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During the past few decades, remarkable progress has been
reported in the development of mild and efficient nickel- and
palladium-catalyzed protocols for carbon±carbon bond-form-
ing reactions of electrophiles that contain C(sp2)-X bonds
(e.g., aryl and vinyl halides and sulfonates).[1] In contrast,
general methods to cross-couple unactivated electrophiles
that contain C(sp3)-X bonds, especially when b hydrogen
atoms are present in the molecule, are scarce, presumably
because of slow oxidative addition and/or facile b-hydride
elimination (Scheme 1).[2] In the case of alkyl halides, some
advances have been described, specifically, examples of
Suzuki cross-couplings of alkyl iodides, bromides, and chlor-
ides,[3] Negishi reactions of alkyl iodides and bromides,[4] and
Kumada couplings of alkyl bromides and a chloride.[5]

In contrast, to the best of our knowledge, at the time that we
initiated our program in this area, there were no reports of
palladium- or nickel-catalyzed cross-couplings of alkyl sulfo-
nates. In the interim, however, Kambe and co-workers have
described nickel-catalyzed Kumada couplings of two unfunc-
tionalized alkyl tosylates.[5] In this communication, we estab-
lish that Pd/PtBu2Me can achieve Suzuki reactions of a range
of functionalized alkyl sulfonates [Eq. (1); 9-BBN¼ 9-bora-
bicyclo[3.3.1]nonane], and we report preliminary mechanistic
studies of this new catalyst system.
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to confirm the expected linear structure of the complex. Such
selective measurements of intergroup separations of several
nanometers should thus open up a new route for the structural
determination of noncrystalline supramolecular assemblies.

Experimental Section

Synthesis and full characterization of ligand 2 is described in the Supporting
Information.

EPR measurements: Four-pulse DEER time±domain signals were ob-
tained with the sequence (p/2)n1±t1±(p)n1±t±(p)n2±t1þ t2±t�(p)n1±t2±echo at
a temperature of 15 K on a Bruker E 580 X-Band spectrometer. A
Bruker Flexline split-ring resonator ER 4118X-MS3 was used with over-
coupling to Q� 100. Pump pulses were generated by feeding the output of
an HP8350B sweep oscillator to one microwave-pulse-forming unit of the
spectrometer. All pulse lengths were 32 ns, the dwell time was 8 ns, and the
fixed interpulse delays were t1¼ 400 ns and t2¼ 1200 ns (Figure 3a±c) or
t2¼ 2000 ns (Figure 3d). Details are discussed in the Supporting Informa-
tion.
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Scheme 1. Generalized mechanism for palladium-catalyzed cross-coupling
reactions.



In our initial investigation of Suzuki couplings of alkyl
sulfonates, we attempted to employ the catalysts that we had
developed for reactions of alkyl bromides (Pd(OAc)2/PCy3/
K3PO4¥H2O/THF; Cy¼ cyclohexyl) and alkyl chlorides
([Pd2(dba)3]/PCy3/CsOH¥H2O/dioxane; dba¼ trans,trans-di-
benzylidene acetone). Unfortunately, for the cross-coupling
of nDodec�OTs with 9-BBN�nOct, these catalyst systems
provide essentially none of the hoped-for eicosane (< 15%).

After a considerable number of optimization experiments,
we determined that Pd(OAc)2/PR3/NaOH/dioxane can fur-
nish an appreciable quantity of the desired product. As
illustrated in Scheme 2, this Suzuki reaction is remarkably
sensitive to the structure of the trialkyl phosphane. Although
PCy3 and PCy2iPr afford only modest yields of eicosane (ca.

45%), a slight decrease in the steric demand of one of the
alkyl groups leads to a significantly more efficient reaction
(70% yield for PCy2Et); interestingly, a further decrease in
size results in a loss in yield (48% for PCy2Me). For di-tert-
butyl-substituted trialkyl phosphanes, essentially none of the
desired cross-coupling product is formed if the third substitu-
ent is either isopropyl or ethyl (< 2%), but a good yield is
obtained if it is methyl (78%).[6]

Although we have not yet determined the origin of this
striking dependence of reactivity on phosphane structure, we
were pleased to discover that PtBu2Me,[7] which is commer-
cially available, is an effective ligand for a range of palladium-
catalyzed Suzuki cross-couplings of alkyl tosylates that bear b
hydrogen atoms (Table 1).[8] The process tolerates a number
of functional groups, including acetals and silyl ethers
(entry 2), alkyl ethers (entry 3), esters (entry 4), tertiary
amides (entry 5), ketones (entry 6), nitriles and olefins (en-
try 7), and tertiary alcohols (entry 8). Not only organoboron
reagents that contain 9-BBN-C(sp3) bonds, but also those with
9-BBN-C(sp2) bonds can be employed (entry 8), and a double
Suzuki coupling of a bis(tosylate) can be achieved (en-
try 9).[9,10]

