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Abstract: Mechanistic studies on the B(CsFs)s catalyzed allylstannation of isomeric substituted benzalde-
hydes are reported. Confirming a report by Maruoka et al., good (5:1) to excellent (>20:1) selectivities for
ortho over para isomers are observed when 1:1 mixtures (X = OMe, Cl, F, OTBS) are allylstannated with
C3HsSnBus3 in the presence of B(CsFs); (2.5% per CHO). The best selectivities are observed for the
anisaldehydes. Multinuclear NMR studies on solutions of B(CsFs); and CsHsSnBus (1:1 to 1:5) show that
the borane abstracts the allyl group from the organotin reagent, forming an adduct (CsFs)3B-+-CH,CHCH-
SnBug, 1, or ion pair [(CeFs)3sBCH,CH=CH,] [BusSnCH,CHCH,SnBus]", 2, depending on the reagent ratio.
These compounds are important in the mechanism of Lewis acid catalyzed 1,3-isomerization of substituted
allyl stannanes. When allyltin reagent is added to solutions of B(CsFs); and ortho-anisaldehyde (1:5) at
—60 °C, conversion to the stannylium ion pair [BusSn(ortho-anisaldehyde),][o-ArCH(allyl)OB(C¢Fs)s]~, 0,0-
4, is observed. The structure of this species was confirmed by 'H, 1B, 1°F, and '*Sn NMR spectroscopy
and by forming related ion pairs (0-5 and 0,0-5) utilizing the [B(CeFs)4]” counteranion via reaction of
[BusSn]*[B(CsFs)4]~ with aldehyde. The anion in 0,0-4 is formed via direct allylation of the ortho-anisaldehyde/
B(CsFs)s adduct o0-3, while the cation arises upon aldehyde ligation of the resulting tributylstannylium ion.
The crystal structure of the related derivative ortho-C¢Hs(OMe)CHOeSnMesBF4, 6, showed that the aldehyde
binds the tin nucleus only through the carbonyl oxygen. Similar reactions using para-anisaldehyde show
that formation of p,p-4 occurs at a much slower rate, again demonstrating the preference for the ortho
substituted substrates. For similar experiments using benzophenone, however, formation of the ion pair
[BusSn(Ph,CO),]*[(C3Hs)B(CeFs)s] ~, 8, was observed, illustrating the differences subtle changes in substrate
can bring. lon pair 8 is formed via the trapping of 1 by the benzophenone substrate. In the presence of
excess aldehyde and allyltin reagent, ion pair 0,0-4 catalyzes the allylstannation of aldehyde to give the
product stannyl ether. Several lines of experimental evidence suggest this is the true catalyst in the system.
The chemoselectivity observed thus does not rely on classical chelation control in any way. Rather, we
propose that the ortho donor group stabilizes the developing positive charge at the 5 carbon of the allyl
group and the tin atom during the allylation event. This stabilization renders the ortho substituted substrates
kinetically favored toward allylation irrespective of the Lewis acid employed.

Introduction described as a surrogate for the aldol reacti®iastereose-
lective additions of substituted derivatives, such as crotylstan-
nane$ and chiral alkoxy-substituted allylstannarfelgad to
important building blocks for natural product synthesis. Chiral
o- andg-substituted aldehydes can be allylated with impressive
stereocontrol of the newly formed chiral centevhile the use
of chiral LAs has also given enantioenriched proddcts.

While the utility of this methodology is clear, the reactions
are mechanistically complex; despite a number of studies, a clear
consensus on the mechanism has been slow to emerge. In part

Over the past two decades, the Lewis acid (LA) catalyzed
allylstannation of aldehydes has become an important carbon
carbon bond forming reaction in organic synthédis addition
to forming a new C-C bond, the reaction adds functionality
which can be elaborated in further transformations. This reaction
has found particular utility for stereocontrol in reactions
mediated by acyclic transition states; as such, it has been
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propargylstannanés has also attracted attention, but with
relatively littte mechanistic study?810.13

More recently, Maruoka and co-workers repotfedhe
remarkably chemoselective allylstannatiorogho-anisaldehyde
over para-anisaldehyde, catalyzed by the LAs ¢ and
B(CsFs)3.1° To account for this impressive selectivity, these
authors proposed the involvement of a hypercoordinate orga-
noboron speciell which, via chelation of the borane by the
ortho-anisaldehyde substrate, leads to selective allylstannation
of this substraté® While hypercoordination is plausible for the
aluminum based LA in Maruoka’s studies, for the much smaller
boron nucleus (atomic radius 0.50 A) the involvement of
hypercoordinate structures such lds seem less likely for a
few reasons. Five-coordinate aluminum compounds are abun-
dant!” but only two examples of compounds where boron is
apparently five-coordinate in the ground-state structure have
been reported® Furthermore, both of thesd\(° and V29
contain fairly contrived ligand systems aimed at enforcing
hypercoordination, and alternative formulations which do not
involve hypercoordinate boron are conceivable. A recent
computational study has shown that 2:1 adducts betweensNH
and BH; are disfavored not only for steric reasons, but also
because of the primarily covalent nature of the initigNH—
BHj; dative bond, which discourages the addition of a second
Lewis base. By contrast, the-NA\l bond of the adduct kN —
AlH3 has a more significant electrostatic component, which

this stems from the convincing evidence for several mechanistic favors coordination of a second Lewis base since the Al center
alternatives, depending on the substrate, the LA employed andis still somewhat electropositivé. Even if “L.BRs" were a

the reaction condition&:® Studies by Yamamoto on the nature
of attack of the allylstannnane on LA complexed carbonyl
functions has led to the conclusion that, most commonly, an
acyclic, antiperiplanar transition stdtés favored? On the other
hand, DenmarR;}° Keck?d and other& have provided compel-
ling evidence that an alternative synclinal transition skiatan

be predominant under certain conditions. The role of common
LAs such as SnG) TiCls, and BR has also been studied
extensively. Although the normal role of the LA is to activate
the carbonyk! competitive transmetalation reactions between
the LA and the allylstannane (e.g., SpCt allylSnBu; —
allylsnCk + BusSnCl) can occur; which role the LA plays
depends highly on the reaction conditidAsThe related LA
catalyzed isomerization of allylstannanes (and allenyl- and

(6) (a) Keck, G. E.; Boden, E. Fetrahedron Lett1984 25, 265. (b) Keck,
G. E.; Boden, E. PTetrahedron Lett1984 25, 1879. (c) Keck, G. E.;
Abbott, D. E.Tetrahedron Lett1984 25, 1883. (d) Reetz, M. TAngew.
Chem., Int. Ed. Engl1984 23, 556.
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Soc.1993 115 7001.
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(11) (a) Shambayati, S.; Crowe, W. E.; Schrieber, SAhgew. Chem., Int. Ed.
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Organic SynthesjsTrost, B. M.; Fleming, I., Eds.; Pergammon: Oxford,
1991; Vol 1, pp 283-324.

(12) (a) Tagliavini, G.; Peruzzo, V.; Plazzogna, G.; Marton,liiorg. Chim.
Acta 1977, 24, L47. (b) Fishwick, M. F.; Wallbridge, M. G. HJ.
Organomet. Chem1977, 136, C46. (c) Gambaro, A.; Marton, D.;
Tagliavini, G.J. Organomet. Chem1981, 210, 57. (d) Gambaro, A,;
Marton, D.; Peruzzo, V.; Tagliavini, Gl. Organomet. Chen1.982 226,
149. (e) Boaretto, A.; Marton, D.; Tagliavini, G. Organomet. Cheni987,
321, 199. (f) Naruta, Y.; Nishigaichi, Y.; Maruyama, Retrahedron1989
45, 1067. (g) Denmark, S. E.; Wilson, T.; Willson, T. M. Am. Chem.
So0c.1988 110, 984. (h) Keck, G. E.; Andrus, M. B.; Castelinno,5Am.
Chem. Soc1989 111, 8136.
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viable species, the ligands L would undoubtedly occupy
opposing axial sites for steric reasons and by virtue of the
directionality of the unhybridized p-orbital utilized in the
bonding. A chelating structure such léls would not be able to
attain this geometry. Finally, chelation control in this fashion
is intuitively unsatisfying, since it might be expected that the
activation of the carbonyl toward nucleophilic attack is dimin-
ished because the Lewis acidity of the catalyst is now spread
over two sites. This would seem to work against the selectivity
observed for thertho-anisaldehyde substrate in the Maruoka
reaction.

The above discussion suggests thhatis improbable even
as a transition-state structure and these issues led us to consider

(13) (a) Quintard, J.-P.; Dumartin, G.; Ellissondo, B.; Rahm, A.; Pereyre, M.
Tetrahedronl1989 45, 1017. (b) Marshall, J. A.; Welmaker, G. S.; Gung,

B. W. J. Am. Chem. S0d.99], 113 647.

(14) (a) Ooi, T.; Uraguchi, D.; Kagushima, N.; Maruoka,XAm. Chem. Soc.
1998 120, 5327. (b) Ooi, T.; Uraguchi, D.; Maruoka, Ketrahedron Lett.

