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The Tsuji-Trost allylation of stabilized carbanions (1 + 2 — 3,
Scheme 1) has evolved from a stoichiometric process' into one
that is catalytic,” versatile, and extraordinarily selective.” The
generic catalytic cycle outlined in Scheme 1, involving oxidative
addition (kos — [4]), followed by nucleophilic attack (kyy) has
become firmly established in the literature.®* The apparent
simplicity of the mechanism and general robustness of the process
accounts for its ubiquity as a “benchmarking reaction” in ligand
design for asymmetric catalysis.> Herein we report on the kinetics
of the catalytic reaction in the absence of interfering coligands such
as halide or dba.*"' We demonstrate that a variation of electron-
demand in the phosphine ligand (L = i—xiii, Table 1)° leads to a
counterintuitive spectrum of ligand-dependent turnover rates (k).
This phenomenon has led us to use catalytic NaBAr'F (NaB[(3,5-
(CF3),)C6H3)4])° to attenuate ion-pair return at the stage of the
palladium allyl intermediate [4]*1I[X]™; a process analogous to the
“special salt effect” for carbocations.” Ion-pair partitioning by
catalytic NaBAr'F provides new opportunities to accelerate ally-
lation reactions, to reduce catalyst loadings, and to improve
enantioselectivity, in this well-known reaction.

Despite extensive exploration of influence of ligands on the
selectivity of allylation,” little has been documented regarding their
influence on the overall reaction rate.* Nonetheless, there is a
consensus that under catalytic conditions, rate = kops[NuJ*.* This
has given rise to the general assumption that the Pd-allyl intermedi-
ate ([4]7), not L,Pd, is the “resting-state” of the catalytic cycle.3
The corollary of this assumption is that the turnover rate should
depend primarily on the electrophilicity (kxy) of [4]", as modulated
by ligands “L” (Scheme 1). The effect of a range of simple aryl
and alkyl phosphine ligands (i—xiii) on the stoichiometric reactivity
(knu) of [4][OTf] toward 2 was readily assessed, Table 1. The data
(normalized to kn,"™" = 1.00 for L = PPhs, entry 4) shows the
reactivity of 41+ spans about 1 order of magnitude and in the
direction expected: electron withdrawing ligands (L) increase the
electrophilicity (kny).*"*"

Under catalytic conditions the rate of reaction 1la + 2—3 was
found to be independent of the allyl acetate (1a) concentration:
d[3]/dt = k“[Pdy]'[2]". While fully consistent with the generic
catalytic cycle, Scheme 1, the trend in k" is completely opposed to
that of kny, across the whole range of ligand systems tested. For
example, the p-tolyl dppf complex [4(xiii)][OTf] generates a catalyst
for the reaction of 1a with 2 that is 166-fold more efficient (k")
than its p-trifluoromethyl analogue [4(xii)][OTf] (Table 1, entries
12 and 13), yet the complex itself is 5-fold less reactive (k) toward
2—a discrepancy of almost 3 orders of magnitude in the ratio of
K~lkn.
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Table 1. Relative Rates (kn,"F") for 2 + [4(L),][OTf]—3, Empirical
Rate Constants (k") for 1 + 2—3 in THF Employing [4(L).][OTf] as
Precatalyst, and Normalized Relative Rates in THF, DMF, and
CHxCl>

= "
[4]+L/P'df ot —
Nu C(Me)E
aX2She ) _oos2dmoin K
¢ X = 0,COMe NaC(Me)E, (2) s
THE 20 °C
KM= sy Kqer®
entry L kv E-2 1a 1b 1c  THF DMF CHCl,

1 () P@p-CHiCF3);  2.64 073 1.9  53.1 0.03 0.02 5.58¢
2 (ii)) P(p-CeHiCl)3 2.64 4.68

3 (iii) P(p-CeH4F)3 2.15 8.32

4 (iv) PPhs 1.00 269 1.00 1.00 1.00¢
5 (v) P(p-CeHiMe)s 041 718 397 1980 2.67 1.34 0.37°
6 (vi) P(p-CeHsOMe); 0.36 241

7 (vii) PPh,Cy 049 718

8 (viii) PPhCy, 0.13 997

9 (ix) PCy; 020 369

10 (x) P(OPh)s 3.01 091

11 (xi) dppf® 0.19 225

12 (xii) dppf-(p-CFy)s¢ 395  1.44
13 (xiii) dppf-(p-CHs)s¢ 075 239

“ Stoichiometric allylation: by first-order compensated fit of MS
analysis of n in ['*C,]-3 obtained by competition of [4(ii—x)][OTf] and
[4(x—xiii)][OTf] with ['3C;-4(1)2][OTf] for limiting 2. * Linear
regression of kops = k“[Pd]ior; kobs from In[2]¢/[2], = kopst. < k- for each
solvent is normalized to K~ = 1.00 for L = PPh; (iv). ¢ Using BSA/
CH(Me)E; + cat. NaOAc. © Bidentate ligand.

