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Abstract: Palladium(ll)-catalyzed aerobic oxidative amination of styrene with oxazolidinone proceeds with
catalyst-controlled regioselectivity: (CH3CN).PdCl, (1) and (EtzsN),PdCl, (2) catalyze formation of the anti-
Markovnikov and Markovnikov enecarbamate products, 3 and 4, respectively. Kinetic studies and deuterium
kinetic isotope effects demonstrate that these two reactions possess different rate-limiting steps, and the
data indicate that the product regiochemistry arises from the presence or absence of an effective Brgnsted
base in the reaction. In the presence of a Brgnsted base such as triethylamine or acetate, the kinetically
preferred Markovnikov aminopalladation adduct of styrene is trapped via rapid deprotonation of a zwitterionic
intermediate and leads to formation of 4. In the absence of an effective Bragnsted base, however, slow
deprotonation of this adduct enables aminopalladation to be reversible, and product formation proceeds
through the thermodynamically preferred anti-Markovnikov aminopalladation adduct to yield 3.

Introduction in commercial organic molecules, ranging from commodity and
Aryl and alky! olefins generally do not react with amines. In fine chemicals to pharmaceuticals and agrochemicals. Metal-
recent years, however, a number of catalysts have been identified@talyzed addition of amines to terminal alkenes can yield
that promote the intermolecular coupling of amines and several different products depending on the catalyst and reaction
alkenes: 10 The widespread interest in this chemistry arises conditions, including alkylamines via hydroamination (eq 1) and

from the prominence of nitrogen-containing functional groups IMiNES or enamines via oxidative amination (egs 2 and 3). These
reactions may proceed with Markovnikov or anti-Markovnikov
(1) For recent reviews and highlights, see: (a) Roundhill, DQdtal. Today ; Wi i ; i
1997 37 155-165. (b) Miller. T. E.: Beller, M. Chem. Re. 1998 98 regpselgctwﬁy, anq Fhe de5|r§d isomer depends on the speqﬂc
675-703. (c) Nobis, M.; Driessen-Hscher, B.Angew. Chem., Int. Ed. application. The ability to achieve catalyst control over regio-
2001, 40, 3983-3985. (d) Brunet, J. J.; Neibecker, D. l@atalytic : . B
HeterofunctionalizationTogni, A., Gritzmacher, H., Eds.; Wiley-VCH: Chethry represents an |mportant target of ongoing research
New York, 2001; pp 9+141. (e) Beller, M.; Breindl, C.; Eichberger, M.; efforts 1t
Hartung, C. G.; Seayad, J.; Thiel, O. R.; Tillack, A.; TrauthweinSknlett
2002 1579-1594. (f) Roesky, P. W.; Mier, T. E. Angew. Chem., Int. ,
Ed. 2003 42, 2708-2710. (g) Hong, S.; Marks, T. Acc. Chem. Res. NR'2 H
2004 37, 673-686. . H NR'
For early examples, see: (a) Coulson, D.TRtrahedron Lett1971, 12, RX + R).NH ——R or R)\/ 2 ()
429-430. (b) Diamond, S. E.; Szalkiewicz, A.; Mares, F>.Am. Chem.
S0c.1979 101, 490-491. (c) Casalnuovo, A. L.; Calabrese, J. C.; Milstein,
D. J. Am. Chem. S0d.988 110, 6738-6744. NR'
(3) (a) Dorta, R.; Egli, P.; Zteher, F.; Togni, AJ. Am. Chem. Sod 997, +[0] J\
R or

@

~

119, 10857-10858. (b) Senn, H. M.; Bichl, P. E.; Togni, AJ. Am. Chem. g + R'NH, NR" (9
S0c.200Q 122 4098-4107. -[OH;
(4) (a) Brunet, J.-J.; Neibecker, D.; Philippot, Retrahedron Lett1993 34,

3877-3880. (b) Brunet, J.-J.; Chu, N. C.; Diallo, O.; Mothes,JEMol.

Catal. A: Chem2003 198 107-110. (c) Brunet, J.-J.; Cadena, M.; Chu, NR',

)

RN

N. C.; Diallo, O.; Jacob, K.; Mothes, Brganometallic2004 23, 1264 . + [O] '
1268. (d) Brunet, J.-J.; Chu, N. C.; Diallo, Organometallics2005 24, R™Xx + R%NH T]H; R/& or R/\/NR2 ®)
3104-3110.
(5) (a) Beller, M.; Eichberger, M.; Trauthwein, Angew. Chem., Int. Ed. Engl.
1997 36, 2225-2227. (b) Beller, M.; Trauthwein, H.; Eichberger, M.; Oxidative amination reactions are synthetically attractive

Breindl, C.; Herwig, J.; Miler, T. E.; Thiel, O. R.Chem—Eur. J. 1999 . i X .
5, 1306-1319. (c) Beller, M.; Trauthwein, H.; Eichberger, M.; Breindl, ~ because they lead to a net increase in substrate functionality,
C.; Muller, T. E. Eur. J. Inorg. Chem1999 1121-1132. (d) Beller, M.; H : H H

Thiel, O. R.; Trauthwein, H.; Hartung, C. Ghem—Eur. J.2000Q 6, 2513- and we recently reported methods for the oxidative amination
2522. (e) Tillack, A.; Trauthwein, H.; Hartung, C. G.; Eichberger, M.; Pitter,

S.; Jansen, A.; Beller, MMonatsh. Chem200Q 131, 1327-1334. (8) Ryu, J.-S.; Li, G. Y.; Marks, T. JJ. Am. Chem. So003 125, 12584~
(6) (a) Kawatsura, M.; Hartwig, J. B. Am. Chem. SoQ00Q 122 9546- 12605.
9547. (b) Nettekoven, U.; Hartwig, J. B. Am. Chem. SoQ002 124, (9) (a) Wang, X.; Widenhoefer, R. Organometallic004 23, 1649-1651.
1166-1167. (c) Utsunomiya, M.; Kuwano, R.; Kawatsura, M.; Hartwig, (b) Qian, H.; Widenhoefer, R. AOrg. Lett.2005 7, 2635-2638.
J. F.J. Am. Chem. So003 125 5608-5609. (d) Utsunomiya, M.; (10) Karshtedt, D.; Bell, A. T.; Tilley, T. DJ. Am. Chem. SoQ005 127,
Hartwig, J. F.J. Am. Chem. So2003 125 14286-14287. (e) Utsunomiya, 12640-12646.
M.; Hartwig, J. F.J. Am. Chem. So@004 126, 2702-2703. (f) Takaya, (11) White and co-workers recently reported an example of Pd-catalyzed allylic
J.; Hartwig, J. FJ. Am. Chem. So@005 127, 5756-5757. oxidation of terminal alkenes that preferentially forms the branched or linear
(7) Hosokawa, T.; Takano, M.; Kuroki, Y.; Murahashi, SFetrahedron Lett. allylic acetate, depending on the reaction conditions: Chen, M. S.; White,
1992 33, 6643-6646. M. C. J. Am. Chem. SoQ004 126, 1346-1347.
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of both aryl and alkyl olefins that use molecular oxygen as the
stoichiometric oxidant?13 The reaction of styrene with oxazo-
lidinone is noteworthy because an apparently subtle variation
of the catalyst leads to a complete switch in product regio-
chemistry. Specifically, the use of (GBN),PdCL (1) and
(EtsN).PdC} (2) as catalysts results in the formation of the anti- f
Markov_mkov and Markovnikov _Ox_ldat_lve _ammatlon products, Figure 1. Molecular structure o2 with 50%-probability thermal ellipsoids.
respectively (eq 4). The synthetic implications of these observa- gond lengths: PeN(1) = Pd-N(1A) = 2.1716(15) A; Pé-CI(1) = Pd—
tions prompted us to investigate the origin of this result, and CI(1A) = 2.3179(6) A.

mechanistic studies described below implicate a novel, Bransted

base-mediated mechanism for regiochemical modulation of ratio (Figure 2A). Addition of NEf decreases the yield &

(Et:N),PdCl, (2) = (Y

metal-catalyzed alkene amination reactions. but formation of4 is not observed until a NEPd ratio> 1 is
present in solution. The yield @ maximizes at a NEtPd ratio
5% (CHiCN)2PACL (1) NP2, 10 (4a) of ~3, but at elevated Ngtoncentrations (NEgtPd > 3), both
0 5% CuCl 3 the overall yield and initial rate of the catalytic reaction diminish
Ph + N0 112 0, ant-Merkovnikov substantially (Figure 2A,B3%
(H\I\E/Z) 5% (NEtg)oPdCl, (2) /I\QZ Triethylamine_is not u_niqu_e inits _abili_ty to promote form_atic_)n
~ s%cuwC, P + HO (4b) of the Markovnikov oxidative amination product. If anionic

bases, such as acetate and bicarbonate, are used in combination
_ _ with 1, 4 is the only product obtained. For example, in the
Results and Discussion presence of 100 mol % sodium acetd@nd 5 mol %1 as the

Origin of Regiochemical Control: Evidence for a Bransted ~ catalyst,4 is obtained in nearly quantitative yield>05%).
Base Effect.Our initial hypothesis to explain the regiochemical Reactions conducted in the presence ofdENaOAc proceed
outcome of the reactions in eq 4 focused on the coordination Significantly faster ¢ 5-fold) than those catalyzed Hyin the
chemistry of triethylamine. Addition of NEtto 1 results in absence of base. Furthermore, use of the lithium salt of
amine coordination to the palladium center, and catdysas deprotonated oxazolidinone in reactions catalyzed lry the
isolated from a 1:2 mixture of and NE§ and characterized by absence of NEtalso yields4 as the exclusive amination product
X-ray crystallography (Figure 1). The trans stereochemistry, (62%). These observations are inconsistent with a ligand steric-
together with the large NEtone angle (159,14 suggested that effect model and suggest the change in reaction rate and
ligand steric effects might alter the reaction regioselectivity. regioselectivity arise from a Brgnsted base effect.

Namely, a sterically congested metal center might favor Kinetic Studies. Kinetic studies reveal distinct differences
formation of aminopalladation intermediafe which possesses ~ between reactions catalyzed bund2. The dependence of the

a primary alkyl ligand, over the other possible intermedige, initial reaction rate on styrene and oxazolidinone concentrations
which features a larger, secondary alky! ligand. The steric effects Was evaluated in each case by monitoring the product by gas
may be amplified by the fact that the PN bond lengths of ~ chromatography? With 1 as the catalyst (eq 4a), the rate
2.17 A are considerably shorter than Rl bond lengths exhibits a linear dependence on [oxazolidinone] and a saturation
(~2.33-2.35 A) for structurally relatedtrans{RsP),PdCh dependence on [styrene] (Figure 3). In contrast, \&itks the

Markovnikov

complexed? catalyst (eq 4b), the rate exhibits a saturation dependence on

[oxazolidinone] (Figure 4A) but retains a linear dependence on

L,Pd Lpg A [styrene] even to very high concentration (7.9 ¥90 vol %)

}NRZ " _&NRZ (Figures 4B and S1 (Supporting Information)).

5 6 Deuterium kinetic isotope effects (KIEs) for both reactions
Markovnikov Anti-Markovnikov were evaluated by comparing thg reaction rates with oxa;oli-
Arfninog?lladation” ATino;?lladatiol}l dinone versusN-deuterooxazolidinone as the nucleophile.

Prongootod cataiyet?  imeonposted eatanst? Formation of the anti-Markovnikov produd, catalyzed byl

exhibits a significant KIEK"/k® = 3.0(1) at 40°C, whereas
This model is consistent with the regiochemical results; formation of the Markovnikov product4, catalyzed by?2
however, several additional observations forced us to considerexhibits essentially no isotope effe&t!/kP = 1.1(1) at 40°C.
an alternate explanation. Variation of the triethylamine con- Furthermore, no isotope effect is observed in the formation of
centration did not result in a systematic change irBfdgroduct 4 catalyzed by a mixture df (5 mol %) and NaOAc (100 mol
— : %): kH/kP = 0.98(5) at 40C. No statistically significant kinetic
(12) (a) Timokhin, V. I.; Anastasi, N. R.; Stahl, S. 8.Am. Chem. So2003

125, 12996-12997. (b) Brice, J. L.; Harang, J. E.; Timokhin, V. I.; Anastasi, isotope effects are evident when styrene is replaced with styrene-

N. R.; Stahl, S. SJ. Am. Chem. So@005 127, 2868-2869. ds in any of the reactions.
(13) For intramolecular precedents of palladium-catalyzed aerobic oxidative . .
amination reactions, see: (a) van Benthem, R. A. T. M.; Hiemstra, H.; Thus far, attempts to characterize the catalyst resting state

Longarela, G. R.; Speckamp, W. Netrahedron Lett1994 35, 9281~ i i i i i
9289 (b) Rown, M.. Beckvall J-E.; Andereson. b. Gretrahedron Lett by in situ NMR spectroscopic studies have been unrewarding.

1995 36, 7749-7752. (c) Larock, R. C.; Hightower, T. R.; Hasvold, L.

A.; Peterson, K. PJ. Org. Chem1996 61, 3584-3585. (d) Fix, S. R.; (16) Triethylamine can coordinate to the Cu@bcatalyst; however, control
Brice, J. L.; Stahl, S. SAngew. Chem., Int. EQ002 41, 164-166. (e) experiments demonstrate that the [pEependence correlates exclusively
Trend, R. M.; Ramtohul, Y. K.; Ferreira, E. M.; Stoltz, B. Mngew. Chem., with [Pd] and not [Cu].
Int. Ed. 2003 42, 2892-2895. (17) The poor solubility of NaOAc requires elevated loading. NBAc, a
(14) Seligson, A. L.; Trogler, W. C1. Am. Chem. Sod991, 113 2520-2527. soluble source of acetate, achieves identical results at 10 mol % loading.
(15) Based on analysis dfans{RsP),PdCL complexes in the Cambridge (18) See Supporting Information for additional details. The estimated uncertainty
Structural Database. for individual rate measurements 4s10%.
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Figure 2. Effect of [NE#] on the product distribution (A) and the initial rate of Markovnikov product formation (B). Reaction conditions: (A) [styrene]
1.26 M, [HNRZ] = 0.21 M, [(CHsCN),PdC}] = [CuCl;] = 0.011 M, [NE%] = 0—0.042 M,p(Oz) = 1 atm, DME, 60°C, 24 h; (B) [styrene}= 1.30 M,
[HNRZ] = 0.25 M, [(CHsCN),PdCb] = [CuCl] = 0.013 M, [NEg] = 0—0.086 M, p(O,) = 1 atm, DME, 60°C.
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Figure 3. Kinetic data for the anti-Markovnikov oxidative amination of styrene with oxazolidinone (HNRZ) catalyzed iyC(QMPdCL (1). Reaction
conditions: (A) [HNRZ]= 0.055-0.355 M, [styrene}= 1.26 M, [1] = [CuCl;] = 0.011 M,p(O;) = 1 atm, DME, 60°C; (B) [HNRZ] = 0.23 M, [styrene]

= 0.079-1.27 M, [1] = [CuClp] = 0.011 M, p(O,) = 1 atm, DME, 60°C. The line in plot A reflects a linear least-squares fit of the data. The saturation
curve in plot B is obtained from a nonlinear least-squares fit to a generic hyperbolic functiom[St]/(c[St] + c3), the specific form of which is described

in the Results and Discussion (eq 6).
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Figure 4. Kinetic data for the Markovnikov oxidative amination of styrene with oxazolidinone (HNRZ) catalyzed ¥y)§BtiICb (2). Reaction conditions:
(A) [HNRZ] = 0.044-0.690 M, [styrene}= 2.62 M, [1] = [CuCl;] = 0.013 M, [NEg] = 0.031,p(O;) = 1 atm, DME, 60°C; (B) [HNRZ] = 0.23 M,
[styrene]= 0.077-0.93 M, [1] = [CuCl] = 0.011 M, [NEg] = 0.031 M,p(O;) = 1 atm, DME, 60°C. The line in plot B reflects a linear least-squares fit
of the data. The saturation curve in plot A is obtained from a nonlinear least-squares fit to a generic hyperbolic furctgifNRZ]/(c,[HNRZ] + c3),
the specific form of which is described in the Results and Discussion (eq 8).

These efforts have been complicated by the presence of aD, and subsequegthydride elimination yields the Markovnikov
paramagnetic cocatalyst (CulCthe need to have very high  oxidative amination produet. In the absence of triethylamine,
substrate:Pd ratios>( 50:1) to reach saturation substrate deprotonation ofC will proceed more slowly. Under these
concentrations, and the relative instability of the palladium conditions, reversible aminopalladation of styrene enables
catalysts. formation of the thermodynamically preferred anti-Markovnikov
Proposed Mechanism and Analysis of Kinetic DataThe intermediate C', which may be stabilized by formation of a
data outlined above provide valuable clues into the origin of z-benzylic structure (i.eC'"). Retention of this stabilizing effect
regiochemical reversal in the oxidative amination of styrene. in the subsequent transition state results in preferential formation
These experimental results, together with insights from severalof D' over D and, ultimately, yields the anti-Markovnikov
important studies o$toichiometricpalladium-mediated alkene  product,3.1°2°
amination reactions (see below), underlie the following mecha-  r3-Benzylic structures of palladium(ll) have substantial
nistic proposal (Scheme 1). literature precedert®;21and their intermediacy in the formation
Styrene enters the coordination sphere of Pd(ll) via substitu- of 3 will be favored by the presence of labile ligands in the
tion of a neutral donor ligand, such as &N or EgN. Addition Pd(ll) coordination sphere (i.e., GAN, DME). The recently
of oxazolidinone to styrene may proceed with Markovnikov or reported 1,2-diamination of conjugated dienes (e.g., €§ 5)
anti-Markovnikov regioselectivity, and we propose that forma- employs reaction conditions virtually identical with those in eq
tlpn (,)f the Markovnikov ammOpa”adatl,on |ntermed|eﬁb|s (19) This mechanism is distinct from that of palladium-catalyzgdroamination
kinetically favored. In the presence of triethylamine or another reactions that proceed vigi-benzylic intermediates arising from insertion
exogenous Bransted base, such as acetate, this zwitterionic 21 arenes o & P bonc, Subseauent nucleopi atack by an
intermediate undergoes rapid, irreversible deprotonation to form products (see ref 6b).

17890 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005
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Scheme 1. Proposed Mechanism of Palladium-Catalyzed Oxidative Amination of Styrene that Rationalizes the Observed Regioselectivity

LPd—L' + /=

Ph
Markovnikov A St anti-Markovnikov
Addition k| & Addition
(L' = NEtg) (L'= CH3CN)
L,Pd—
+HNRZ P +HNRZ B
k = B Pn k H NRZ
L,Pd @ + L K> o NRZ ) ®
c _>—NRZ L,Pd ~ LPd—)
I
Ph H C' Ph c"
B:=HNRZ .
ks + NEts orother weak| *+B* |
— [HNEts]* endogenous | — [BH]*
S base
L,Pd o) NRZ
_>—an LnPd‘(
D Ph D' Ph
-[L,Pd-HJ ‘ AL PA-HT
NRZ NRZ
/\/
Ph Ph
3
4a, and the reaction is believed to proceed throughZaally! aminopalladation of styrene is rate-limiting. In this case, the

intermediate analogous @'. Stereochemical evidence supports product4 arises from kinetically preferred formation of the
backside attack of urea on a coordinated diene in these reactionsMarkovnikov aminopalladation adduc®, (AAG*,as9. Overall,
this energetic profile explains both the reversal of product

)OL 5% (CHLCN),PdCl, (1) >\NEI regiophemistry and the enhanced rates observed when the
EtHN™ “NHEtT Z7 % “Ph W BN, ®) reaction is conducted in the presence of base.
2800 Ph According to this mechanism, a rate law for the production
gt [Pl of 3 reflects a three-step mechanism consisting of (1) preequi-
via: EtHN\n/N\)\‘/\Ph librium coordination of styrene, (2) steady-state addition of
0 oxazolidinone to the activated alkene, and (3) rate-limiting

deprotonation of the aminopalladation add@t(eq 6)23 At

A qualitative energy diagram corresponding to the proposed high [styrene], the preequilibrium will shift in favor of the Pd-
catalytic mechanism illustrates the rate-limiting steps associated(ll) —styrene adduct, Scheme 1), and further increases in the
with formation of the regioisomeric product3,and4 (Figure styrene concentration will have no effect on the rate (Figure
5). In the absence of added base, the presence of a substanti&@B). Under these conditions3[St] > 1, and the rate law
kinetic isotope effectl"/kP = 3.0, suggests that formation 8f simplifies to an expression that is first order in [PAPd], =
(blue pathway) proceeds via rate-limiting proton transfer from [A] + [B]) and [HNRZ] (eq 7).
the aminopalladation addu@'. The product regiochemistry

reflects the difference in transition states energies associated di3] K koks[Pd][St][HNRZ] 6
with deprotonation o€ andC' (AAG¥ 1 bas. In the formation dt (K,[St] + 1)(k_, + ky) (6)
of 4 (red pathway), no isotope effect is observed because the

presence of a Brgnsted base significantly reduces the barrier to d[3] kks[Pd}[HNRZ] .

proton-transfer (dashed curve), and under these conditions, T Ktk (at high [St]) (7)

The rate law derived for (BN),PdCb-catalyzed production
of 4 (eq 8§2is based on a two-step sequence consisting of (1)

(20) This mechanistic discussion focuses on the steps associated with palladium-
(II)-promoted oxidative coupling of styrene and oxazolidinone. Because
this portion of the catalytic cycle is turnover-limiting, we are unable to
A gain direct insights into the mechanism of Cu(ll)-mediated regeneration
| of the oxidized catalyst with molecular oxygen. The proton equivalents
| L,Pd—L" + . ) | from [EtsNH]* (or [BH] ") and the Pd(Il}-hydride intermediate are utilized
| Markovnikoy __ anti-Markovnikov,_ in the reduction of dioxygen to water.
addition Ph" + HNRZ aadition | (21) (a) Gatti, G.; Lpez, J. A.; Mealli, C.; Musco, AJ. Organomet. Chem.
J 1994 483 77-89. (b) Rix, F. C.; Brookhart, M.; White, P. 3. Am. Chem.
Soc.1996 118 2436-2448. (c) LaPointe, A. M.; Rix, F. C.; Brookhart,

. NRZ M. J. Am. Chem. S0d.997 119, 906-917. (d) Lin, Y. S.; Yamamoto, A.
ph” P Organometallics1998 17, 3466-3478. (e) Nozaki, K.; Komaki, H
4 3 Kawashima, Y.; Hiyama, T.; Matsubara, J.Am. Chem. So2001, 123

; ot ; ; ; ; ; 534-544. (f) Hii, K. K.; Claridge, T. D. W.; Giernoth, R.; Brown, J. M.
Figure 5. Qualitative energy diagram associated with the mechanism in Ady. Synth. Catal2004 346, 983988,

Scheme 1. For clarity, the two-step aminopalladation of the styrene is (22) Bar, G. L. J.: Lloyd-Jones, G. C.; Booker-Milburn, K.J. Am. Chem.
presented as a single process. The dashed curves reflect the effect of 8~ Spc.2005 127, 7308-7309. ' '
Brgnsted base on the energy profile. (23) Rate law derivations are provided in the Supporting Information.
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Scheme 2. Reversible Aminopalladation Observed in the Scheme 3. Mechanism of Stoichiometric Palladium(ll)-Mediated
Stoichiometric Addition of Me;NH to Pd(ll)-Coordinated Styrene?® Amination of Ethylene Involving Three Independent Roles for
® Ph Alkylamine
® 1 2+ > -
(PNP)Pd—, @ — (PNP)Pd—LL == |(PNP)Pd ®
)—NHMe, —NHMe, A L AL
- i 7 b 10 12 Pd J,Pr + BNH ——s  Pd + EtNH
| + MeoNH (4 equiv! ) (o] 2 (ligand) cl NHEt:—| il
+ MeosNH 2NH (4 equiv) + MepNH . {nucleophile)
—MesNHt  seeemeeeeaneaeeen - MeNH.* +Eb
Lo : [ : Iih i (\ O (e ELNG ) s
(PNP}Pd"ﬁ_ i PNP = N? : (pNP)lf’d Et N/Pd\NHEt - [EtaNHS]CI @ CllpdiilHEt
—NMe, H ' 2! o 5
o pf i PP PPz, 1 NMe;
,:'::;:;’;?;53; m;':;m:‘;;;“;;’:m at NEg:Pd~ 3 (i.e., 15 mol % NEg, Figure 2B). The observed

inhibition at higher [NE4] can be explained by the ability of
triethylamine to hinder styrene coordination.

This interpretation of the effect of triethylamine (Figure 2)
finds precedent in thestoichiometricamination of alkenes
mediated by (PhCNPdCh, which requires3 equiv of the
secondary alkylamine substrafeMechanistic studies of this
reaction by Hegedus et al. revealed an independent role for each
of the 3 equiv of amine (Scheme 3): the first amine coordinates
to palladium as an ancillary ligand, the second equivalent

steady-state displacement of Ny styrene followed by (2)
rate-limiting addition of oxazolidinone on the coordinated
alkene. The rate saturates at high [oxazolidinone] (Figure 4A)
because, under these conditioks]HNRZ] > k_4[NEt3] and
displacement of NEtby styrene is the rate-limiting step. The
rate law simplifies to an expression that is first orderdhgnd

[St] (eq 9)**

d[4] k ko [2][SUIHNRZ] undergoes nucleophilic attack on the coordinated olefin, and
— = (8) the third amine deprotonates the zwitterionic intermediate to
dt k4 [NEty] + ky[HNRZ] yield a (3-aminoalkyl)palladium(ll) product®2® Furthermore,
they observed that aminopalladation of the olefin, the second
% =k[2][St] (at high [HNRZ]) (9) step in this mechanism, is reversible. The inability to achieve
catalytic amination of olefins in this system reflects, in part,

L . L ) the strong coordinating ability of alkylamines, which inhibits
This interpretation of the kinetic data finds support from  ykene activation when a large excess of amine is present relative
studies of the stoichiometric addition of amines to. dlcgtlonlc to palladium(ll). In ourcatalyticsystem, the nitrogen nucleophile
Pd(ll)—styrene complexes reported by Hahn and Vitagliano et js only weakly coordinating, and triethylamine, which serves

al. (Scheme 2J° Addition of excess dimethylamine to the ok 5 a ligand and as a base (cf. first and third steps of Scheme
styrene adducty, in dichloromethane results in immediate 3), is present in low, catalytic concentrations.

formation of the Markovnikov addition produc®; however,
isomerization to the anti-Markovnikov aminopalladation product, Conclusion and Implications
11, occurs withn 1 h atroom temperature. Efficient metal-catalyzed reactions for the intermolecular
Role of Triethylamine. Triethylamine plays a complex role  coupling of alkenes and nitrogen nucleophiles are still relatively
in this chemistry, serving both as a ligand and as a Branstedyare, and the ability to achieve selective formation of either
base?® The inverse relationship between the yield of the anti- possible regioisomer is virtually unprecedented. On the basis
Markovnikov product3, and [NEg] (filled triangles, Figure 2A)  of the studies described herein, we postulate a unique Brgnsted
appears to correlate with coordination of NE® palladium,  phase-modulated mechanism to achieve regiocontrol in the Pd-
which probably results in a less electrophilic metal center. (j)-catalyzed oxidative amination of styrene with oxazolidinone.
Formation of the Markovnikov product, occurs only after  Regiochemical reversal is possible because the kinetic and
>1 equiv of NEt is added relative to palladium. This observa-  thermodynamic products of styrene aminopalladation exhibit
tion suggests that the first equivalent of NEbDordinates to  gpposite regiochemistry. The thermodynamic preference for anti-
palladium and is unavailable to serve as a base. Between 1 angyjarkovnikov addition of oxazolidinone to styrene appears to
2 equiv of NE§ relative to palladium, free amine base can be yeflect the stability ofy3-benzyl adducts, and therefore, applica-
generated by displacement of the secondsNifand from Pd  tjon of these mechanistic principles may be limited to substrates
(step 1, Scheme 1), and the rate continues to rise to a maximumat can achieve similar chelate-induced stabilization of the anti-
(24) Our data cannot rigorously establish the aminopalladation mechanism. The Markovnikov addl.JCt.' Rece.ntly’ h_owevgr,_ At.WOOd and co-
presence of base may facilitate formation of a Pel#inido complex that workers noted a similar regiochemical distinction between the
undergoes irreversible insertion of styrene with Markovnikov regioselec- - kinetic and thermodynamic products of stoichiometric amine
tivity. Our kinetic data in Figure 4 are consistent with this pathway if the . R X
Pd(Il)—amido complex is formed in a rapid preequilibrium (see rate law addition to Pt(Il)-coordinatedlkyl olefins(e.g., propene® In

and analysis in the Supporting Informatiofhl. NMR spectroscopic studies i i i i ; ; i
to detect formation of such an intermediate have been inconclusive. The this case, theanti-Markavnikov ammOplatmatlon adduct is
specific pathway for aminopalladation, however, does not alter our principle
conclusion concerning the presence of a base-induced switch in regio- (27) Akermark, B.; Bakvall, J. E.; Hegedus, L. S.; Zetterberg, K.; Siirala-

selectivity. Hanse, K.; Sjtberg, K.J. Organomet. Chenl974 72, 127-138.
(25) (a) Hahn, C.; Vitagliano, A.; Giordano, F.; Taube Btganometallics1998 (28) Hegedus, L. S; Akermark, B.; Zetterberg, K.; Olsson, LJ.FAm. Chem.
17, 2060-2066. (b) Hahn, C.; Morvillo, P.; Vitagliano, Azur. J. Inorg. Soc.1984 106, 7122-7126.
Chem. 2001, 419-429. (c¢) Hahn, C.; Morvillo, P.; Herdtweck, E.; (29) Recent mechanistic studies of platinum-catalyzed methods for the hy-
Vitagliano, A. Organometallics2002 21, 1807-1818. droamination of acrylonitrile and intramolecular hydroamination of alkenes
(26) For analysis of the complex kinetic influence of triethylamine on aerobic indicate that exogenous amine serves as a Brgnsted base to deprotonate
alcohol oxidation catalyzed by Pd(OAf)Et, see: Schultz, M. J.; Adler, the initially formed aminoplatination adduct: (a) Seul, J. M.; ParkJ.S.
R. S.; Zierkiewicz, W.; Privalov, T.; Sigman, M. S. Am. Chem. Soc. Chem. Soc., Dalton Tran2002 1153-1158. (b) Bender, C. F.; Widen-
2005 127, 8499-8507. hoefer, R. A.J. Am. Chem. SoQ005 127, 1070-1071.
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favored kinetically, presumably for steric reaséhsand it discussions. We are grateful to Prof. M. Brookhart for suggesting
isomerizes to the Markovnikov adduct at elevated temperatures.the possibility of anzn3-benzyl intermediate to explain the
These results, together with the mechanistic principles outlined thermodynamic stability of the anti-Markovnikov aminopalla-
in our study, suggest that the development of catalytic methods yation adduct. This work was supported by the Dreyfus
for selective anti-Markovnikov addition of amines to alkylolefins g4 \,ndation (Teacher-Scholar Award), the Sloan Foundation
may be feasible. (Research Fellowship), and the NIH (Grant RO1 GM67173).
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