199§ 39, 8105.

(15) Tris-pentafluorophenylborane is a strong organometallic LA with LA
strength roughly comparable to BRFHowever, its tolerance of water and
air stability offer distinct advantages over the more common boron LA. Its
use in organic synthesis has been reviewed. (a) Massey, A. G.; Park, A. J.
J. Organomet. Chenl966 5, 218. (b) Ishihara, K.; Yamamoto, iur. J.

Org. Chem1999 527. (c) Piers, W. E.; Chivers, Them. Soc. Re1997,
345.

(16) Maruoka, K.; Ooi, TChem. Eur. J1999 5, 829.

(17) Atwood, D. A.; Harvey, M. JChem. Re. 2001, 101, 37.

(18) (a) In electron deficient systems such as carboranes or hypermetalled
compounds? ¢ boron has up to six nearest neighbors, but we do not count
these as being hypercoordinate, which is a term reserved for electron precise
main group compounds$d (b) Schleyer, P. v. R.; Kapp, J. Chem. Phys.

Lett. 1996 255 363. (c) Kudo, HNature1992 355 432. (d)The Chemistry

of Hypewalent CompoundsAkiba, K., Ed.; Wiley-VCH: New York,

1999.
1
(2

9) Lee, D. Y.; Martin, J. CJ. Am. Chem. S0d.984 106, 5745.
0) Yamashita, M.; Yamamoto, Y.; Akiba, K.; Nagase A&gew. Chem., Int.
Ed. 200Q 39, 4055.
(21) Czerw, M.; Goldman, A. S.; Krogh-Jespersen/iarg. Chem200Q 39,
363.
(22) This is an experimentally known class of compounds: Fraser, G. W.;
Greenwood, N. N.; Straughan, B. P.Chem. Socl963 3742.
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Table 1. Ortho:Para Selectivity in the Catalytic Allylstannation of

loxybenzaldehyde relative to tiparaisomer is observed (entry

Benzaldehydes 5); typically, silyl ethers have been considered to be poor
X H X OH chelating groups because of the decreased oxygen basicity and
o) increased steric requirements of this b&sEhis substrate would
- SnBuy pe hard-prgssed to chelate BFg)3 (or any other Lewis acid)
1:1 - + in the fashion proposed by Maruok#l ().
H catalyst H Thus, to achieve selectivity in these reactions, the X group
0] requires a lone pair, while the level of selectivity appears to be
loosely associated with the donor ability of teha/paragroup
in place. The last two entries in the Table show that high
entrys catalyst X ratio (0:p) selectivities are also observed when other LA catalysts are
1 B(CsFs)3 OMe >20:1 employed. The stannylium cation [BSn]"[B(CeFs)4] ~, gener-
2 B(CeFs)s F 5:1 ated in situ from BgSnH and [PBC]"[B(CeFs)4] 22*°provides
2 E(CGF5)3 cl 31 excellent selectivity for allylation obrtho-anisaldehyde, while
(CoFs)s OTBS 18:1 g . "
5 B(CsFs)3 Me 111 even the more traditional LA BFOEYL also gives positive
6 [BusSn]*[B(CeFs)a] OMe 1251 results in this regard. Thus, in line with Maruoka’s observations,
7 BF3OEt OMe 7.1

aConditions: toluenes-40 °C, 2.5% catalyst loadind.Reaction done
in CH2C|2 at—78°C.

where [AIMe]; also provided selective allylation, the selectivity
is substrate specific and not a function of the nature of the Lewis
acid employed.

If hypercoordinate boron structures are not responsible for

other explanations for the chemo- and regioselectivities reportedthe selectivity observed in the reactions summarized in Table

by Maruoka in B(GFs)3 catalyzed allylstannatiorf3.In these

1, then what is its origin? Previously, we have shown that in

preliminary studies, we showed that the adduct formed betweenthe B(GFs); catalyzed hydrosilation of aromatic carbonyl
B(CsFs)s and ortho-anisaldehyde has a ground-state structure functions imines* and the silation of alcohof,the borane

VI both in solution and the solid state. Furthermore, using serves to activate the silane reagent rather than the carbonyl
multinuclear NMR spectroscopic studies, we showed that the group as is traditionally surmised. Since it is well established
borane is capable of activating the allylstannane reagent via allyl that allyl groups are abstractable from tin by carbocaffaisd
group abstraction. Unanswered questions include the tin spe-sjlylium ions34 which are isoelectronic with BEs)s,3 we
ciation in these catalytic reactions, the role and nature of the hypothesized that the borane may be interacting with the
borate COUnteranion, and the ultimate source of the SeleCtiVitiESa||y|Stannane reagent in some way to generate cationic Stanny_
observed. Herein we report our attempts to answer thesejium ions which serve as the actual LA catalysts in this
questions. Although we stop at generalizing these results to otherreactior?® The efficacy of [BuSn]'[B(CeFs)s]~ as a catalyst
systems, this study raises questions concerning the role of thefor chemoselective allylstannation (entry 6, Table 1) supports
LA in other reactions involving allylstannanes with surprising - this notion. Carbony! dissociation from the borane is facile and
selectivities* Indeed, these results argue against generalizationsthys “free” borane is kinetically accessible even though the
and suggest that the mechanisms of these reactions should bg(CyFs)s+ carbonyl compound adducts are thermodynamically

evaluated on a case-by-case basis.
Results and Discussion

Reaction SelectivitiesThe selectivity forortho-anisaldehyde
overpara-anisaldehyde in the B{Es); catalyzed allylstannation
reported by Maruoka was 20:1142We repeated this reaction

favored3637 We thus began our mechanistic experiments
with stoichiometric reactivity studies between BEg)s and
C3HsSnBus.

Interaction between B(GFs)s and Allyltributylstannane.
Prolonged stirring of a 1:1 mixture of BEEs); and GHsSnBu;
at room temperature results in-&CgFs transfer reaction where

and found the same selectivities for this pair of substrates (entry ,o primary tin-containing product issEsSnBus (Scheme 1§8

1, Table 1), although separate experiments show thaidhe
anisaldehyde isomer is more basic toward &) than the
ortho substituted substra#&.For otherortho and para substi-

tuted benzaldehydes, various levels of selectivity were observed

(entries 2-4). For the fluoro?® and chloro-substituted substrate
pair, only moderate preference for tbetho isomer was ex-

hibited, while negligible selectivity was observed in the reaction

involving a 1:1 mixture ofortho and para-tolualdehydes. In-
terestingly, a high preference fartho-tert-butyldimethylsi-

(23) Blackwell, J. M.; Piers, W. EOrg. Lett.200Q 2, 695.

(24) (a) Jeronic, L. O.; Cabal, M.-P.; Danishefsky, SJ.JOrg. Chem1991
56, 387. (b) Otera, J.; Fuijita, Y.; Fukuzumi, Hirai, K.; Gu, J.-H.; Nakai, T.
Tetrahedron Lett1995 36, 95.

(25) In a competitive situatiortF NMR experiments showed that thara—
anisaldehyde addugt-3 is favored overn-3 by a 2.2: 1.0 margin.

(26) The solid-state structure of the adduct betwertho-fluorobenzaldehyde
and B(GF5); reveals a ground-state structure identical to that found for
the ortho—anisaldehyde/B(§Fs); adduct ¢-3). Thus, no evidence for a
chelated structure involving hypercoordinate boron was found in this

(27) Kahn, S. D.; Keck, G. E.; Hehre, W. Tetrahedron Lett1987, 28, 279.

(28) Kira, M.; Oyamada, T.; Sakurai, H. Organomet. Chenl994 471, C4.

(29) See also: Lambert, J. B.; Kuhlmann, B.Chem. Soc., Chem. Commun.
1992 931.

(30) (a) Parks, D. J.; Piers, W. E.Am. Chem. S0d996 118 9440. (b) Parks,
D. J.; Blackwell, J. M.; Piers, W. El. Org. Chem200Q 65, 3090. (c) See
also: Gevorgyan, V.; Rubin, M.; Liu, J.-X.; Yamamoto, ¥.Org. Chem.
2001, 66, 1672. (d) Asao, N.; Ohishi, T.; Sato, K.; Yamamoto, ¥ Am.
Chem. Soc2001, 123 6931.

(31) Blackwell, J. M.; Sonmor, E.; Scoccitti, T.; Piers, W.@&g. Lett.200Q
2, 3921.

(32) (a) Blackwell, J. M.; Foster, K. L.; Beck, V. H.; Piers, W.EOrg. Chem.
1999 64, 4887. See also (b) Gevorgyan, V.; Rubin, M.; Benson, S.; Liu,
J.-X.; Yamamoto, Y.J. Org. Chem200Q 65, 6179.

(33) Hagen, G.; Mayr, HJ. Am. Chem. S0d.991, 113 4954.

(34) Lambert, J. B.; Zhao, Y.; Wu, H.; Tse, W. C.; KuhimannJBAm. Chem.
Soc.1999 121, 5001.

(35) B(GiFs)s is a well known alkide abstracting agent in transition metal and
main group organometallic chemistry: Chen, E-X.; Marks, T. J.Chem.
Rev. 200Q 100, 1391.

(36) Parks, D. J.; Piers, W. E.; Parvez, M.; Atencio, R.; Zaworotko, M. J
Organometallics1998 17, 1369.

(37) Komon, Z. J. A.; Bu, X.; Bazan, G. @. Am. Chem. So200Q 122, 12379.

species. Details of this structure determination can be found in the (38) There is also some evidence for minor amounts of allylstannation of the

Supporting Information.

allyl carbon—-carbon double bond, producing GHCHCH,CH(CH,SnB)».
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Scheme 1 Sn-a-CH,
®
(FsCe)aB_~_-SnBug ; C-H  Sn-B-CH =CH, B-CH,
© 1a H: HB, 8.14 ppm a
I ® 13¢: CB, 192.1 ppm
g. . 119gn = 90.8 ppm
(FSCS)SB\/\, ; —SnBU3 198. 13.9 ppm pp
© 1b F: App, 4.3 ppm
"19gn: 181.3 ppm
-60°C
X:Y = 1-1 || CPCle
b A
X B(CsFsls  RT,2days BusSnCqFs 1950 = 28.0 ppm
+ + F T T T T T T T T T T T
B toluene " . 75 70 &5 60 55 S0 45 40 35 30 Em
Y A0 xiy=111 A -B(GeFs)2 Figure 1. 400 MHzH NMR spectra {60°C, CD;Cl,) of (a) a 2:1 mixture
of C3HsSnBy; and B(GFs); and (b) a 5:1 mixture of of §4sSnBy and
. B(CsFs)3.
X3Y < 15| C02Clz
while signals for free allyltributylstannane are absent. These
H observations suggest that the allyl moieties in free allylstannane
[Bu3Sn\/\/SnBu3 ® "B: -14.3 ppm and the cation oR are rapidly exchanging on the NMR time

9F: Amp, 3.6 ppm

2 [(Fscs)sB\/\]@ 95 38.3 ppm

The allyl borane which must be produced to balance the equation
undergoes further uncharacterized reactivity. Clearly, then, there

is some chemical interaction between these two partners, as

exemplified by the broad, featureless signals apparent in the
room-temperature proton NMR spectroscopic data obtained.
More concrete evidence is obtained if toluene solutions of
B(CsFs)s and GHsSnBw are cooled to—60 °C, where the
multinuclear NMR data is supportive of formation of an adduct
la/b; key spectroscopic data is given in Scheme 1. Although
the character of these spectra is similar in tolu&néhe
ionization process is facilitated in the more polar solvent
CD.Cl, and the spectra are cleaner in this medium. T8
shift is characteristic of anionic, four-coordinate botband
the difference in the chemical shifts of theeta and para
fluorine nuclei, An, is also indicative of significant borate
character, but with some residual association with the stannylium
center A pvalues of less than 3 are found for solvent-separated
ion pairs where [RB(gFs)3] ~ is not coordinated to its catiory.
Formation of adductl occurs when the two reagents are
mixed in a 1:1 ratio. Under conditions more closely related to
those found in the catalytic reactions, that is, with exce$$C
SnBu present, a new species is observed to form, which we
assign as the ion pal on the basis of théH NMR spectra
(Figure 1). A sample containing B{Es)s and GHsSnBu in a
1:2 ratio gives the spectrum in Figure la. The allyl group of
the borate counteranion appears with a typical pattern, while
the signals for the allyl group bridging the tin centers have been
symmetrized into two signals at 3.27 and 6.63 ppm in a 4:1
ratio CJun = 11.0 Hz). Positive charge is stabilized at the central
carbon {3C NMR = 161.2 ppmJcy = 154.9 Hz) by the two
B-tin atoms?! which give rise to a resonance at 90.8 ppm in
the 119Sn NMR spectrum. When the allyltin:borane ratio is
increased to 5:1 (Figure 1b), these two signals intthé&lMR
spectrum increase in intensity relative to those for the allyl borate

(39) Kidd, R. G. inNMR of Newly Accessible Nucl¢iaszlo, P. Ed.; Academic
Press: New York, 1983; Vol. 2.

(40) Horton, A. D.; de With, JOrganometallics1997, 16, 5424.

(41) Lambert, J. B.; Zhao, Y.; Emblidge, R. W.; Salvador, L. A,; Liu, X.; So,
J.-H.; Chelius, E. CAcc. Chem. Re<d.999 32, 183.
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scale, while involvement of the allyl group of the borate
counteranion in the exchange is minimal in this medfdmhis

is also supported by the observed changes id'#8n chemical
shift of the sample; as more allyltributylstannane is added, the
shift progresses toward the value for free allyltributylstannane
in CD.Cl, at =60 °C (—17.7 ppm).

LAs catalyze the isomerization of allyl and crotyl tin
reagentsS.Early mechanistic proposals accounting for this 1,3-
isomerizatioA®? did not invoke LA abstraction of the allyl group,
but a more plausible pathway involving such a path was hinted
at by Denmark et al29 The direct spectroscopic observation of
2, and the observed exchange processes, along with some recent
investigations by Marshall and Gfif, put this latter proposal
on much firmer footing. Formal allyl group abstraction by the
LA to form an ion pair like2 results in the rapid exchange of
allyl groups betwee@ and free allylstannane; the extent of allyl
borate counteranion participation in this exchange depends on
the temperature, the solvent polarity, and the amount of excess
allylstannane present.

Boron and Tin Speciation in Catalytic Allylation Reac-
tions. The above discussion establishes thatdBgz is capable
of abstracting an allyl group from the organotin reagent in the
presence of as weak a Lewis base as allyltributylstannane, a
process which may be pertinent to the mechanism ofB{g
catalyzed allylstannation. To determine the chemical nature of
the boron and tin reagents under conditions more relevant to
allylstannation catalysis, multinuclear NMR spectroscopy was
conducted on solutions of B§Es)s (20% relative to allyltin/
substrate), €HsSnBuw, and anisaldehyde substrates under condi-
tions where the rate of allylation of the substrate is negligible
(=60 °C). Separate experiments show that the borane forms
isolable and spectroscopically definable adducts with batio-

(42) The chemical shifts of the allylborate protons are dependent on the
equivalency of the allylstannane added, suggesting that the allylborate may
be involved in the exchange process on a slower time scale; indeed, upon
warming to—30 °C, the signals for the allyl borate are observed to undergo
coalescence behavior. In toluene, the allyl group of the borate appears to
participate in allyl group scrambling at40 °C, since only one set of allyl
signals is observed under these conditions. The process may be partially
frozen out in toluene at temperatures belewO °C, but the presence of
detectable quantities dfa/b complicates the spectra. Evidently, in the more
polar solvent, the allylborate counteranion is more effectively solvated away
from the cation, whereas in toluene an equilibrium mixturdafo and2
is observed.

(43) Marshall, J. A.; Gill, K.J. Organomet. Chen2001, 624, 294.
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Apmp=84 Scheme 2

MeO H OB(CeFs)3 |©

j«» @Ao’ B(CgFs)s @\)\/\
a
) o3 OMe

+ .

B 1®
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Figure 2. 282 MHz'°F NMR spectra {60 °C, C;Dg) of (a) a solution of 0,04
ortho-anisaldehyde and 20% B{Ez)s prior to addition of allyltributylstan-
nane (spectrum 06-3); (b) spectrum taken 3 min after addition of one  Scheme 3
equivalent of allyltributylstannane (based on aldehyde); and (c) spectrum A [BusNI®
taken 15 min after addition of allyltributylstannane (spectruno @f4). [BuNI"BII"  ~\_-SnBus
+ [(FSCS)SBA ]@
anisaldehydec:3, i.e.,VI from Chart 1) angbara-anisaldehyde B(CeFs)s - BuySnBr

(p-3); essentially all of the B(€Fs)3 is sequestered in this form
prior to addition of GHsSnBw. However, on the basis of the B(CeFs)s
observation of exchange between free and bound aldehyde in ©/g0 (2%)
these systems at60 °C, these adducts are kinetically labile,

and free B(GFs)s should be accessible under these conditons.

