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Abstract: In the presence of a chiral phosphoramidite ligand, the palladium-catalyzed diboration of allenes
can be executed with high enantioselectivity. This reaction provides high levels of selectivity with a range
of aromatic and aliphatic allene substrates. Isotopic-labeling experiments, stereodifferentiating reactions,
kinetic analysis, and computational experiments suggest that the catalytic cycle proceeds by a mechanism
involving rate-determining oxidative addition of the diboron to Pd followed by transfer of both boron groups
to the unsaturated substrate. This transfer reaction most likely occurs by coordination and insertion of the
more accessible terminal alkene of the allene substrate, by a mechanism that directly provides the »®
mr-allyl complex in a stereospecific, concerted fashion.

1. Introduction reagents has been rendered enantioselettBacause of the
Lewis acidic character of trivalent organoboron compounds, the
Addition of elementelement bonds across unsaturated diboration of allene® should provide addition products that
substrates such as alkenes, alkynes, dienes, and allenes can ih@ve unique reactivity relative to analogous silicon and tin
a powerful technique for organic synthesis, particularly because derivatives. In this regard, we recently developed an enantio-
such transformations may enable multicomponent reaction Selective diboration of prochiral allenes, a transformation which
sequences. Dimetalation of allenes is especially versatile IS catalyzed by tris(dibenzylideneacetone)dipalladium(0}{Pd
because the vinylic and allylic metal groups in the product often dba) and RR)-(TADDOL)PNMe, (1, Scheme 1} This
exhibit orthogonal reactivity. In 1981, Watanabe and co-workers "€action is operative for a wide range of monosubstituted allenes,
first demonstrated the dimetalation of allenes by employipg R &ffording 1,2-bis(boronate)esters in good yield with high levels
Si—SiRs reagents in conjunction with Pd cataly3taddition of enantiomeric excess. Importantly, this reaction can initiate a

of distannyE silylstannyl# and stannylgerm§lreagents are also number of smg_le-pot enant|c_>select|v<_a—C _bond-formlng
known to be catalyzed by group 10 metal cataljsiore sequences. For instance, the intermediate diboron compounds

recently, silylborohand stannylbordireagents have been added (2 Scr13eme 1 ) engage in aIIyIatlo_n O.f both aldeh)laemq
to allenes under Pd and Pt catalysis, and the addition-oBSi imines'® providing high levels of chirality transfer. The chiral

homoallylic amines and alcohols which are generated by this
diboration/allylation sequence can be engaged in a range of

T Boston College. subsequent transformations providing an array of chiral products
* University of North Carolina. i i - -
(1) For review, see: (a) Suginome, M.: Ito, €hem. Re. 2000 100, 3221, from a smgle_allene_ precursor. In addition to a_lllylatlon reactions,
(b) Beletskaya, I.; Moberg, CChem. Re. 2006 106, 2320. the intermediate diboron may be reacted with 9-BBN and the

(2) (a) Watanabe, H.; Saito, M.; Sutou, N.; Nagai,JY.Chem. Soc., Chem.
Communl198], 617. (b) Watanabe, H.; Saito, M.; Sutou, N.; Kishimoto,

