A\C\S

ARTICLES

Published on Web 11/03/2005

Palladium-Catalyzed Synthesis of 2,1 '-Disubstituted
Tetrahydrofurans from  y-Hydroxy Internal Alkenes. Evidence
for Alkene Insertion into a Pd —O Bond and Stereochemical
Scrambling via fB-Hydride Elimination

Michael B. Hay and John P. Wolfe*

Contribution from the Department of Chemistry, Waisity of Michigan,
930 North Unversity Avenue, Ann Arbor, Michigan 48109-1055

Received July 15, 2005; E-mail: jpwolfe@umich.edu

Abstract: Palladium-catalyzed reactions of y-hydroxy internal acyclic alkenes with aryl bromides afford
2,1'-disubstituted tetrahydrofurans in good yields with diastereoselectivities of 3—5:1. The analogous
transformations of substrates bearing internal cyclic alkenes afford fused bicyclic and spirocyclic
tetrahydrofuran derivatives in good yields with excellent diastereoselectivities (>20:1). A series of deuterium
labeling experiments indicate that the origin of the modest diastereoselectivity in reactions of acyclic internal
alkene substrates likely derives from a series of reversible -hydride elimination and o-bond rotation
processes that occur following a rare intramolecular alkene syn-insertion into an intermediate Pd(Ar)(OR)
complex. In addition, these studies shed light on the chemoselectivity of insertion, suggesting that the
alkene inserts into the Pd—O bond in preference to the Pd—C bond.

Introduction preliminary studies indicated that reactions of substrates bearing

The synthesis of substituted tetrahydrofurans remains a topic'mernal alkenes afford products that derive frsgmaddition

of considerable interest due to the prevalence of these struc-Of thf aryl group and the oxygen atom across the double
tures in natural products and other biologically active com- Pond For example, treatment of internal cyclic alkeheith

poundst2 Although a considerable amount of effort has been 4-Promoanisole in the presence of N80 and a Pgdba)/
devoted to the development of efficient and stereoselective P(-tol)s catalyst provided bicyclic produc in 69% yield
methods for the construction of these molecules, there are still With >20:1 diastereoselectivity (eq 1). The analogous coupling
few existing methods that allow for intramolecular closure of a ©f acyclic internal alkene substragwith 4-bromobiphenyl
tetrahydrofuran ring with concomitant formation of both a afforded tetrahydrofurada in 73% yield with modest (5:1)
carbon-carbon bond and a stereocenter at the-@tbon diastereoselectivity for the product afynaddition (eq 2).
adjacent to the ring. Curiously, the latter reaction also provided a small amount of

We recently reported a new method for the stereoselective the regioisomeric 3-aryl-2-ethyltetrahydrofurdh and a trace
synthesis of tetrahydrofurans from reactions of aryl or vinyl amount of4c.1
bromides withy-hydroxyalkene4:® These reactions lead to the
formation of both a €O and a G-C bond in a single step, Pds(dba)

. . . 2 3

and transformations of substrates bearing substituents at the 1- © _Plotol)g OH )
or 3-position affordtrans-2,5- ortrans-2,3-disubstituted tetra- NaO#Bu, Tol
hydrofurans with diastereoselectivities of up2®0:145 Our 10°C 69% QOMe
>20:1dr 2

(1) (a) Faul, M. M.; Huff, B. EChem. Re. 200Q 100, 2407—2474. (b) Alali,
Q.; Liu, X. -X.; McLaughlin, J. LJ. Nat. Prod.1999 62, 504-540. (c) Ph

Hou, X. -L.; Yang, Z.; Wong, H. N. CProg. Heterocycl. Chen2002 14,

139-179. (d) Ward, R. SNat. Prod. Rep1999 16, 75—-96. (e) Nicotra, Pdy(dba)s o

F. Top. Curr. Chem1997, 187, 55-83. _Potos \—\_7< . @
(2) (a) Elliott, M. C.J. Chem. Soc., Perkin Trans.2D02 2301-2323. (b) NaOtBu Tol \ o