Since the preparative catalytic reactions are generally performed [BuN]®
by premixing the borane and the substrate to formadi&or OB(CgFs)3 | ©
p-3 adducts and then adding the organotin allylating agent at ~

low temperature, samples for NMR spectroscopy were prepared
in this fashion. The relatively high catalyst loading of 20% was
necessary to produce samples amenable to study by a variety
of NMR techniques, but we presume that the results of these pairo0,0-4, a set of resonances associated with the alkoxyborate
experiments are germane to the lower catalyst loadings as well.anion [p-ArCH(allyl)OB(CgFs)s]~ (0-Ar = ortho-anisyl) is
In our preliminary communication, we reported the production apparent; this assignment was again verified by separate
of an ion pair upon addition of allylstannane to a solution of synthesis of the [B4N]™ salt of this alkoxyborate as shown in
ortho-anisaldehyde and 20% B{Es)s. On the basis of the  Scheme 3. ThéH NMR spectra of the resulting salt and the
observed chemistry between allylstannane andg¢B{)e de- anion ino,o-4 are nearly identical, as are th& NMR spectra,
scribed above and of tH&F NMR spectra of this reaction while  indicating that the anions in,0-4 and [BuN][o-ArCH(allyl)-
in progress (Figure 2), we assigned this species the structureOB(CsFs)3]~ are chemically the same. No reaction between
[(L)SnBuwg] "[(C3Hs)B(CeFs)3] ~, where theortho-anisaldehyde ArCH(allyl)OB(CgFs)3] ~ [BusN]* and the BySnBr byproduct
substrate serves as the base which displaces the allylboratés observed over the course of a few hours. A similar analysis
counteranion to form the stannylium cation ligated by substrate. of the experiment usingara-anisaldehyde also leads to the
While the %F NMR spectra are certainly consistent with this conclusion that the anion produced is an alkoxyborate species
proposal, full examination of thé'B, 11°Sn, and particularly arising from allylation ofp-3, although this process occurs at a
the 'H NMR spectra of this ion pair shows that, in fact, it has much slower rate (vide infra).
the structure shown in Scheme 2. lon pajo-4 is formed via To ascertain the precise nature of the cationic portion of ion
direct allylation of adduct-3, where the tributylstannylium ion  pairs 0,04, 11%Sn NMR spectroscopic measurements were
produced is stabilized by twaertho-anisaldehyde substrate conducted. Samples ofo-4 which were free of excess allyltin
molecules. This is supported by the following spectroscopic data. reagent were generated by mixiogho-anisaldehyde, B(§Fs)s,
The!B NMR spectrum foio,0-4 exhibits a resonance at4.5 and allyltributylstannane in a 3:1:1 ratio in @Cl, at —60 °C.
ppm, which is consistent with anionic, four-coordinate boron, A clean!®Sn NMR spectrum of this material was obtained,
but shifted about 10 ppm downfield from the position of the showing a single resonance at 90.0 ppm, which the following
resonance typically observed for the §{dz)B(CsFs)3] ~ anion. experiments show is consistent with a cationiggR}" fragment
The tetrabutylammonium salt of this latter ion can be prepared ligated by two donoré?
separately via treatment of a 1:1 mixture of allyltributylstannane  Strong evidence for this formulation was obtained by probing
and B(GFs)s with [BusN]T[Br]~ as shown in Scheme 3. The the reactions of in situ generated EBn][B(CgFs)s]~ with
11B chemical shift of this species is14.4 ppm in CDCI, at ortho-anisaldehyde. This stannylium species, first reported by
—60 °C and the!H NMR is similar to that observed for this  Lambert and co-workers, forms a colorless oil in toluene
counteranion in Figure 1 above. In addition to the markedly solutior?®4>and NMR experiments can be conducted directly
different 1B chemical shift, in thefH NMR spectrum of ion on this oil. Although we write this species as “[g8n]t-

OMe
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- Scheme 4
{BusSn]*[B(CFs)al
434.2 [B(CeFs)a] © [B(C6F5)4]©
® MeO H » Bu 1®
* Bu._ <00 0 Bu. _-Léu
~gn-=Bu Sn
a | sn _~ }
-60°C
o5 HK H 0
300.5 MeO
* o-5
b l 434.2 ppm 300.5 ppm L |
0,05 | Meo H
91.0 -60°C @A o)
¢ [B(CeFs)a] ©
® 4 0 X Z A0 0 W D g ®
Figure 3. 149.2 MHz 11°Sn NMR spectra £60 °C, GDg) of (a) OMe
[BusSnJ"[B(CeFs)a] ~; (b) [BusSNJ[B(CeFs)4] ~ plus one equivalent afrtho-
anisaldehyde to form-5; and (c) [BuSn]"[B(CsFs)4] ~ plus two equivalents 0" "H
of ortho-anisaldehyde to form,0-5. The peak marked by (*) in spectra (a) ‘ «Bu
and (b) is an unidentified species (see footnote 47). Bu—Sn‘;B
u
[B(CgFs)4] ", it is more accurately decribed as the toluene H 0
coordinated species [BBNn(1-C;Dg)] 1[B(CsFs)4] .46 Since the MeC
[B(CgFs)4]~ counteranion is highly inert, the resulting stannylium 0,0-5
cations are free from potential complications arising from 91.0 ppml_ -
allylation by the counteranion. Figure 3 shows a seri€d%i ortho-anisaldehyde adduct of [B8n]", with an unchelated

NMR spectra acquired on these samples-@0 °C. Spectrum structure ¢-5, Scheme 4). As a second equivalentastho-

3a is simply that of [BeSn]"[B(CeFs)4] ~ in the absence of added  anisaldehyde is added, a third signal at 91.0 ppm emerges
aldehyde and shows a singlet at 434.2 gtdpon addition of (Figure 3c), which can be ascribed to the bitho-anisaldehyde
~0.5 equivalents obrtho-anisaldehyde to the oil, a new signal adducto,o-5;5° addition of >2 equivalents of aldehyde results
appears upfield at 300.5 ppm; at this temperature, both peaksin no further change to the spectrum. Further support for these
are sharp. After addition of a full equivalent of aldehyde, the assignments is found in the observégl,-c coupling constants.
peak at 300.5 ppm dominates the spectrum (Figure 3b). In light For 0-5, the 117 and119Sn satellites were not resolved, and the
of the well-documented tendency of LAs to coordinate alde- observed coupling of 286 Hz is thus an average of the two
hydes syn to the aldehydic protéhthe higher field chemical  values. Foro,0-5, the two couplings were resolved and found
shift of 300.5 ppm, which is consistent with the presence of to be Ji19sp-c = 408 Hz andJii7snc = 392 Hz, both
four-coordinate tin catiof®4°and the crystal structure of a re-  substantially larger than that found in the four-coordina&

lated derivative (vide infra), we assign this species as the mono-This is consistent with larger s character in the-8nbonds of

the five-coordinate structure and is a phenomenon which has

(44) To our knowledge, a systemafit®sn NMR study of [RSn(L).][A] - been observed and interpreted in this way for the silicon
compounds has not been undertaken. However, a detd8etlMR study congeners [BSi(L)]T[A] ~.44
has been done for the silylium analogues, and progressive upfield shifts g ) [BSi(L)n] *[A] ) )
ar_eLobfirvgd jgr thhed_sel{/lle_saﬂﬁéarﬁne)% [_A]E’dr [CFfsSd(_L)g[A] - ﬂ_[(Félg—_ 0,0-5differs fromo,0-4 (derived from B(GFs)3) only in the
A ae T 1a sran o Otosson &t nature of the counteranion, and the similarity in ##%n NMR

(45) Lambert, J. B.; Zhao, Y.; Wu, H.. Org. Chem1999 64, 2729. data is strongly suggestive that the cationic portions of these

(46) Arshadi, M.; Johnels, D.; Edlund, @hem. Commuril996 1279. . h imil . f btained
(47) Lambert et al have repor@d>a chemical shift of 262 ppm for this species ~ SPecies are the same. A similar series of spectra are obtaine

at room temperature. As seen in Figure 3a and 3b, a small peak at this \when [BuSn["[B(CeFs)4]~ is treated withpara-anisaldehyde
chemical shift (263) appears in our experiments. We find that, at room ° L
temperature, the signal at 434 ppm is severely broadened, while that at 8t =60 °C, giving p-5 (291.9 ppm) ang,p-5 (81.4 ppm). The

263 remains sharp. We do not know what this latter signal is due to, slightly higher field chemical shifts for the adducts péra-
although spiking samples with small amounts of water indicate that it is

not due to the water adduct [BBeOH,]*[B(CeFs)a] . In light of the anisaldehyde are consistent with its greater basicity in com-
substantially downfield shifted resonance of 434 ppm forfBi [B(Caf)4| parison to therthoisomer. The coordinated aldehydes in these
in toluene, this species has more cationic character than originally supposed

on the basis of the chemical shift of 262 ppm. Likely, the broadening compounds are kinetically labile a60 °C, since exchange with
observed at room temperature is due to rapid exchange of coordinated andfree aldehyde is observed on thé NMR time scale
free toluene. '