Although we routinely conduct these cross-couplings at
50 8C, they can in fact be accomplished at room temperature,
at the expense of a long reaction time (for the coupling

illustrated in entry 1 of Table 1: 70% yield after 7 days). This
ability to couple an alkyl tosylate under mild conditions is
noteworthy in view of the fact that aryl tosylates are generally
not suitable substrates for palladium-catalyzed cross-cou-
plings.[1]

We have recently described the use of phosphonium salts as
air-stable substitutes for air-sensitive trialkyl phosphanes,[11]

and we have demonstrated the interchangeability of these
reagents for Pd/PtBu2Me-catalyzed Suzuki reactions of alkyl
tosylates [Eq. (2) vs. entry 1 of Table 1].[12]

nDodec OTs

9-BBN nOct nDodec nOct

4% Pd(OAc)2

16% [HPtBu2Me]BF4

1.2 equiv NaOH
1.2 equiv dioxane, 50 °C

(2)
82%

+

We have begun to pursue mechanistic work on our Pd/
PtBu2Me-based catalyst for cross-coupling alkyl tosylates and
have focused on the stereochemistry of oxidative addition
(i.e., inversion vs. retention).[13,14] As far as we are aware, this
issue has not been addressed for any of the methods that have
been described for coupling unactivated electrophiles that
contain C(sp3)-X bonds.[3±5] To gain insight into this stereo-
chemical question, we treated diastereomerically pure tosy-
late 1[15] with Pd/PtBu2Me, in the absence of an organoborane
and NaOH, and examined the olefins that resulted from
oxidative addition and then b-hydride elimination
(Scheme 3).[16] On the basis of 1H NMR analysis, we deter-
mined that oxidative addition occurs primarily with inversion
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Scheme 2. Effect of the structure of the trialkyl phosphane on the yield of
the Suzuki cross-coupling of an alkyl tosylate.

Table 1. Examples of Pd/PtBu2Me-catalyzed Suzuki cross-couplings of
alkyl tosylates [see Eq. (1)].

Entry Ralkyl�OTs 9-BBN�R’ Yield [%][a]

1 nDodec�OTs 9-BBN�nOct 80

2
Me

OTs
OO

6

9-BBN�(CH2)11OTES[b] 67

3 OTs 9-BBN�(CH2)5OBn 61[c]

4 MeO
OTs

O

9

9-BBN�(CH2)5OBn 60

5 N
OTs

O

O
15 9-BBN�nOct 76

6
Me

OTs

O

6

9-BBN�(CH2)11OTES[b] 55

7 NC(CH2)8–OTs
9-BBN

64

8 Me
OTs

Me OH

6

9-BBN 63

9[d] (CH2)12–OTsTsO 9-BBN�nOct 73

[a] Yield of isolated product, average of two runs. [b] TES¼ triethylsilyl.
[c] Isolated as 8-cyclopentyl-octan-1-ol (after hydrogenolysis). [d] 2.4 equiv
of 9-BBN�R’, 8% Pd(OAc)2, 32% PtBu2Me, and 2.4 equiv of NaOH were
used.



of configuration (and that b-hydride elimination proceeds
with 3:1 selectivity for H in preference to D).[17]

In a second investigation, we explored the stereochemical
course of a Pd/PtBu2Me-catalyzed cross-coupling of tosylate 1
with an organoborane (Scheme 4). 1H NMR analysis of the
coupled product revealed that the Suzuki reaction occurs
principally with inversion (ca. 6:1) at carbon.[17] Taken
together, the studies outlined in Schemes 3 and 4 are
consistent with predominant inversion of configuration during
oxidative addition of the tosylate, along with (well-prece-
dented) retention of configuration during reductive elimina-
tion.[14]

In summary, we have developed the first palladium- or
nickel-catalyzed cross-coupling process that is effective for
functionalized alkyl tosylates, specifically, a mild, Pd/
PtBu2Me-based method for achieving Suzuki reactions. We
have determined that, in contrast to couplings of alkyl
bromides and chlorides, PtBu2Me (rather than PCy3) is the
ligand of choice for Suzuki reactions of tosylates. In initial
mechanistic studies, we have established that alkyl tosylates
oxidatively add to the catalyst with predominant inversion of
configuration at carbon. Ongoing work is focused on expand-
ing the scope of palladium-catalyzed cross-couplings of alkyl
electrophiles (e.g., Stille reactions) and on enhancing our
understanding of the origin of the exceptional reactivity of our
catalyst system.
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