Scheme 1. The Generic Catalytic Cycle for Tsuji-Trost
Allylation." 3 @
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@ k- is the empirical rate constant for turnover as a function of ligand.

Replacing allyl acetate (1a) with allyl benzoate (1b) or allyl
methyl carbonate (1c¢) led to substantially faster turnover, Table 1
entries 1 and 5, with 1¢ increasing k"~ values by just under 2 orders
of magnitude over 1a. However, as with 1a, the more electron rich
ligand P(p-tolyl); (v) induced about 2 orders of magnitude faster
turnover than the electron withdrawing ligand P(p-trifluorotolyl)s
ON
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Scheme 2. Modified Standard Cycle (A), with lon-Pair Partitioning
(kir/knu) to Account for the Kinetics, Leaving Group (X) and Ligand
Dependencies in the Pd-Catalyzed Reaction of 1a—c with 2, and
lon-Pair Metathesis Cycle (B)?
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Since the trend in the electrophilicity (ky,) of [4]" is opposite
to the trend in turnover rate (k-), the resting state of the catalytic
system can not be [417[X]~. Nonetheless, nucleophilic attack by 2
is turnover-limiting, suggesting that [4]*[X] ™ is generated reversibly
in a low, steady-state, concentration. The catalytic cycle “A”
outlined in Scheme 2, involving reversible generation of [4]"[X]~
from L,Pd(n>-1), is consistent with these observations.”'°

When 1a and ['3C,]-1b were coreacted there was no cross-over
of leaving-group (X) detected in unreacted substrates. There is also
no common-ion rate suppression by the NaX, which grows in
parallel with 3. Both of these results suggest that catalytic flux
proceeds via a solvent-separated tight ion-pair [4]F1[X]~.*" 11!
This ion-pairing accounts for the effects of the ligand, and the
identity of X, on k. Thus, electron-withdrawing ligands, such as
P(p-trifluorotolyl); (i), increase the electrophilicity of [4]™1I[X]~
toward ion-pair return of X~ (kr) to a greater degree than they
increase nucleophilic attack by 2 (kn,).° Better leaving groups (e.g.,
BzO, 1b) reduce the rate of internal return, increasing the rate of
catalytic turnover via nucleophilic attack by 2.

As the partitioning of the ion-pair (knu[2] versus kg, Scheme 2)
appears to be a key parameter in controlling the turnover rate, we
explored the use of NaBAr'F as a source of “naked” Na*t.’
Generation of [4]T1I[BAr'F]™ from [4]T1I[X]™ will have the effect
of attenuating'? ion-pair return (kig) of X, analogous to Winstein’s

“special salt effect”.” A key feature of this process is that the
organic-soluble NaBAr'F is regenerated by 2 (k'y,) and can be
employed in catalytic quantities, Scheme 2, cycle B.

The kinetics of Pd-catalyzed reactions of la with 2 in the
presence of catalytic NaBAr'F (0.6—2.2 mol%) were informative,
Figure 1. A factor a has been employed to quantify the susceptibility
of the catalyst system to acceleration through NaBAr'F mediated
ion-pair partitioning, as compared to reactions with no added
NaBAr'F (K-, y-axis intercept).'® The analysis clearly distinguishes
that catalysts bearing moderately electron-rich ligands are the most
substantially accelerated. For example, the catalyst bearing PPhs
(iv, a &~ 6 x 10° M~") undergoes 7-fold faster turnover with 1
mM NaBATr'F, while for the more electron rich ligand P(p-anisyl);
(vi) turnover is only increased 3-fold (¢ &~ 2 x 10°> M~ "). Catalysts
bearing electron-poor ligands, which are already slow in the absence
of NaBATr'F, for example, P(p-trifluorotolyl); (i) are hardly acceler-
ated at all (@ ~ —0.02 x 10* M), Figure 1.

The ligand-dependency of the effect of NaBAr'F on attenuating
ion-pair return was confirmed by "H NMR study of a stoichiometric
mixture of L,Pd'* and 1a in dg-THF, which does not generate any
detectable m-allyl complex, [4(L),][OAc]). Addition of NaBAr'F
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Figure 1. Ligand-selective acceleration of la + 2—3 by catalytic
[NaBAr'F]. Linear regression’"'? is of k* = mx + k%; a = (m/k"o); k- =
kobs/[Pd]ior. The acceleration factor a and predicted k" values at 0 and 1
mM NaBAr'F (k" and k| ,m) are given for comparison.

(1.0 equiv) cleanly generated the sr-allyl complex [4(v),][BAr'F]
+ NaOAc, when L = P(p-tolyl); (v). However, the same reaction
conducted with the electron-withdrawing ligand P(p-trifluorotolyl);
(i) did not generate any significant quantity of [4(i).][BAr'F],
although both sr-allyl complexes ([4(L),][BAr'F]) were smoothly
generated by NaBAr'F addition to [4(L),][OTf] with cogeneration
of NaOTf."*® This contrasting behavior clearly demonstrates the
dependence of the energetics of formation of ([4]"[BAr'F]”) on
both the electron-donating ability of the ligand and the nature of X
in [4]71[X]".

The acceleration by NaBAr'F, Figure 1, is apparently a balance
between having sufficient electron-donation available from the
ligands (L) to make abstraction of X energetically accessible,""
but not having so much electron-donation available that it makes
little impact on ion-pair return (kir) versus nucleophilic attack (kny).
For the range of simple aryl phosphines tested, PPhs appears to be
about optimum in this regard.

Solvent obviously plays a key role on the ion-pairing in [4][X]*
and was briefly explored. In the more ion-pair stabilizing solvent
DMF the reactions proceeded about 3-fold faster than in THF, but
there was no significant change in the effect of the ligand on the
trend in turnover rates (k“grgr, Table 1, entries 1, 4, 5). However,
consistent with the generation of a more-dissociated ion-pair, the
susceptibility to NaBAr'F acceleration was negligible. In stark
contrast, the effect of the ligand on the trend in turnover rates was
reversed in the less ion-pair stabilizing solvent CH,Cl, (k“greL, Table
1, entries 1, 4, 5) using BSA/2-H for in situ nucleophile genera-
tion.'> We are currently investigating the ligand influence on the
energetics of ion-paired and neutral pathways, using computational
methods, and will report on this in full in due course. Nonetheless,
as with reactions in THF, NaBAr'F induces substantial acceleration
in CH,Cl, when the more electron rich ligands PPhj (iv) and P(p-
tolyl); (v) are employed (@ &~ 1—3 x 10° M), while reactions
using P(p-trifluorotolyl); (i) are unaffected.

Since the effect of NaBAr'F is to attenuate ion-pair return (ki)
by X, the acceleration by NaBAr'F should be X-dependent, with
poorer leaving groups such as OAc (1a) accelerated more than better
ones, for example, OBz (1b). Competition between 1a and 1b for
limiting 2 in THF yields their relative reactivity16 (k1a/kap, Figure
2). In all cases, acetate 1a is substantially less reactive than benzoate
1b (kyo/ky, << 1)."® As predicted by Figure 1, with P(p-trifluorotolyl);
(1) as ligand (a, ~ O M~ ") the selectivity is [NaBAr'F]-independent
(Figure 2). However, with the more electron rich ligands PPhs (iv)
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Figure 2. Selective acceleration of acetate (la) over benzoate (1b) by
[NaBATr'F]. kia/k1p estimated by competition of 1a/['3C]-1b for limiting 2.
Nonlinear regression for (iv)/(v) is of kia/kiy = ({kia’kin}o)((1 + arax)/(1
+ apx)). Note'® that kialkin Z FL) L),

Scheme 3. Impact of Cocatalytic NaBAr'F on Enantioselectivity®'
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and P(p-tolyl); (v), acetate 1a can be differentially accelerated (aa/
am, > 1) over benzoate 1b, by an order of magnitude.

Catalytic NaBAr'F is proposed to facilitate accelerated flux via
generation of [4][BAr'F],”-'7 and thus a preliminary study'® was
conducted to investigate the impact of the degree of ion-pairing'®
at the point of nucleophilic attack (ky, versus k'ny, Scheme 2), on
the selectivity of an archetypal asymmetric allylation, Scheme 3.2°

In summary, counterintuitive ligand influences on the rate of
Tsuji-Trost allylation® (1 + 2 — 3) can arise through reversible
generation of a tight ion-pair ([4]*1[[X]™) from a precomplexed
resting state, L,Pd(5?-1),* Scheme 2. With appropriately electron-
donating ligands, accelerated flux can be achieved by modulating
the ion-pair partitioning with catalytic quantities of NaBAr'F
(Scheme 2, cycle B).'*>2* This process offers the potential to use
lower catalyst loadings and to improve slow allylation reactions. It
will also be an important consideration in chiral ligand design and
the optimization of enantioselectivity.'®-*°
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