(48) (a) The?°Si chemical shift of a related silylium ion, [ESi(sulfolane)}-
[B(CeFs)4] ~, was reported to be 58.4 pptib. 2%5i chemical shifts may be (50) Bis-adducts of g&n*" are well precedented. Several examples where L

related empirically td1°Sn chemical shifts by the relatiays, = 5.20s; — R.E = O have been crystallographically characterized: (a) Hiemisch, O.;
4646:480-d \which gives al'®Sn chemical shift of~258 for the analogous Henschel, D.; Blaschette, A.; Jones, P.Z.Anorg. Allg. Chem1999
tin species, indicating that the observed shift of 300.5 ppmoféaris 625 1391. (b) Lange, I.; Krahl, J.; Jones, P. G.; Blaschettd, ®rganomet.
characteristic of a monligated tin cation. (b) Lambert, J. B.; Zhang,B. Chem.1994 474, 97. (c) Wirth, A.; Lange, |.; Henschel, D.; Moers, O.;
Chem. Soc., Chem. Commu®93 383. (c) Mitchell, T. N.J. Organomet. Blaschette, A.; Jones, P. @. Anorg. Allg. Chem1998 624, 1308. (d)
Chem.1983 255 279. (d) Watkinson, P. J.; Mackay, K. NI. Organomet. Lange, I.; Henschel, D.; Wirth, A.; Krahl, J.; Blaschette, A.; Jones, P. G.
Chem.1984 275 39. J. Organomet. Cheml995 503 155. (e) The structure of an ion pair
(49) Kira et al. have reported'&Sn chemical shift of 165 for “[BsSn(OER)]*- containing the [BuSns(OH,),]* cation has been reported: Davies, A. G.;
[B(3, 5-(CFs)2CeH3)4] ~".28 However, this sample was prepared with over Goddard, J. P.; Hursthouse, M. B.; Walker, N. PJCChem Soc., Dalton
10 equivalents of diethyl ether present and is in all likelihood thestier Trans. 1986 1873. The'!°Sn chemical shift reported was 57.5 ppm in
adduct [BuSn(OE$),] "[B(3, 5-(CFs)2CsH3)4] - CDCls.
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Table 2. Summary of Data Collection and Refinement Details for
6

6

formula Cy1Hi7F4BO,SN

fw 386.75
cryst syst monoclinic
space group C2lc
a, 32.3199(19)
b, A 7.3722(4)
c, A 28.0359(17)

,° 113.5282(11)
V, A3 6124.7(6)
z 16
dcale, Mg NT3 1.678
w, mmt 1.704
T,°C -80
crystal dimensions, mfn 0.34x 0.12x 0.04
rel. transmission factors 0.9349.5949
26 (max), deg 52.82
total data 14122
independent reflections 6271
number of observatiofs 4308
no. of variables 349
restraints 0
Ry Fo? > 20(Fo?) 0.0402
WR, Fo? > 20(Fo?) 0.0928
gof 0.993

residual density, e/ —0.561 to 0.809

aFy?2 > ZO(FOZ).

Scheme 5
MeO H MeO M
MMQ o e H e
NI @A o
n--- —_— O—=8n----- F F
Me/ \ﬁ/ toluene / S ~g~
FF Me Me FI:F
6

The structure of monottho-anisaldehyde adduct5 with
ortho-anisaldehyde in a nonchelating bonding mode is sup-
ported by the results of an X-ray structural investigation on the
related speciesortho-CgHy(OMe)CHOGSnMeBF,, 6. This
material was prepared as shown in Schenf &nd single

Fa

Figure 4. ORTEP diagram of molecule A afrtho-CsH4(OMe)CHOSnMes-
BF4, 6. Metrical parameters are for molecule A only and the butyl groups
have been partially removed for clarity; full details are given in the
Supporting Information. Selected bond distances (A)—B(1), 2.387(2);
Sn—0(10), 2.231(3); F(1)B, 1.431(7); F(2)-B, 1.370(6); F(3)-B, 1.345-
(6); F(4)-B, 1.357(7); O(10)-C(10), 1.233(5); O(1HC(12), 1.341(5);
C(10)-C(11), 1.436(5); C(1HC(12), 1.408(6); C(1HC(16), 1.396(6);
C(12)-C(13), 1.392(6); C(13yC(14), 1.369(8); C(14)C(15), 1.387(8);
C(15)-C(16), 1.369(6). Selected bond angl®s (F(1)—Sn-O(10), 175.21-
(11); F(1)-Sn-C(1), 87.30(17); F(HSn-C(2), 87.17(14); F(HSn-C(3),
85.94(14); O(10)ySn-C(1), 97.36(17); O(18)Sn-C(2), 91.56(15); O(16)
Sn-C(3), 90.78(14); C(HSn-C(2), 118.2(2); C(HSN-C(3), 119.5(2);
C(2)-Sn-C(3), 121.4(2); SAF(1)-B, 130.9(3); SA-O(10)-C(10), 128.7-
(3); O(10)-C(10)-C(11), 123.2(4); C(16)C(11)-C(12), 119.5(4); C(1&)
C(11)-C(16), 120.8(4).

]
Sn:+CH3
} en,
(0]

OMe

Vil

~0.08-0.09 A relative to those to the nonbridging fluorine
atoms. The parameters within the aldehyde ligand, (i.e., €(10)
O(10)= 1.233(5) A vs 1.262(4), and C(10L(11)= 1.445(7)
Avs 1.418(5) A) in comparison to the same ones-B) indicate
that B(GFs)s is perhaps slightly more activating than the SaMe
--FBF; species. To the extent that [EF is more coordinating
than [RB(GFs)s] ~ or [B(CsFs)4] ~, this compound is not a perfect

crystals were obtained from toluene. The compound crystallizes model for the ion paio-5, but it is clear that [BE] ~ coordination

as two independent molecules which mainly differ in the
metrical parameters associated with the—8rB linkage;
parameters within the [LSnME" fragment are essentially the

same for each molecule so Figure 4 shows an ORTEP dia-

gram of molecule A, along with selected metrical data for this
species only. In this structure, tletho-anisaldehyde binds to
the tin center through the lone pair of the carbonyl oxygen
which is syn to the aldehydic proton (S©(10)-C(10) =
128.7(3)) in a geometry nearly identical to that observed for
adducto-3.22 This geometry may be partially induced by a

is favored over chelation by OMe in the ground state of this
species. Howevert1°Sn spectroscopy shows that addition of
excesortho-anisaldehyde to solutions of this compound yields
the bis-aldehyde adduct of [M&n]" (11°Sn= 106 ppm) where
presumably the BF anion is displace#!

It thus appears that our initial postulate concerning the nature
of this ion pair was inaccurate in a subtle way. For the relatively
basic anisaldehyde substates, production of substrate stabilized
tributylstannylium ions is indeed occurring but via allylation
of borane activated substrate rather than borane abstraction of

weak hydrogen bond between the aldehydic proton and thethe allyl function from the tin reagent as originally propogéd.

methoxy group? The tin center is distorted trigonal pyramidal
in geometry and the [Bf~ counteranion occupies the second
axial site via a weak +Sn interaction (F(tySn-O(10)=
175.21(11); Sn—F(1) = 2.387(2) A), cf. the SRF distance of
1.974(8) A in the related five-coordinate organotin compound
VI 53). The B—F(1) distance of 1.431(7) A is elongated by

For these substrates, which bind the borane with equilibrium
constants on the order of 4,@here is not enough “free” borane
present to activate the tin reagent in a kinetically efficient way.
Furthermore, in aldehydes, the carbonyl carbon is more sterically
open to nucleophilic attack. However, ion pair formation by
borane activation of the allylstannane is a viable pathway for

(51) Me;SnFBR; was generated in situ from M8nCl and AgBFE.

(52) Corey, E. J.; Lee, T. WChem. Commur2001, 1321.

(53) Kolb, U.; Drager, M.; Jousseaume, Birganometallics1991, 10, 2737. A
detailgd analysis in this paper fixes the-3n single bond distance at
1.96 A.

(54) Addition of ortho-anisaldehyde t® results in a gradual upfield shift of
the tin signal, indicating that the BFanion competes to some extent with
the aldehyde for the second coordination site. The chemical shift of 106
assigned [MgSn(rtho-anisaldehyde)*[BF4] ~ was recorded in the presence
of a large excess of L and did not change with additional L.
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Scheme 6 course of 2 h. This is supported by tH&Sn NMR spectrum of
Ph _ B(Caral (FsColaB~ |© this sample, which shows three signals in a 1:2:1 ratio as would
@o be expected for a statistical distribution of adducts (Figur® 5).
7 — — However, while the cations produced are comprised of a
+ ® mixture, the anion is, within the detection limits #1 NMR,
solely derived from allylation 0b-3; no alkoxyborate species
Fh -60°C 0™ Ph arising from thepara-isomer is observed. Thus, the ion pair
4 @o CDCl _y formation is initiated by selective allylation of3 and is driven
B“_s”"\Bu to completion because the lability of the system allows for
. Ph. O reestablishment of the equilibrium betwee® and p-3 under
these conditions.
A~ SnBug é In our previous communicatio,we speculated that the more
n N rapid ionization observed for thertho-substituted substrate
8 might find its origin in a greater basicity @ftho-anisaldehyde

Lo . . ) toward “BusSnt”, possibly because of chelation, providing the
lonization for other, less basic (more sterically hindered) ;g for an explanation of the remarkable chemoselectivity
carbonyl functions such as ketones, as exemplified by ben- e eq for this reaction. However, in light of the more detailed
zophenone (S_chen_we 6). Here, the equilibrium constant for tin and boron speciation studies described above, this initial
formation of7 is estimated to be about 1¥(and the carbonyl postulate is something of a “red herring’. As tHésn NMR
carbon is less prone to nucleophilic allylation on a steric basis spectrum in Figure 5 shows, there is little if any bias for either
as well. Indeed, addition of allyltributylstannane to solutions of the two substrates in the coordination of “Bur”. Also.

of 7in CDZSZ at—60°C cleanly yields solutions of ion pa#l o geective formation of thertho-anisyl substituted alkoxy-
where the'!B resonance of-14.4 ppm and theH NMR_ _borate anion illustrates that the bias toward substratesostitio
spectrum both match very closely those found for the anion in 4onor substitutents is independent of whether the Lewis acid is
[BUaN]*[(C3Hs)B(CsFs)s] - A sharp signal at 149.0 ppm in the B(CsFs)3 or “BusSn™™; therefore, an explanation for selective

11 i i i is-li i i i i
98,” NMR spectr.um IS ponsstgnt with a b'&," I|g.ated38|nl* allylation which does not feature chelation control of any stripe
cation, the downfield shift relative to,o0-4 indicative of the must be proffered.

lower basicity of benzophenone comparedtito-anisaldehyde. Mode of Product Formation and the Role of the Alkoxy-

Thus, the precise nature of the anion (the boron speciation) in borate Counteranion. Before addressing the origin of the

the ion pairs generated under these conditions varies significantlyChemoselectivity one more aspect of the catalytic cycle for

d?fe:r(tjileng ol?:ﬁgl)s/ucl)or;ttrgfeLE\;(V;Smli)r?;tieort:eor}%gsreagde?eesslﬁirr allylation needs to be considered, namely, the product-generating
Fherl)‘ull battery of NMR exberiments available is nepcessary to %tep in the reaction. Th_e smqan,p values of 2.8-3.1 ppm in
accurately evaluate each case the19F NMR spectra for |on_pa|r4 sgggest that the _alkoxyb_orat_e

’ counteranion is not associated with the stannylium cation in a

th Rel?jnve rfi)atgs S fvlorESPfr;]urfn4.gnalcr)lgtc)) us i?pfnz'mqf n'.[;to significant way, that is, it is effectively insulated from the tin
0s€ described above (Seheme ) can be pertormecpan center by the two aldehyde substrate molecules. The question

anisaldehyde apd a .1:1 mixtgre of the two su.bsjcrate isomersarises as to whethet is directly involved in the dominant
Eﬁéhse ;actt?ozfclc()m pi\';?rmﬁfzﬂ feﬂlpr:'vggh%lﬁgt?t';ﬁgfi ori catalytic cycle for production of the allylated stannyl ether
P Py u ized | L Xperi product. That is, does the ion paijo-4 collapse to give product

ments reveal that formation @fo-4 is much more facile than and regenerate the borane addoes via an alkoxide group
formatl|on.ofp,.p4, that s, allylation of Fhe coordinated aldehyde exchange, or does the anion essentially remain a spectator during
in 0-3is significantly faster than that ip-3. Thus, for theortho the course of catalysis, with “B8N™ serving as the “true”
Lsomr_er, ion pair formation is complete after only 15 min-&i0 ._Lewis acid catalyst in the reaction. This question was addressed
C (Figure 2 above, Scheme 7a), whereas the analogous reacnorBy allowing solutions 00,04, generated as described above

. . 0 ; ,0-4, ,
with the para isomer ha§_only gone to 10% completion after 2 to warm to temperatures where allylation is facile both in the
h under the same conditions (Scheme 7b). Even upon warmlngpresence and absence of excess allyltin reagent.

to —40°C, a temperature at which the catalytic allylstannation . S .
° - arempe © © y y In the presence of excess allyl tin reagent, which is obviously

of the ortho isomer ensues, ionization mp-4 is slow, with most reflective of the conditions under which catalysis occurs
about 60% conversion observed after 3 h. Furthermore, allylation . Y ’
stannyl ether product formation turns over smoothly upon

catalysis for theparaisomer is extremely slow in this temper- ’ . . oS .
Y ® y P warming to—40 °C in CD,Cl,. As this reaction is monitored

ature regime. At=20 °C, allylation ensues, albeit at a much 19 , : .
. . - by %F NMR spectroscopy, no change is observed in the signals
slower rate than observed fortho-anisaldehyde. Since the ion . - .

. . . . L . because of the alkoxyborate anion, and no other signals for either
pair forming reaction occurring here is initiated by an allyation B(CeFs)s or 0-3 appear. When, -4 is generated without excess
event, these observations again show that allylation of the _ © 3 ppear. : 9 .

allylstannane present and allowed to warm-td40 °C, no

substrate with theortho donor substituent is substantially roduct formation is observed even after several hours, that is
kinetically favored over that of thpara isomer, even though prod L . . ; ’
. - this ion pair is stable in the absence of allyltin reagent. Further
the latter is actually the stronger Lewis base. . o . d
warming to—20 °C results in some formation of stannyl ether

This is underscored by the results of the third experiment .
(Scheme 7¢), where the};nitially observed mixtureod and - Product, but only slowly £60% complete after 60 min). The

p-3is cqmpletely Co_nverte_d to the mixture of aldehyde solvated (55) The lower temperature is required to fully resolve the three different adducts,
stannylium/borate ion pairs,0-4, o,p-4, and p,p-4 over the which are exchanging on the NMR time scale—&0 °C.
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Scheme 7
MeO H [ Bugsn-(oMeOArCHO)2]®
B(CsFs)3 -80°C o
4
a) _~_SnBu, toluene OB(CsFs)3
o3 r 15 min X
OMe
H 0,04
b) SnBu; —oluene > 10% conversion
MeO M ’ 2 hours ’
s o] 192,
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X
MeO
c) © B
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Figure 5. 149.2 MHz19Sn NMR spectrum+£80°C, G;Dg, 2 h) of a 1:1 -

mixture of ortho-anisaldehyde angara-anisaldehyde and B¢Es); after — —~
treatment with one equivalent of;8sSnBuy at —60 °C for 2 h. Under o,0-4
identical conditions, the chemical shifts for separately prepared samples of

0,0-4 (86.5 ppm) angb,p-4 (76.1 ppm) closely match those found for these OMe
species in the mixture.

mode of product formation under these conditions is not known
precisely, but likely involves dissociation of a coordinatetho-

anisaldehyde ligand, followed by transfer of the alkoxide group
from the borate to the stannylium catfSr(Scheme 8). The )
observation ofo-3 in the 19 NMR spectrum at these higher C (=6% complete after 60 min). Taken together, these results

temperatures is consistent with this notion. We also observedSNoW that the rate of stannyl ether formation via this route is
that when these solutions afo-4 are treated with a further much slower than direct allylation of substrate coordinated to

[0 A . .
five equivalents obrtho-anisaldehyde, the rate of stannyl ether _Bu3Sdn_ a;% SUEQEStbthat the bulg_ of tr;je aIIyIat:_on cgtalysr:s
product generation by this route is significantly inhibited-20 Is mediated by the su strate-coordinate stannylum lon when

excess allylstannane is present. The alkoxyborate anion, formed

(56) Transfer of an alkoxide group to electrophilic metallocenium cations is a UpON initiation, apparently remains a spectator through the

common decomposition pathways for ion pairs of general formula i it i
CZi(R)] [ROB(CaFe)s] . See, for example, Siedle, A. R.: Newmark, ~ €action under these conditions, that is, low temperatures and
excess allyltin reagent.

[
R. A.; Lamanna, W. M.; Schroepfer, J. Rolyhedron199Q 9, 301.
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‘ cleanly by reacting the stannyl ether product with 0.5 equivalents
S Bu;Sn pY of B(CsFs)3 supporting its formulation asofArCH(allyl)OB-
Bu \Bu " O\s 5 (CeFs)3] [BusSmeo-ArCH(allyl)OSnBuw] .58 Addition of further
nbus

substrate/allyltin to a cooled+60 °C) solution of9 results in
o4 \_/ 9 rapid regeneration af,o-4, which is stable at this temperature;
upon warming to—40 °C stannyl ether product formation

OSnBug L resumes smoothly as the catalytic allylation ensues. The precise
x structure of9 is unknown and the structure shown in Scheme
OMe 9, though reasonable, is speculative.

Origin of Selectivity for Ortho-Substituted Substrates
A mechanistic picture for the Lewis acid catalyzed allylstan- While it is tempting to invoke some sort of chelation control to

nation of substituted aromatic aldehydes sucloriiso-anisal- account for the superb selectivity fartho-substituted alde-
dehyde akin to that shown in Scheme 9 has emerged from thesd1ydes, several observations discredit such a rationale. Most
studies. The reaction is initiated by allylation of addae3 to importantly, the selectivity is general for several Lewis acids,

form stannylium ion paip,o-4. As demonstrated for benzophe- including boron-based reagents where chelation is not likely
none, less basic or more sterically hindered substrates mayan option as discussed in the Introduction. Second, on the basis
induce direct allyl abstraction by the borane to form ion pairs 0f NMR and structural studies for addus3 and ion pairs4,

with [(CsHs)B(CeFs)s]~ anions (i.e.,8 above); however, the 5, and6, these substrates do not appear to readily engage in
cationic species produced is of the same general type, namelychelating bonding modes in the ground state even for larger
the bis-ligated [BSn(L)]* cation. It is this species which tin-based Lewis acids. Itis possible, of course, that chelation is
undergoes further allylation, giving the ion pa® which an important feature of a transition structure. For example, a
generates product stannyl ether via reaction witho-anisal- mechanistic alternative to Scheme 9 would involve ligand
dehyde as shown in the Scheme. The mono-ligated intermediatedissociation fromo,o-4 or p,p-4 to form the mono-ligated ion
o-4, for which the spectroscopically characterize8 provides pairs, which are allylated selectively because of the greater
Support, is probab|y very short-lived in the presence of excess activation of the substrate when only one |Igand is coordinated.
substate, capturing another substrate L to regenerate the bisWe considered the possibility that such a dissociative event

ligated stannylium catalyst. This rapid capture ®# also might be more facile for thertho-substituted substrates. Full
prevents collapse of the ion pair via alkoxide transfer from boron kinetic analysis to determine the rate dependenceooiing-
to tin (Scheme 8). anisaldehyde] was experimentally difficult, but a qualitative

Experimental support for ion parwas obtained by allowing sense of this feature was obtained via the series of experiments
0,04 to react with two equivalents of allyltributyltin, a reaction depicted in Scheme 10. Using Lambert's stannylium ion
which produces one equivalent of stannyl ether product and a[BusSn]"[B(CeFs)a]~ as a catalyst (20% based on added allyl-
new ion pair which is stable in GfZl, solution at room tributyltin), allylation reactions using various amounts of added
temperature for several houf$i, 19F, and’B NMR spectros-  Ortho-anisaldehyde were monitored Bt NMR spectroscopy
copy show that the anion is the alkoxyborate spe@e&rCH- over time. As indicated in the Table in Scheme 10, the rate of
(allyl)OB(CsFs)s]~ (0-Ar = ortho-anisyl) analogous to that product formation was not significantly affected by excess
Toum.j ino,o-4. The cation appegrs fo be the B&mr Stanny“um (57) The broadening of these signals is likely due to dynamic exchange between
ion ligated by the other equivalent of stannyl ether product free and bound stannyl ether; wheris generated in the absence of free
formed in this reaction, that is, the cation®fThis is supported ﬁagﬂyéﬁgreerrprOdUCt’ the signals centered around 220 and 240 ppm are

. . . us .
by the!'®Sn NMR spectrum observed for this reaction, which, (sg) This obser\F/)ation also shows that this ion pair is thermodynamically favored
in addition to exhibiting a somewhat broadened signal for the over free stannyl ether and B{&)s in the absencef substrateortho-

anisaldehyde, at least in methylene chloride. Thus, the transfer of RO
stannyl ether product at 104.5 ppm, shows two very broad from this non-nucleophilic alkoxyborate anion to the stannylium cation is

; ; i ; thermodynamically disfavored when there are no Lewis bases present to
S|gnals for the tin r)uc'el m_th_e cat|o_n at 23229 and 246 drive the reaction by formation of, in this case3. The remarkable thermal
266 ppm?’ Interestingly, this ion pair can also be generated stability of 9 at room temperature also attests to this notion.
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substrate, the reactions being about 57(4)% complete after 30happening in reacting solutions. Thus, while it is tempting to
min in all cases. In other words, it is unlikely that (chelation- make general conclusions, it is clear that these reactions need

assisted) ligand dissociation is required for allylationogs-5 to be examined on a case-by-case basis to make accurate
to occur®® assessments concerning the operative mechanism. Nonetheless,
Assuming that this bimolecular allylation reaction occurs via for the B(GFs)s catalyzed reactions, these studies have brought
an antiperiplanar transition statg,? we propose that thertho to light various possibilities for boron and tin speciation during
donor group in these substrates plays a role in stabilizing the the reactions, information which is valuable in, for example,
developing positive charge either at txll| ) or at the allyl the design of stereoselective reactions of this type.
B-carbon [X) as the allyl group is delivere®.This selectivity In terms of practical utility, the selectivity observed toward
substrates witlortho donor substituents is potentially exploitable
§:? Me for organic synthesis. Its origin remains somewhat obscure, but
Vd . .
+.0 0] we can conclude that it likely does not have anything to do
Bus(L)Sn v H ‘ . . . .
| Bu Y & with a chelating function for thi®rtho donor group, at least
:}*:“{'C/SQ-'-IBU not in the classical sense as originally proposed by Maruoka et
iy Bu al.'*16 In our opinion, the donor group most likely plays a
H stabilizing role in the transition state for- bond formation
Vil _Me by dampen_in_g po;itive charge bl_JiId-up within the aIIyI_tin
0= o) reagent as it is delivered, and the invoking of hypercoordinate
Bug(L)Sn* SH O, ) . )
N 5 g boron structures must be received with caution.
I C..\
H \CjH Experimental Section.
BusSn H General. All manipulations of air- and moisture-sensitive materials

were undertaken using standard vacuum and Schlenk techniques or in
a glovebox under an atmosphere of nitrogen. All solvents were dried

- . and purified by passing through suitable drying agents (alumina and
argument accounts for the nonspecific nature of this chemose-QS)el and stored in evacuated pots over titanoé&oeNa/benzophe-

lectivity vis-avis the Lewis acid. The actual mode of stabiliza- hone 1H NMR spectra (300 or 400 MHz) in CIl, were referenced
tion of developing positive charge may be a combination of versus residual CHDEI(5.32 ppm at all temperaturesfiC NMR

VIII andIX; however, we favor structurtX since it is less spectra (100 MHz) were referenced versus,CB (54.0 ppm at all
chemically cumbersome in that this mode of stabilization temperatures}!°Sn NMR spectra (149.2 MHz) were referenced extern-
involves a six-membered ring as opposed to the eight-memberechlly versus MeSn (0.0 ppm at all temperature$B NMR spectra (128
ring of structurelX. Also in structurelX, in addition to the MHz) were referenced externally versus #BE% (0.0 ppm at all
stabilization provided by thertho methoxy group, the transition temperatures}®F NMR spectra (282 MHz) were referenced externally
state may be further stabilized via the hyperconjugation mech- YErsus @Fs (=163 ppm at all temperatures). @Cl; and GDs were
anism which is a key feature of antiperiplanar allyl addifion. purchased from Cambridge Isotopes and rigorously dried then distilled

. from CaH and Na/benzophenone, respectively. & was purchased
Althoth_ plausible, _these struc_:tures are_ to a large extent from Boulder Scientific and dried and sublimed prior to use. RBwtho-
speculative and await computational studies to place them ongnqpara-anisaldehyde were purchased from Aldrich and distilled before
firmer footing. use. PBCB(CoFs)s was received as a generous gift from NOVA
Chemicals (Calgary, Alberta). AgBFBWwNBr, MesSnCl, BySnH, and
CsHsSnBuw were purchased from Aldrich and used as received.
Although the LA catalyzed allylstannation of carbonyls is Preparation of lon-Pair 0,0-4. An NMR tube was charged with
an established and versatile method for @€ bond formation, B(CeFs)3 (34 mg, 0.067 mmol) andrtho-anisaldehyde (27 mg, 0.20
it is a mechanistically complex process for which general mech- mmol) and CDRCI, (approximately 50QuL). The sample was cooled
anistic schemes are difficult to construct. The studies describedt© —78°C and allylSnBy (10 L, 0.67 mmol) was added via syringe.
herein underscore the complicated nature of even prototype 1 N€ reaction mixture was Sﬁgke” once and placed in the NMR probe
reactions with a well defined and behaved LA such assB{G. precooled to-60 °C. *H and *F NMR spectra were obtainedSn,
o . . 1B, and 3C NMR spectra were obtained at60 °C on a sample
We have shown that, within this system, even small changes in

b . dit | he chemi . bt prepared analogously. Very minor resonances can be observed for the
substrate or reaction conditions can alter the chemistry in su testannyl ether,drtho-anisyl)CH(ally)OSnBy, andortho-anisaldehyde,

but significant ways. A full study using all the analytical gcq), butone set of signals attributedda>4 dominates the spectra.
techniques available is therefore required to determine what isiy NMR: (cation) 10.10 (br s, 2H, BO), 7.87 (d, 2HJ = 8.0 Hz),

59) (@) A ) N red that ; ial trimerizationat. 7.78 (app. t, 2HJ) = 7.7 Hz), 7.12-7.05 (m, 4H), 3.95 (s, 6H), 1.70
a reviewer has suggeste at preferential trimerizatiorp _ . ; —
anisaldehyde to form the trioxane may account for the difference in the 1.20 (m, 18H), 0.87 (t) = 6.8 Hz); (anion) 7.29 (d, 1H] = 7.3 Hz),
rates of allylation observed. While we were aware that Denmark had 6.91 (app. t, 1HJ) = 7.2 Hz), 6.72 (app. t, 1H] = 7.3 Hz), 6.44 (d,
observed this phenomenon for acetaldehifdeye observed no spectro- 1H, J = 8.0 Hz), 5.54 (ddd, 1H) = 7.0, 10.1, 17.0 Hz), 4.874.68
scopic evidence for such a trimerization under any of the conditions ’ ; T ' P A
employed. In particulaitH NMR spectroscopy showed only the presence (m, 3H), 3.53 (s, 3H), 2.862.68 (m,1H), 2.38-2.25 (m, 1H);**C
ngmonomeric atl)dehydgs F(frtteﬁ and bound);l'?t? si!?nalts in the reé;io? 4._7t NMR: (cation) 195.5 (br.CHO), 164.2 (br.), 141.5 (br.), 129.3 (br.),
.9 ppm were observed. Furthermore, very little literature precedent exists _
for the trimerization of benzaldehyd&%.Therefore, it is extremely unlikely 121.7 (br), 120.9 (br), 112.3 (br), 56.1 (br), 27%3c(sn = 29.2 H2),
that this occurs to the extent necessary to explain the large difference in 26.9 €Jc-sn= 76.6 Hz), 18.2{0c_sn@19)= 391.0 Hz,}Jc_sn117)= 408
allylation rates for these two substrates. (b) Zhu, Z.; Expenson, J. H. . i
Synthesis 998 417. ' Hz, CH,Sn), 13.6 CHs); (anion) 154.7, 147.4 (dm,-€F), 137.5 (dm,
(60) This proposal is related to one first put forward by Yamataka and co-
workers in a related study in which the observed rates of allylation were (61) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
higher for ortho halogen substituted benzaldehydes: Yamataka, H.; F. J.Organometallics1996 15, 1518.
Nishikawa, K.; Hanafusa, TChem. Lett199Q 1711. (62) Marvich, R. H.; Brintzinger, H. HJ. Am. Chem. Sod 971, 93, 2046.

IX

Conclusions
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C—F), 136.3, 135.7 (dm, €F), 134.9, 127.6, 126:06123.5 (br mjpso
Ar), 125.7, 119.1, 114.8, 107.7, 67.4, 54.3, M NMR: —133.0,
—164.0,—167.1;'°Sn NMR: 90.5;*'B NMR: —4.5 ppm.
Preparation of Mono- and Bis-ortho-Anisaldehyde Adducts of
[BusSn]f[B(CeFs)s] ~, 0-5 and 0,0-5. A solution of atho-anisaldehyde
was prepared by dissolving aldehyde (54 mg, 0.4 mmol) in/200f
C;Ds. 100uL (0.2 mmol of ortho-anisaldehyde) of this solution was
added via syringe to an NMR tube containing ion pair {Bn]"-
[B(C¢Fs)s]~ prepared as above. NMR analysis of the oily layer-&0

°C shows a''%Sn NMR signal at 300.5 ppm. The remainder of the
solution (0.4 mmol obrtho-anisaldehyde total) was then added and a
1195n NMR shift of 91.0 ppm was observed. Further NMR characteriza-

tion by *H and*3C NMR spectroscopy was carried out-aé0 °C on
the mono- and bisrtho-anisaldehyde adducts of “B&n™” by adding
CD.Cl; solutions ofortho-anisaldehyde to [BsSn]'[B(CeFs)s]~ pre-
pared analogously but starting with 0.10 mmol o&@B(CsFs)4. 0-5:
11950 NMR: 298.6:H NMR: 10.0 (C(HO), 8.05 (br s), 7.94 (br s),
7.20 (br s), 7.07 (br dJ = 6.7 Hz), 4.00 (s, 3H, 0OB;), 1.94-1.45
(m, 18H), 1.26-1.09 (br m, 9H)*C NMR: 198.3 CHO), 166.8 (br),
148.2 (d,J = 241 Hz, G-F), 145.4 (br), 142.0 (br), 138.4 (d,= 245
hz, C-F), 136.4 (d,J = 246 Hz), 130.3 (br), 126:6122.0 (br,ipso
Ary), 121.8 (br), 121.3 (br), 113.0, 56.5, 27.7, 2R3 (sn= 72.0 Hz),
19.9 (br, CH,Sn), 13.8 CH3). 0,05: 1190 NMR: 91.1;'H NMR:
10.30 (s, 2H, ®0O), 8.08 (d, 2HJ = 7.7 Hz), 7.88 (app. t, 2H] =
8.0 Hz), 7.23 (app. t, 2H] = 7.2 Hz), 7.10 (d, 2HJ = 8.5 Hz), 4.02
(s, 6H), 1.971.85 (6H), 1.79-1.69 (6H), 1.69-1.55 (6H), 1.17 (t,
9H, J = 7.4 Hz); °C NMR: 195.7 CHO), 164.5, 148.3 (dJ = 240
Hz), 141.5, 138.5 (dJ = 245 Hz), 136.6 (dJ = 245 Hz), 129.5 (br),
126.0-122.0 (br,ipso Ars), 122.2, 121.3, 112.5, 56.1, 28 D{-sn =
29.2 HZ), 27.3:{chan 75.2 HZ), 18.6 J(chsn(llg)z 390.2,1\](;73”(117)
= 408.0,CH,Sn), 13.9 CHs).

Preparation of lon-Pair 9. (a) Addition of B(CFs)s to Stannyl
Ether. B(CsFs)s (51 mg, 0.10 mmol) in CBCl, was added slowly via
syringe to an NMR tube (at-78 °C) containing stannyl ether (0.20

135.8 (d,J = 245 Hz), 127.5, 126:6122.0 (br,ipsoAry), 125.7, 119.2,
114.8, 107.8, 67.5, 54.4, 44.7F NMR: —133.2,-163.6, —166.8;
119Sn NMR: 266-240 (br), 229-211 (br);'B NMR: —4.4.

(b) Addition of AllyISnBu 3 to 0,0-4. An NMR tube was charged
with B(CsFs)s (34 mg, 0.67 mmol) anartho-anisaldehyde (27 mg,
0.20 mmol) and CBCl, (approximately 50Q:L). The sample was
cooled to—78 °C and allylSnBy (31 «L, 0.20 mmol) was added via
syringe. The NMR tube was shaken and allowed to warm to room
temperature briefly. The sample was then placed in the NMR probe
cooled to—60 °C. H, 13C, 1%, and''B NMR analysis at-60 °C all
supported the presence of the aniomr{lio)-anisylCH(allyl)OB-
(CeFs)3] . *H and 3C NMR spectroscopy for stannyl ether were ex-
tremely broad indicating that free and bound stannyl ether are in rapid
exchange!H NMR: (cation) 7.56-7.25 (br s, 4H), 7.00 (br s, 2H),
6.90 (br s, 2H), 5.85 (br s, 2H,HKz=CH,), 5.12 (br s, 6H, CHCH_,
CHOSnN), 3.83 (br s, 6H, Okg), 2.75-2.30 (br, 4H), 1.66-1.10 (br,
36H), 0.86 (t, 18HJ = 6.6 Hz); (anion) 7.33 (d, 1H] = 7.3 Hz),
6.93 (app. t, 1HJ = 8.2 Hz), 6.75 (app. t, 1H] = 7.2 Hz), 6.45 (d,
1H, J = 8.0 Hz), 5.55 (ddd, 1HJ = 7.0, 10.1, 17.1 Hz, B=CH,),
4.87-4.68 (m, 3H, CH=CH,, CHOB), 3.54 (s, 3H, O€),
2.85-2.73 (m, 1H, CHy)H,CH=CH,), 2.40-2.26 (m, 1H, CHy)-
H.CH=CH;); 3C NMR: (cation) 156.0, (br), 126.9 (br), 120.5 (br),
110.0 (br), 55.3 (br), 27.8, 27.5, 20.0 (br), 13.7 (4 C’'s missing); (anion)
154.9, 147.5 (dmJ = 240 Hz, G-F), 137.7 (dmJ = 245 Hz, G-F),
136.5, 135.9 (dmJ = 246 Hz, G-F), 135.1, 127.8, 126:0123.5 (m,
ipso Arg), 125.8, 119.2, 114.9, 107.8, 67.6, 54.4, 44:85n NMR:
267—-244 (br), 229-210 (br), 105.31'B NMR: —4.5.

Other Procedures. A complete description of all the procedures
used can be found in the Supporting Information, along with all
spectroscopic characterization data for the compounds reported herein.
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