K.; Inose, J.; Nagai, YJ. Organomet. Chenl982 225 343. (9) (a) Suginome, M.; Ohmura, T.; Miyake, Y.; Mitani, S.; Ito, Y.; Murakami,
(3) (a) Killing, H.; Mitchell, T. Organometallics1984 3, 1318. (b) Mitchell, M. J. Am. Chem. So@003 125 11174. (b) Ohmura, T.; Suginome, M.
T. N.; Kwetkat, K.; Rutschow, D.; Schneider, Wetrahedron1989 45, Org. Lett.2006 8, 2503. (c) Ohmura, T.; Taniguchi, H.; Suginome, 3.
969. (c) Kwetkat, K.; Riches, B. H.; Rossett, J.-M.; Brecknell, D. J.; Byriel, Am. Chem. SoQ006 128 13682.
K.; Kennard, C. H. L.; Young, D. J.; Schneider, U.; Mitchell, T. N.; (10) (a) Ishiyama, T.; Kitano, T.; Miyaura, Nletrahedron Lett1998 39, 2357.
Kitching, W. Chem. Commuril996 773. (b) Yang, F.-Y.; Cheng, C.-HJ. Am. Chem. So®001, 123 761. For a
(4) (a) Mitchell, T. N.; Killing, H.; Dicke, R.; Wickenkamp, Rl. Chem. Soc., review of catalytic diboration, see: (c) Marder, T. B.; Norman, NTGp.
Chem. Communl1985 354. (b) Koerber, K.; Gore, J.; Vatele, J.-M. Catal. 1998 5, 63. (d) Ishiyama, T.; Miyaura, NJ. Organomet. Chem.
Tetrahedron Lett1991, 32, 1187. (c) Jeganmohan, M.; Shanmugasundaram, 200Q 611, 392. (e) Ishiyama, T.; Miyaura, NChem. Rec2004 3, 271.
M.; Chang, K.-J.; Cheng, C.-HChem. Commur2002 2552. (11) (a) Pelz, N. F.; Woodward, A. R Burks, H. E.; Sieber, J. D; Morken J.
(5) Mitchell, T. N.; Schneider, U.; Fhding, B. J. Organomet. Cheni99Q P.J. Am. Chem So@004 126 16328 For enantloselectlve dlboratlon of
384, C53. alkenes, see: (b) Morgan, J. B.; Miller, S. P.; Morken, JJ.”Am. Chem.
(6) For a review of SaM additions, see: Mitchell, T. NSynthesis1992 Soc.2003 125, 8702. (c) Miller, S. P, Morgan, J. B.; Nepveux, F. J.;
803. Morken, J. P.Org. Lett. 2004 6, 131. (d) Trudeau, S.; Morgan, J. B.;
(7) (a) Suginome, M.; Ohmori, Y.; Ito, YSynlett1999 1567. (b) Suginome, Shrestha, M.; Morken, J. B. Org. Chem2005 70, 9538. (e) Rarmez, J.;
M.; Ohmori, Y.; Ito, Y.J. Organomet. Chen200Q 611, 403. (c) Chang, Segarra, A. M.; Fermadez, E.Tetrahedron: Asymmetr2005 16, 1289.
K.-J.; Rayabarapu, D. K.; Yang, F.-Y.; Cheng, C.-H.Am. Chem. Soc. (12) Woodward, A. R.; Burks, H. E.; Chan, L. M.; Morken, J. ®rg. Lett.
2005 127, 126. 2005 7, 5505.
(8) Onozawa, S.; Hatanaka, Y.; Tanaka, ®hem. Commuril999 1863. (13) Sieber, J. D.; Morken, J. B. Am. Chem. So@006 128, 74.
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Scheme 1 Table 1. Effect of Ligand on Enantioselective Diboration of
- - Allenes?
R;CHO ; ;
N|1-|40Ac (pin)B  NHB(pin)
—— =z R4
L R
2.5mol % Pdydbaz [ g(pi o 0 2.5 mol % Pd,dba B(pin)
6 mol % (R,/z?)-1 ? (pm)B(pin) R,CHO (pimB  OB(pin) PN 6 mol % Iigazznd :
R™ ey - R E— Z R Ry i
~ B,(pin), 1 1.2 equiv By(pin),
toluene, rt ) L R toluene, rt
Ph_ Ph 9-BEN ein)
0 Q = R BR,
RRMe( \C P—NMe, B(pin)
Me o o’
PH Ph Ry = decyl R; =Cy R, =Ph
ligand R, R; % yield (% ee) % yield (% ee) % yield (% ee)
resulting triboron employed in sequential cross-coupling oxida- 1 H Me 61 (91) 62 (89p 75 (879
fion sequenceld 3 H Et 42 (48P 18 (52) 38 (30)
a - , , , , 4 H (CH)s 80 (86) 80 (85) 53 (72)
As concerns the allene diboration reaction, platinum catalysis 5  H (CH)s 58 (47) 29 (46) 50 (30)
was described by Miyaura and co-workers and was proposed 6  Me  Me 72 (98) 92 (93) 72(97)
to proceed by oxidative addition of Pt(0) to the diboron, followed 7 Bu  Me 34 (63 39(66) 26 (51)
' 8 CRk Me 24 (389 61 (39) 38 (36)

by insertion of the allene into a PB bond%® Subsequent
reductive elimination was suggested to provide the product and aReaction carried out at a substrate concentration of 0.15 M for 24 h
elease the Pt catalyst nthe orignal oxdation stte, Ahough S e Eoet e SECTEIES Gl len 8 G ettt
it might be anticipated that a Pd-catalyzed reaction would sequential diimide reduction and oxidation of the dibOt‘atiOl’F]) pf’)oduct.y
operate by the same mechanism, oxidative addition of Pd(0) to® Reaction time of 12 h.

a boron-boron bond is virtually unknown; only a single

example of Pd-catalyzed alkyne diboration exists, and it enantioselectivity (ligand8—5, Table 1). These permutations
proceeds in 8% yieléR The unusual oxidative addition that was can be generalized as alterations that enhance the size of the
posited in the Pd-catalyzed allene diboration reaction, combinednitrogen groups, and this might be the source of stereochemical
with the observation that the allene diboration product is one erosion. However, a phosphoramidite derived from methyl
wherein bond formation occurs by addition to the more amine also afforded products of diminished enantioselection
substituted alkene in the 1,2-diene substrate, provides a compel{data not shown). This brief analysis appeared to suggest that
ling reason to study the mechanism of this reaction. A clearer the nitrogen appendage ifR,R)-1 is already optimal for the
picture of this process may also aid in further refinement of allene diboration.

this transformation and serve as a guide for the development Experiments directed toward tuning the aryl groups of ligand
of related catalytic processes. In this article, we describe 1 were focused on analysis of the meta substituents. The
experiments directed toward ligand development and substrateenhanced steric bulk associated with substitution at this site has
scope; additionally, experimental and computational experimentsled to enhanced enantioselection with other TADDOL-derived
that shed light on the mechanism of the Pd-catalyzed enanti-catalystst’ In fact, attachment of methyl groups at the meta
oselective allene diboration reaction are described. positions of TADDOL-derived phosphoramidite (Table 1, ligand
6) provided the greatest enantioselectivity enhancement. Further
increases in the steric encumbrance of the ligand (31&+th-