Harmange, J. C.; Figadere, Betrahedron: Asymmetr§993 4, 1711- 110 °C 73%

1754. °
(3) (a) Semmelhack, M. F.; Bodurow, @.Am. Chem. S04984 106, 1496~ a Sitar de

1498. (b) Semmelhack, M. F.; Kim, C.; Zhang, N.; Bodurow, C.; Sanner, PH ~0.5-1%

M.; Dobler, W.; Meier, M.Pure Appl. Chem199Q 62, 2035-2040.

(c) Semmelhack, M. F.; Epa, W. Retrahedron Lett1993 34, 7205~

7208. . . . On the basis of the observed product stereochemistry, we
(4) A portion of this work has been previously communicated. See: Wolfe, J. . . .

P.; Rossi, M. AJ. Am. Chem. So@004 126, 1620-1621. proposed that the mechanism of these reactions likely proceeds
(5) For detailed studies on the scope and limitations of reactiopshgtiroxy either via an unusual intramolecular insertion of an alkene into

terminal alkenes, see: Hay, M. B.; Hardin, A. R.; Wolfe, J.JPOrg. . .

Chem.2005 70, 3099-3107. the Pd-O bond of a Pd(Ar)(OR) intermediatb, followed by
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C—C bond-forming reductive elimination of the resulting
complex6 (Scheme 1, path A) or by alkene insertion into the
Pd—C bond of5 followed by C-O bond-forming reductive
elimination from intermediat& (Scheme 1, path B)112we

alkoxide bond had been previously reportéd@he formation

of sp? carbon-oxygen bonds via reductive elimination reactions
from late-transition-metal complexes (path B, step 2) is also
very rare, and known examples involve metals in high oxidation

were unable to differentiate between these two possibilities, asstates such as Ni(Ifyand Pt(1V)16 Reductive eliminations from

either pathway could potentially afford the observed major

Pd(ll) complexes that form 8pC—O bonds have not been

product. However, we felt this mechanistic scenario was rather reported.”18
intriguing, as each of these two possible mechanisms involved The mechanistic hypothesis for tetrahydrofuran formation

one step with very little literature precedent. For example,
documented cases of alkene insertion into late-transition-metal
oxygen bonds (path A, step 1) are exceptionally t&féand
only one example of alkene insertion involving a late-transition-
metal complex bearing both a metalarbon and a metal

(6) For related transformations pfaminoalkenes that afford nitrogen hetero-
cycles, see: (a) Ney, J. E.; Wolfe, J.Ahgew. Chem., Int. ER004 43,
3605-3608. (b) Ney, J. E.; Wolfe, J. B. Am. Chem. SoQ005 127,
8644-8651. (c) Beaudoin Bertrand, M.; Wolfe, J. Petrahedron2005
61, 6447-6459. (d) Lira, R.; Wolfe, J. PJ. Am. Chem. So2004 126,
13906-13907. (e) Yang, Q.; Ney, J. E.; Wolfe, J. ®rg. Lett.2005 7,
2575-2578.

(7) (a) For related transformations ofalkylidene malonates that afford

carbocycles, see: (a) Balme, G.; Bouyssi, D.; Lomberget, T.; Monteiro,

N. Synthesi2003 2115-2134. (b) Balme, G.; Bouyssi, D.; Faure, R.;

Gore, J.; Van Hemelryck, Bletrahedron1992 48, 3891-3902.

For related transformations pfhydroxyallenes or -alkynes, see: (a) Kang,

S.-K,; Baik, T. -G.; Kulak, A. N.Synlett1999 324—326. (b) Walkup, R.

D.; Guan, L.; Mosher, M. D.; Kim, S. W.; Kim, Y. SSynlett1993 88—

90. (c) Luo, F. T.; Schreuder, I.; