J.-B. Bourg, B. Donnadieu, Y. Canac, G. Bertrand,

Angew. Chem. 2007, 119, 2957; Angew. Chem. Int. Ed. 2007, 46,

2899.

[9] For reviews on CAACs, see: a) D. Martin, M. Melaimi, M.
Soleilhavoup, G. Bertrand, Organometallics 2011, 30, 5304;
b) M. Melaimi, M. Soleilhavoup, G. Bertrand, Angew. Chem.
2010, 122, 8992; Angew. Chem. Int. Ed. 2010, 49, 8810.

[10] For (CAAC)gold complexes in catalysis, see: a) V. Lavallo, G. D.
Frey, S. Kousar, B. Donnadieu, G. Bertrand, Proc. Natl. Acad.
Sci. USA 2007, 104, 13569; b) V. Lavallo, G.D. Frey, B.
Donnadieu, M. Soleilhavoup, G. Bertrand, Angew. Chem.
2008, 120, 5302; Angew. Chem. Int. Ed. 2008, 47, 5224; c) X.
Zeng, G. D. Frey, R. Kinjo, B. Donnadieu, G. Bertrand, J. Am.
Chem. Soc. 2009, 131, 8690; d) X. Zeng, G. D. Frey, S. Kousar, G.
Bertrand, Chem. Eur. J. 2009, 15, 3056; e) X. Zeng, M.
Soleilhavoup, G. Bertrand, Org. Lett. 2009, 11, 3166; f) X.
Zeng, R. Kinjo, B. Donnadieu, G. Bertrand, Angew. Chem. 2010,
122, 954; Angew. Chem. Int. Ed. 2010, 49, 942; ¢) R. Kinjo, B.
Donnadieu, G. Bertrand, Angew. Chem. 2011, 123, 5674; Angew.
Chem. Int. Ed. 2011, 50, 5560. For related abnormal saturated
NHCs, see: R. Manzano, F. Rominger, A. S. K. Hashmi, Organo-
metallics 2013, 32, 2199.

[11] CCDC 949553 (2) and 949554 (5) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

[12] For the isolation of gold intermediates, see: a) A. S. K. Hashmi,
Gold Bull. 2009, 42, 275; b) A. S. K. Hashmi, Angew. Chem.
2010, 7122,5360; Angew. Chem. Int. Ed. 2010, 49, 5232;c) A. S. K.
Hashmi, T. Dondeti Ramammurthi, F. Rominger, Adv. Synth.
Catal. 2010, 352, 971; d) J. Xiao, X. Li, Angew. Chem. 2011, 123,
7364; Angew. Chem. Int. Ed. 2011, 50, 7226; ¢) L.-P. Liu, G. B.
Hammond, Chem. Soc. Rev. 2012, 41,3129; f) A. S. K. Hashmi, I.
Braun, P. Nosel, J. Schadlich, M. Wieteck, M. Rudolph, F.
Rominger, Angew. Chem. 2012, 124, 4532; Angew. Chem. Int.
Ed. 2012, 51, 4456; g) A. S. K. Hashmi, M. Wieteck, I. Braun, P.
Nosel, L. Jongbloed, M. Rudolph, F. Rominger, Adv. Synth.
Catal. 2012, 354, 555; h) M. M. Hansmann, M. Rudolph, F.
Rominger, A.S. K. Hashmi, Angew. Chem. 2013, 125, 2653;
Angew. Chem. Int. Ed. 2013, 52, 2593.

6

—

[7

—

8

[

Angew. Chem. Int. Ed. 2013, 52, 1138811391


http://dx.doi.org/10.1126/science.185.4146.109
http://dx.doi.org/10.1021/cr60300a003
http://dx.doi.org/10.1021/cr00040a003
http://dx.doi.org/10.1021/cr00040a003
http://dx.doi.org/10.1039/b007679l
http://dx.doi.org/10.1039/b303710j
http://dx.doi.org/10.1021/om050534e
http://dx.doi.org/10.1021/om050534e
http://dx.doi.org/10.1021/ja065249g
http://dx.doi.org/10.1021/ja00708a067
http://dx.doi.org/10.1016/0022-328X(95)00521-Q
http://dx.doi.org/10.1016/0022-328X(95)00521-Q
http://dx.doi.org/10.1002/ejoc.200500088
http://dx.doi.org/10.1021/ol303130j
http://dx.doi.org/10.1021/om3008508
http://dx.doi.org/10.1021/ja302226c
http://dx.doi.org/10.1002/chem.201200704
http://dx.doi.org/10.1039/c1cc12825f
http://dx.doi.org/10.1021/ol400818v
http://dx.doi.org/10.1021/ol400818v
http://dx.doi.org/10.1021/ol400638q
http://dx.doi.org/10.1021/ol400638q
http://dx.doi.org/10.1021/ja401606e
http://dx.doi.org/10.1021/ja401606e
http://dx.doi.org/10.1021/om301182x
http://dx.doi.org/10.1021/om301182x
http://dx.doi.org/10.1021/jo3004088
http://dx.doi.org/10.1021/jo3004088
http://dx.doi.org/10.1002/ange.201108396
http://dx.doi.org/10.1002/anie.201108396
http://dx.doi.org/10.1002/anie.201108396
http://dx.doi.org/10.1002/chem.201203043
http://dx.doi.org/10.1002/chem.201203043
http://dx.doi.org/10.1021/ja00353a020
http://dx.doi.org/10.1021/ic00031a005
http://dx.doi.org/10.1016/0022-328X(94)80206-8
http://dx.doi.org/10.1016/0022-328X(94)80206-8
http://dx.doi.org/10.1021/om970470a
http://dx.doi.org/10.1021/om970706a
http://dx.doi.org/10.1021/om970706a
http://dx.doi.org/10.1016/S0022-328X(00)00531-3
http://dx.doi.org/10.1002/ange.200501841
http://dx.doi.org/10.1002/ange.200501841
http://dx.doi.org/10.1002/anie.200501841
http://dx.doi.org/10.1002/ange.200605083
http://dx.doi.org/10.1002/anie.200605083
http://dx.doi.org/10.1002/anie.200605083
http://dx.doi.org/10.1021/om200650x
http://dx.doi.org/10.1002/ange.201000165
http://dx.doi.org/10.1002/ange.201000165
http://dx.doi.org/10.1002/anie.201000165
http://dx.doi.org/10.1073/pnas.0705809104
http://dx.doi.org/10.1073/pnas.0705809104
http://dx.doi.org/10.1002/ange.200801136
http://dx.doi.org/10.1002/ange.200801136
http://dx.doi.org/10.1002/anie.200801136
http://dx.doi.org/10.1021/ja902051m
http://dx.doi.org/10.1021/ja902051m
http://dx.doi.org/10.1002/chem.200802626
http://dx.doi.org/10.1021/ol901418c
http://dx.doi.org/10.1002/ange.200905341
http://dx.doi.org/10.1002/ange.200905341
http://dx.doi.org/10.1002/anie.200905341
http://dx.doi.org/10.1002/ange.201100740
http://dx.doi.org/10.1002/anie.201100740
http://dx.doi.org/10.1002/anie.201100740
http://dx.doi.org/10.1021/om4000659
http://dx.doi.org/10.1021/om4000659
http://dx.doi.org/10.1007/BF03214949
http://dx.doi.org/10.1007/BF03214949
http://dx.doi.org/10.1002/ange.200907078
http://dx.doi.org/10.1002/ange.200907078
http://dx.doi.org/10.1002/anie.200907078
http://dx.doi.org/10.1002/adsc.201000011
http://dx.doi.org/10.1002/adsc.201000011
http://dx.doi.org/10.1002/ange.201100148
http://dx.doi.org/10.1002/ange.201100148
http://dx.doi.org/10.1002/anie.201100148
http://dx.doi.org/10.1039/c2cs15318a
http://dx.doi.org/10.1002/ange.201109183
http://dx.doi.org/10.1002/anie.201109183
http://dx.doi.org/10.1002/anie.201109183
http://dx.doi.org/10.1002/adsc.201200086
http://dx.doi.org/10.1002/adsc.201200086
http://dx.doi.org/10.1002/ange.201208777
http://dx.doi.org/10.1002/anie.201208777
http://www.angewandte.org

Angewandte
imemationalediion . CEIMIE

[13] T.J. Brown, M. G. Dickens, R. A. Widenhoefer, J. Am. Chem. [16] D. Bourissou, O. Guerret, F. P. Gabbai, G. Bertrand, Chem. Rev.

Soc. 2009, 131, 6350. 2000, 700, 39.

[14] T.N. Hooper, M. Green, J. E. McGrady, J. R. Patel, C. A. [17] G.D. Frey, R.D. Dewhurst, S. Kousar, B. Donnadieu, G.
Russell, Chem. Commun. 2009, 3877. Bertrand, J. Organomet. Chem. 2008, 693, 1674.

[15] a) T. Droge, F. Glorius, Angew. Chem. 2010, 122, 7094; Angew. [18] The chemical shift for [(dithianylidene)[Fe(NCMe)(Cp)]|PF, was
Chem. Int. Ed. 2010, 49, 6940; b) F. E. Hahn, M. C. Jahnke, reported to be 300.6 ppm; see: J. R. Matachek, R. J. Angelici,
Angew. Chem. 2008, 120, 3166; Angew. Chem. Int. Ed. 2008, 47, Inorg. Chem. 1986, 25, 2877.

3122.

Angew. Chem. Int. Ed. 2013, 52, 11388-11391 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 11391


http://dx.doi.org/10.1021/ja9015827
http://dx.doi.org/10.1021/ja9015827
http://dx.doi.org/10.1039/b908109g
http://dx.doi.org/10.1002/ange.201001865
http://dx.doi.org/10.1002/anie.201001865
http://dx.doi.org/10.1002/anie.201001865
http://dx.doi.org/10.1002/ange.200703883
http://dx.doi.org/10.1002/anie.200703883
http://dx.doi.org/10.1002/anie.200703883
http://dx.doi.org/10.1021/cr940472u
http://dx.doi.org/10.1021/cr940472u
http://dx.doi.org/10.1016/j.jorganchem.2008.01.026
http://dx.doi.org/10.1021/ic00236a044
http://www.angewandte.org