2.1. Reaction DevelopmentPreliminary experiments re-  pytylphenyl) were not beneficial. UltimatelyRR)-xylylTAD-
vealed that Lewis basic phosphine Iigands accelerate the Pd-DOLPNMez (6) was found to be the optima| ||gand for the
catalyzed allene diboration reaction and that phosphoramidite palladium-catalyzed diboration of prochiral allenes and exhibited
ligands can influence the product enantiopurity. To improve high selectivity with a linear alkyl substituent on the allene, as
upon initially observed levels of selectivity that were garnered ell as a branched alkyl group and a phenyl group.
with ligand RR)-1, various substituted TADDOL-derived 2.2. Substrate ScopeSeveral substrates that were examined
phosphoramidité§ were analyzed in the catalytic reaction j, the Pd-catalyzed diboration with phosphoramidite ligand
(Table 1). Phosphoramidites derived from TADDOL offer (RR)-1 were re-examined with RR)-6. Gratifyingly, the
elements of variability at the nitrogen site as well as at the aryl enantiopurity of the 1,2-vinyl(boronate)esters increased in all
ring and the dioxolane protecting group. Alteration of the nitro- 5565 The diboration adduct from decy! allene was obtained in
gen substituents led to inferior stereoselectivity in all reactions ggoy ee (Table 2, entry 1) withR(R)-6 versus 91% ee with
examined. Replacement of the methyl groups with ethyl groups (R R).1. Allenes bearing alkyl substituents such as methyl,
or incorporation of a cyclic amine significantly lowered the cyclohexyl, and 2-phenylethyl afforded 1,2-bis(boronate)esters
in slightly lower levels of enantiomeric purity (entries-2).

_ Allenes bearing benzyl- and silyl-protected oxygen atoms also
(16) ’\Fleé(\?i:e%?r:)?rpheetgglfizl:r?fslir?’célltgiysis: (a) Feringa, BAte. Chem. Res.  €acted with high levels of enantioselection (entries 5 and 6).

200Q 33, 346. Select examples, hydrogenation: (b) ven den Berg, M.; Analysis of the reaction with substituted aromatic allenes
Minnard, A. J.; Schudde, E. P.; van Esch, J.; de Vries, A. H. M.; de Vries,
J. G.; Feringa, B. LJ. Am. Chem. So200Q 122 11539. (c) Hydrosila-
tion: Jensen, J. F.; Svendsen, B. Y.; la Cour, T. V.; Pedersen, H. L.; (17) (a) Boele, M. D. K.; Kamer, P. C. J.; Lutz, M.; Spek, A. L.; de Vries, J.
Johannsen, MJ. Am. Chem. So002 124, 4558. (d) Hydroboration: G.; van Leeuwen, P. W. N. M.; van Strijdonck, G. P.@Ghem. Eur. J.
Ma, M. F. P.; Li, K,; Zhou, Z.; Tang, C.; Chan, A. S. Cetrahedron: 2004 10, 6232. (b) Corey, E. J.; Matsumura, Yetrahedron Lett1991
Asymmetry1999 10, 3259. 32, 6289.

2. Results and Discussion

(14) Pelz, N. F.; Morken, J. FOrg. Lett 2006 8, 4557.
(15) Ishiyama, T.; Matsuda, N.; Murata, M.; Ozawa, F.; Suzuki, A.; Miyaura,

J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007 8767
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Table 2. Enantioselective Diboration with (R,R)-6 versus (R,R)-12 Scheme 3
2.5 mol % Pd,dba

1-622211:622(?:)2 B(pin)B(pin) RO PdX By Pd-B(pin)
RSN olene. 1t R/Hr Pd(O)(mB;X Pd:x — R/;< Boin) R -BRIN) <> Pd(0)
14h B(pin) - (pin)B-X T 2
entry substrate ligand: (R,R)-1 ligand: (R,R)-6 ~
%yield %ee % yield % ee . ) R™ e Pd-B(pin)
Bopiny ,B(pin) g
Pd©0) —>  Pd__ R Blpin) <> Pd(0)
1 CroHai™ 61 91 72 98 B(pin) 2
2 TN 68 2 77 9 Scheme 4 )
. P By(pin), 2-é3r:ﬁ;l°/f=(;',i£?eas B(pin)B( in) B(pin-gzzi)n_d )
3 O/\\ 62 89 9 93 decyl” e Bz(pi:.d12)z —>toluene, > decyl PIN) + decyl pin-dy
9 10 10-dyy
4 LN 73 90 76 97
2.3. Reaction Mechanism. 2.3.1. Crossover Experiments.
5 BnO” "N 57 91 85 97 Two prospective mechanisms for the Pd-catalyzed addition of
diborons to allenes are depicted in Scheme 3. Pathway A is
6 TBSO™ ™" 68 97 modeled after a mechanism that was suggested by Yang and
Cheng, who found that small amounts of added vinyl halide
7 ©/\§ 75 87 7 97 could initiate Pd(0)-catalyzed allene diboration reactions by
facilitating the production of a minor amount of haloboroné&fe.
% /©/\\ 7 05 If a small amqunt_of adventit.io.us boron halide was already
Me present, then it might be anticipated that the mechanism in
N pathway A (oxidative addition, insertion, transmetalation, and
9 Meo/©/\ 68 94 reductive elimination) could account for the observed reactivity.
N As posited above, the Pd-catalyzed allene diboration might also
10¢ . C/O/\ > 52 94 be considered to initiate by oxidative addition of Pd(0) directly
F:C to By(pin), as depicted in pathway B.
114 @A\ 52 90 A crossover experiment was undertaken to differentiate

aReaction carried out at a substrate concentration of 0.15Isblated
yield of purified product® Enantiomeric purity determined for the diaster-
eomeric diols prepared by sequential diimide reduction and oxidation of
the reaction product 0.3 M [substrate], 3 equiv of £pin),, 24 h.

among possible modes of oxidative addition during the allene
diboration reaction. In this experiment, alle@&vas subjected

to diboration with an equimolar mixture of,gin-d;,),!° and
unlabeled B(pin), with 2.5 mol % Pddba and 6 mol %
phosphoramidite ligandRR)-6 as the catalyst (Scheme 4).

Scheme 2 Analysis of the isolated diboration product by electrospray mass
;‘:@F’a%dg;% B(pin) spectrometry revealed onl§0 and 10-dy4 as the reaction
Cotet S, * B T Gy PP products; 10-di> could not be detected. This experimental
0.15 M tcluene, rt outcome is inconsistent with a pathway involvingbond
558 o) 12 equiv Tt yield metathesis as invoked for pathway A and suggests that allene

diboration is initiated by oxidative addition of,&in), to a Pd-

suggests that that there is not a significant impact of substrate(o) complex.

electronic properties on enantioselection. For example, when = 2 32 | jgand Analysis.DFT calculations by Morokuma and
phenyl allene was used in the reaction, the product was obtainedco-workers, and by Sakaki and Kikuno, suggest that oxidative
in 97% ee (Table 2, entry 7). Substituting the para position with addition of By(pin), to Pd complexes is energetically unfavor-
a more electron-donating methyl or methoxy group (entries 8 aple: although the barrier for oxidative addition of®H), to

and 9) provided comparable levels of yield and selectivity. pg(pHy),is smaller than for the analogous Pt complex (8.6 kcal/
Similarly, substrates possessing a trifluoromethyl group at either

the para or meta positions provided product of undiminished (18) Oxidative addition of diboron reagents té mietals: (a) Iverson, C. N.;

enantiopurity. However, the electron-poor substrates required

more forcing reaction conditions (3 equiv of(Bin),; [substrate]
= 0.3 M, 24 h) andp-nitrophenyl allene did not react, even
with the more reactive catalyst generated from P&yd Pd-
dbas.

To ascertain whether the Pd-catalyzed allene diboration
reaction may be run on larger scale, the experiment in Scheme
2 was undertaken. With decreased catalyst loading (1 mol %

Padba and 2.4 mol % RR)-6), 1 g of decyl allene was
converted to the 1,2-bis(boronate)ester in 74% yield with slightly
diminished enantioselectivity (98% ee 92% ee).

8768 J. AM. CHEM. SOC. = VOL. 129, NO. 28, 2007

Smith, M. R, lll. J. Am. Chem. So0d.995 117, 4403. (b) Ishiyama, T.;
Matsuda, N.; Murata, M.; Ozawa, F.; Suzuki, A.; Miyaura, Grgano-
metallics1996 15, 713. (c) Lesley, G.; Nguyen, P.; Taylor, N. J.; Marder,
T. B.; Scott, A. J.; Clegg, W.; Norman, N. @rganometallics1996 15,
5137. (d) Nguyen, P.; Lesley, G.; Taylor, N. J.; Marder, T. B.; Picket, N.
L.; Clegg, W.; Elsegood, M. R. J.; Norman, N. @org. Chem1994 33,
4623. (e) Clegg, W.; Lawlor, F. J.; Lesley, G.; Marder, T. B.; Norman, N.
C.; Orpen, A. G.; Quayle, M. J.; Rice, C. R.; Scott, A. J.; Souza, F. E. S.
J. Organomet. Cheni998 550, 183.

Pinacolel, was prepared by modification of literature procedures and used
for the synthesis of Bpin-di,),. Preparation of pinacal:z: (a) Boller, T.

M.; Murphy, J. M.; Hapke, M.; Ishiyama, T.; Miyaura, N.; Hartwig, J. F.
J. Am. Chem. So@005 127, 14263. (b) Binks, J.; Lloyd, DJ. Chem.
Soc. C1971 2641. Preparation of Bpin-d;),: (c) Ishiyama, T.; Murata,
M.; Ahiko, T.-A.; Miyaura, N.Org. Synth.200Q 77, 176.

(20) Cui, Q.; Musaev, D. G.; Morokuma, KOrganometallics1998 17, 742.
(21) Sakaki, S.; Kikuno, Tlnorg. Chem.1997, 36, 226.

(19)
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Table 3. Correlation between Ligand Basicity and Reactivity Table 4. Enantioselective Allene Diboration with Varied M/L Ratio
o 2.5 mol % Pd,db:
20 ne;or:qg ‘l;odlz.dbaS B(pin) X 3’5 % (R,IZ-'\’)-: ? B(pin)
B,(pi : PN Ba(pin), B(pin)
C1oH21/\°\ 2(pin)2 CooHai B(pin) CroHa™ o 4>:0|uene - CroHai
toluene-dg, rt 14h
20 min

entry L % conve I — DK, entry (R,R)-6/Pd % yield % ee

1 rone o 1 1.2:1 72 98

2 1.08:1 78 96

2 P(Bu)s 0 11.4 3 05:1 71 90

3 PCy 100 1943 9.7 2 011 54 53

4 P(NMe)s 100 1964 5 0 10% conv 0

5 P(OEt} 80 1996 3.31
6 PPh <3 1979 2.73
7 (RR)-1 28 1984 be only a slightly weaker donor to a Pd(ll) allyl as compared
8 (RR)-6 19 1984 to PCw.27
9 P(OPH) <3 2016 —2.00 % _ _ _ _

10 dppe 4 In the context of asymmetric catalysis, the ligand acceleration
‘ _ observed above can have significant practical advantages.
@ Determined byH NMR spectroscopy? Values are in ChCl, solvent. Enantioselective reactions that benefit from ligand-accelerated

See ref 24 for 36, 8, and 9. See Supporting Information for the talvsi tai hiah | | of selectivit hen th
determination ofvco in entries 7 and 8. Note that entries 3 and 6 were CalalysSIS may retain a high level or selectivity even when the

repeated as a check for technigé®alues are in nitromethane. Data from  ligand/metal ratio is less than off€The data in Table 4 indicates
ref 25. that the Pd-catalyzed allene diboration reaction is in this class
of reactions, and useful levels of selectivity may result even
when the ligand loading is less than that of the transition metal
(entry 3). For instance, with 0.5 equiv of ligand relative to
d palladium, synthetically useful levels of selectivity can result.
However, for optimal levels of stereoinduction, a slight excess
of ligand relative to Pd is required.

2.3.3. Stereodifferentiation.Subsequent to oxidative addi-
tion, the allene substrate may insert into one of the Bthonds.
This transformation can occur in a manner that provides a vinyl
palladium compound or a regioisomeric allyl palladium inter-
mediate. Although insertion reactions that involve allenes usually
occur in a manner that provides allyl palladium intermedi&tes,
allene insertion reactions that produce vinyl metallic intermedi-
ates have been implicated in catalytic reacti#fremd a vinyl-
metal species has been isolated from a stoichiometric allene
insertion into an osmium hydrid®. In accord with these
mechanistic possibilities, it was considered that path$Bn

mol vs 14.0 kcal/mol), the reaction is endothermic for Pd but
exothermic for Pt. The (PHLPd[B(OH)], complex resides 15.9
kcal/mol higher in energy than the analogous Pt complex, an
this energy difference persists for all the catalytic intermediates
that are in thet2 oxidation state. Accordingly, Pd complexes
are less effective catalysts for alkyne diboration reactions than
analogous Pt complexes. According to these calculations, it can
be anticipated that electron-donating ligands would stabilize
diboration intermediates that are in higher oxidation states and
thus might facilitate Pd catalys?32® Comparison of the
reactivity exhibited in the presence of various phosphorus
ligands supports this contention (Table 3). Although a rough
correlation exists between reactivity and the CO stretching
frequency of derivedrans-L ,Rh(CO)CI complexed?there are
significant outlying data points. For instance, the CO stretching

frequency otrans[(R,R)-1],Rh(CO)CI was measured and found Scheme 5 might be operative in the allene diboration. Paths B

to be higher than that for the PPtlerivative, suggesting that and C proceed by addition of the bis(boryl)palladium intermedi-
may be a weaker donor than RPhlowever, the phosphora- ate to the more substituted allene double bond and provide either

midite Iigan(_i prov_ides highe_r _reactivity thgn RPBimilarly, allyl or vinyl palladium intermediates, respectively. Alterna-
P(OEt; proyldes higher react|_V|ty than anticipated ba_sed_ onthe tively, path D involves addition across the less substituted
CO stretching frequency of itsansL,Rh(CO)CI derivative. — jene, followed by isomerization and reductive elimination

With the exception of RBu)s, a sterically encumbered ligand,  ¢rom an intermediate palladium allyl complex. This pathway
a better correlation appears to exist between diboration re- 55 peen proposed for allene silaborafi®n.

activity and [K, of the derived RPH' ion.2® The acidity To distinguish pathways BD a stereodifferentiating experi-
measurement is insensitive to back-bonding and has beenyqnt \yas undertaken that employed optically active, deuterium-
noted to correlate with the rate of oxidation of LPd(0) com- |apeled substrateRj-9-d, in a catalytic diboration reaction with
plexes to phenyl iodid& Although the [, for phosphoramidite cpira) ligand R R)-6. As depicted in Scheme 6, diastereomeric
ligands is not known, experiments by Pregosin, Albinati, and products are expected if either pathway B or C operates as
co-workers suggest that a binol-derived phosphoramidite may opposed to pathway D. If pathway D operates, addition to the

(22) For the accelerating effect of basic phosphines on diboration, see: (27) Filipuzzi, S.; Pregosin, P. S.; Albinati, A.; Rizzato, Srganometallics

Alkynes: (a) Thomas, R. L.; Souza, F. E.; Marder, T.JBChem. Soc., 2006 25, 5955.
Dalton Trans.2001, 1650. Allenes: (b) ref 10a. (28) Berrisford, D. J.; Bolm, C.; Sharpless, K. Bagew. Chem., Int. EA995
(23) For a review that describes the accelerating effect in a number of 34, 1059.
Pd-catalyzed reactions, see: Bedford, R. B.; Cazin, C. S. J.; Holder, D. (29) Reviews: (a) Zimmer, R.; Dinesh, C. U.; Nandanan, E.; Khan, F. A.
Coord. Chem. Re 2004 248, 2283. Chem. Re. 200Q 100, 3067. (b) Cazes, BPure Appl. Chem199Q 62,
(24) For the values in Table 3, see: (a) Otto, S.; RoodinArg. Chim. Acta 1867.
2004 357, 1. (b) Vastag, S.; Heil, B.; Markd_. J. Mol. Catal.1979 5, (30) Carbopalladation, see: (a) Fu, C.; Ma, Grg. Lett. 2005 7, 1605.
189. Intramolecular hydroamination: (b) Arredondo, V. M.; McDonald, F. E.;
(25) For a compilation of i, values, see: Rahman, M. M.; Liu, H.-Y.; Eriks, Marks, T. J.J. Am. Chem. Sod.998 120, 4871. (c) Arredondo, V. M.;
K.; Prock, A.; Giering, W. POrganometallics1989 8, 1. McDonald, F. E.; Marks, T. JOrganometallics1999 18, 1949.
(26) Amatore, C.; CafreE.; Jutland, A.; M'Barki, M. A.Organometallics1995 (31) Xue, P.; Zhu, J.; Hung, H. S. Y.; Williams, I. D.; Lin, Z.; Jia, G.
14, 1818. Organometallics2005 24, 4896.
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Scheme 6
.
(RRI6—PA(0) + Bypiny, + Y P
Ry9-d, L
Path C T | T T | | T | T
s 8 6.0 8.0 6.0
decyl?’\\m decyl?‘\\\\\o ~ “Pd_ unlabeled reference t=1 hour t= 10 hours
(RR)6< Y N Y decyl” e/, p (RR)-6 ) . . . . . ,
Pd_ Pd N Figure 1. Diboration of enantiomerically enriched substra®-9-d; with
E B g (RR-6 H catalyst prepared fronR(R)-6. Reaction monitored by in situ NMR.
+ + ¢B Scheme 7
(RR)-6-Fd—B 8 B deCY'/\,[ 2.5 mol % Pd,dbas
decyl B decyl Pd\(R,R)—G H7->Pd—B PN 6 mol % (R,R)-6 PN
I | ! R N R o, H
D~ H D~ H (RR)-6 \}_|’D toluene, rt T
(R-11 >95% ee 45 minutes racemic
B* B* : non-deuterated material was also present. Unexpectedly, the
B B B alkene stereoisomer ratio diminished over time, and at 10 h a
decy'/’j[ deCV')I "eCV')\/[ 3:1 diastereomer ratio was observed. Two experiments suggest
D™ H D" H H™ D that this diastereochemical erosion is not the result of product
(R)-Z-10-d; (R)-Z-10-d; (R)-E-10-d; equilibration. First, resubjection of the 3E/Z mixture to the

catalyst did not lead to further diminution of the stereocisomer
terminal alkene is expected to occur anti to the decyl substituentratio. Concerned that the 3:#/Z ratio might represent an
at C3. Such an approach path is well-documented in carbopal-equilibrium isotope effect, the diboration oR)9-d; was
ladation of allene$? With (R)-9-d; as substrate, thep! conducted with ligand$,S)-6. As opposed to the reaction with
intermediateR)-11is expected as an initial adduct. Chiral ligand ligand ®]R)-6, when ligand §9)-6 is employed a 1:&/Z ratio
(RR)-6 favors theR configuration in the diboration product, of alkene stereocisomers is observed.
and this configuration may only be obtained by a bond rotation  Importantly, when the above-described experiment was
in (R)-11 that also furnishes thE configuration of the alkene.  repeated and halted at 90 min, the recovered starting material
Thus, pathway D is expected to furnish diastereor®pE-10- was found to be racemic. Moreover, wheR)-0-di was
d; from (R)-9-d; if ligand (RR)-6 is employed. If pathways B subjected to Pgdiba and R R)-6, in the absence of £pin),,
or C operate, they would both proceed by addition of the the allene was completely racemized after 45 min of reaction
palladium bis(boryl) complex to theeface of allene carbon 3 (Scheme 7)1*C NMR analysis of the recovered allene shows
when RR)-6 is used as the chiral ligand. This approach path a triplet resonance only for C1, suggesting that the deuterium
provides theZ-configured alkene, and therefore these pathways label remains exclusively attached to C1 and that it has not
would produce diastereomeR)¢Z-10-d; when R,R)-6 is the scrambled between substrate molectdfes.
ligand and R)-9-d; is the substrate.

(33) Synthesis of substratR)9-d; was accomplished as shown below, and its

Chiral allene R)-9-d;* was subjected the diboration condi- optical purity was established by and?H NMR analysis of the Yb-
tions with (R R)-6 as the chiral ligand, and the course of the (hftC)ﬁAg(fod) complex. See the Supporting Information for complete
. . . . etalls.
reaction was monitored by NMR analysis (Figure 1). After Ve
. . . . e . Me
60 min of reaction, the major reaction product exhibited a singlet W QR,
. u
at 5.8 ppm corresponding to the hydrogen atom trans to boron Smol% TsN' NH I
. . . . o] N 9” K,CO3 QH , e A
(chemical shn‘t assignments were made by NOESY _analysg of s )\ i g ohob g PPh,  decy N
unlabeled bis(boronate)). A minor compound consistent with sitie,  fEroH Sitie, o iy
A s . >95% ee
the other alkene stereoisomer exhibited a singlet resonance at 90% D incorporation

6.2 ppm (ratio= 7:1 E/Z). In addition to these two compounds, (34) Allene racemization was observed in Pd(0)-catalyzed coupling of alkenyl
’ trifluoroborates with optically active propargylic carbonates. (a) Molander,

G. A.; Sommers, E. M.; Baker, S. B.Org. Chem2006 71, 1563. Allenes
(32) (a) Hiroi, K.; Kato, F.; Yamagata, AChem. Lett1998 397. (b) Gamez, are also racemized under Pd(ll) catalysis, see: (b) Hon/; Béackvall,
P.; Ariente, C.; Gorgl.; Cazes, BTetrahedron1998 54, 14835. J.-E.Chem. Commur2004 964.
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Figure 2. Formation of product vs time in the presence of 0.15 M B

(pin), (@), 0.30 M By(pin), (M), and 0.45 M B(pin) (A). Catalyst
loading: 0.2 mol % Pgiba and 0.48 mol % R R)-6.
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Collectively, isotope-labeling studies suggest that the allene
diboration reaction product does not isomerize during the course
of the reaction and that the diastereomer ratio is a kinetic one.
Apparently, substrate racemization competes with allene dibo-

ration such that an initial high level of diastereoselection in the

allene diboration is gradually eroded as racemized substrate is

produced and participates in the reactidhe diastereochemical

outcome of the diastereodifferentiation experiment described

above is only consistent with pathway D being responsible for
the Pd-catalyzed allene diboration reaction.
2.3.4. Catalytic Cycle.The above-described experiments are

most consistent with the catalytic cycle depicted in Scheme 8,

wherein formation ofl by oxidative addition of B(pin), to a
PdR,R-6), complex is the initial step. Subsequent insertion of
the allene ultimately provides a-allyl complex il , which
then reductively liberates the reaction product. That the

bidentate ligand dppe does not exhibit ligand-accelerated
catalysis in accord with its basicity may suggest that the allene
insertion proceeds by association of the substrate with a three-
coordinate Pd center, as is known for other Pd-catalyzed

reactions'-8¢.35
Although kinetic experiments would provide a better under-

standing of the asymmetric allene diboration reaction, catalyst

o 4‘%,.'
TS, (front view)

[
t TS, (side view)
AE (B3LYP) |
7.2 kealimol it
© c ] AE (B3LYP) =
P 35.5 kealimol

anti-12 k
L
[

13

for improving reaction outcome with unreactive substrates (see
entries 10 and 11, Table 2).

2.3.5. Computational Studies.The above reaction mecha-
nism is unusual in that the reductive elimination reaction that
releases the diboron produdt from an intermediate such as
[l does so in a manner that positions the boron atom on the
more hindered carbon of theallyl complex. To probe possible
reasons for this outcome, a series of high-level DFT calculations
using B3LYP7 was performed for the reaction sequence. The
Stuttgart RSC 1997 ECP basis ¥etvas used for Pd, and
6-3114+-G*3° was used for other elements. Calculations were
performed with Gaussian 03 CO2 package with tight SCF
convergence and ultrafine integration grids. For transition-state
structure searches, a single-point frequency calculation was
performed to ensure that the final structure obtained (i) has only
one imaginary frequency and (ii) the vibration mode of the
negative frequency corresponds to the bond formation that is
anticipated. In addition, intrinsic reaction coordinates (IRC) were
calculated to verify the relevance of transition-state structures.
Calculations were performed with methyl allene as substrate,
PMe; as the ligand for palladium, and ethylene glycol as the
ligand on boron.

Minimization of the putative initialy> Pd—olefin complex
derived from methyl allene proceeded smoothly, and it was
determined that structumnti-12 is more stable than structure

precipitation during the course of the reaction prevents deter-
mination of accurate rate constants. However, measurement ofy12 by 2.3 _kcal/r_nol (_Sche_me 9), as expected. The allene
initial reaction rates byH NMR versus an internal standard a-framework in anti-12 is oriented gbogt 309“‘ ,Of _the

was reproducible and revealed that the reaction clearly benefitsp""""’ldlum square plane. Although this orientation is different

from added B(pin), (Figure 2). The apparent first-order than the perpendicular arrangement that is commonly observed

dependence onJBin), suggests that oxidative addition of the for square planardalkene complexes and was observed for

diboron to Pd may be rate-limiting, a contrast with Pt-catalyzed
alkyne diboration which is first order in [alkynéjc.35a.36

Importantly, these observations also provide a useful method

(35) Diboration: (a) Iverson, C. N.; Smith, M. R., llDrganometallics1996
15, 5155. For a review of reactions that are catalyzed by monoligated
Pd, see: (b) Christmann, U.; Vilar, Rngew. Chem., Int. EQR005 44,
366.

(36) The same kinetic experiments with varied allene concentration show a
slight inverse-order dependence on [allene]. See the Supporting Informa-
tion.

(37) (a) Becke, A. DJ. Chem. Phys1993 98, 1372. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.

(38) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss,Mol. Phys.1993
80, 1431.

(39) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Physl98Q
72, 650.
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Pt(ll)—allene complexe& it is not unreasonable. The perpen-
dicular orientation is commonly thought to arise from repulsive
effects that destabilize the in-plane orientation; when these steric
effects are removed there is nothing inherently unfavorable with
the in-plane geometry, and in-plane coordination of alkenes has
been experimentally observed in Pt(ll) and Pd(ll) complekés.
Germane to this topic, the rotational barrier for related bis-
(boryl)Pt alkene and alkyne complexes, calculated by Morokuma
and co-workers, are low<{1 kcal/mol)43

Attempted minimization of the anticipated insertion adduct
corresponding tél (Scheme 8) resulted in convergence directly
on the »® intermediate13 (Scheme 9). This observation is
consistent with calculations of Sakaki et al., who found that
(allyl)Pd(H)PH; adopts an;® structure and the higher energy
three-coordinatey! form faces a barrierless conversion to the
7 compound:* Optimization to a transition state betwesmnti-

12 and13revealed structur&S;, wherein C-B bond formation
occurs concomitantly with rotation about the-622 bond; IRC
calculations confirm that there are no energy minima on the
potential surface that separat@sti-12 and 13. This insertion
pathway appears to allow association of the-€3 & bond
with the Pd center during the transition state such tpat
bonding develops in concert with alkene insertion. The nature
of bonding in this elementary step has been put forward once
before in an allene carbopalladation studied by Hughes and
Powell® and is in contradistinction to the notion that “the more
stablen® coordination mode can never be formed directly due
to orthogonal orbitals2®@ An important consequence of this
mode of insertion is that the position of the remaining boryl
and phosphine groups in the initigf-Pd—allyl structure is
defined by their position in the precursgt-alkene complex
anti-12.

Analysis of the reductive elimination from boft8 and its
apparent-rotation isomer5 shows that the barrier for each is
small, with that forl5 being 3.1 kcal/mol more favorable than
that for13 (Scheme 10). Given thdis also more stable than
13 by 0.7 kcal/mol leads to the conclusion that the barrier for
interconversion ofil3 and15 must be high. In fact, conversion
of 13 to an n'-allyl complex, a presumed requirement for
isomerization, was found to be energetically uphill with e
structure residing 9.6 kcal/mol above th&compound® This
calculation is consistent with calculations by Ariafard and Lin

(40) (a) Hewitt, T. G.; de Boer, J. J. Chem. Soc. A971, 817. (b) Clark, H.
C.; Dymarski, M. J.; Payne, N. . Organomet. Chenl979 165 117.
(c) Briggs, J. R.; Crocker, C.; McDonald, W. S.; Shaw, B.J..Chem.
Soc., Dalton Trans1981, 121.

(41) For an analysis of the barrier to rotation in metalkene complexes:
Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. 1. Am. Chem.
Soc.1979 101, 3801.

(42) For examples of in-plane alkene coordination focdmplexes, see: (a)
Musco, A.; Pontellini, R.; Grassi, A.; Meille, S. V.; Rgger, H.; Ammann,
C.; Pregosin, P. SOrganometallics1988 7, 2130. (b) Rakowski, M. H.;
Woolcock, J. C.; Wright, L. L.; Green, D. B.; Rettig, M. F.; Wing, R. M.
Organometallics1987, 6, 1211. (c) Miki, K.; Yamatoya, K.; Kasai, N.;
Kurosawa, H.; Emoto, M.; Urabe, A. Chem. Soc., Chem. Comm(884
1520. (d) Miki, K.; Kai, Y.; Kasai, N.; Kurosawa, HI. Am. Chem. Soc.
1983 105 2482.

(43) Cui, Q.; Musaev, D. G.; Morokuma, Krganometallics1997, 16, 1355.

(44) Sakaki, S.; Satoh, H.; Shono, H.; Ujino, ®rganometallics1996 15,
1713.

(45) Hughes, R. P.; Powell, J. Organomet. Chenl973 60, 409.

(46) Direct interconversion df3 and15 by rotation about the metahllyl axis
is generally discounted, see: Pfaltz, A.; Lautens, MClomprehensie
Asymmetric Catalysjslacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.;
Springer-Verlag, Berlin, 1999; Vol. 2, pp 83839. Consistent with this,
we have computed barriers of 19.4 and 29.4 kcal/mol, depending upon the
direction of rotation.
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which suggest that the activation barrier for conversion of a
neutralzn3-allyl palladium complex to am-allyl complex by
association of phosphine is 16.6 kcal/mbSimilarly, recent
calculations by Solin and Szalstow a 22.8 kcal/mol barrier
for PHs-inducedy;®—»t isomerization in cationic palladium allyl
complexe€® and experiments by Akermark, Vitagliano, and
co-workers indicate that anion-inducegd—»,* isomerization
faces a minimum barrier of 11.5 kcal/mtICollectively, these
results provide a plausible rationale for regioselectivity: after
a site-selective alkene insertion reaction, a low-barrier intramo-
lecular reductive elimination appears able to compete with
allyl isomerization and selectively delivedst as opposed to
16.

3. Conclusion

In the presence ofRR)-6 ligand, the palladium-catalyzed
diboration of allenes can be executed with much higher
selectivity than with the parent ligandRR)-1. This reaction
provides similarly high levels of selectivity with both aromatic
and aliphatic allenes and with sterically encumbered and
unencumbered substrates. The catalytic cycle appears to proceed
by a mechanism involving rate-determining oxidative addition
of the diboron to Pd followed by transfer of both boron groups
to the unsaturated substrate. This transfer reaction most likely
occurs by coordination and insertion of the more accessible
terminal alkene of the allene substrate, by a mechanism that
directly provides they® mz-allyl complex in a stereospecific,
concerted fashion. According to this mechanistic paradigm, this
insertion reactiongnti-12 — 13, Scheme 9) is most likely the
enantiomer-determining step of the allene diboration process.
Ongoing studies focused on expanding the scope of the
asymmetric diboration reaction, and its application in synthesis,
will be reported in due course.

(47) Ariafard, A.; Lin, Z.J. Am. Chem. So2006 128 13010.

(48) Solin, N.; SzaboK. J. Organometallics2001, 20, 5464.

(49) Hannson, S. H.; Norrby, P.-O.;"gj@n, M. P. T.; ,&kermark B.; Cucciolito,
M. E.; Giordano, F.; Vitagliano, AOrganometalIlcSl993 12, 4940.
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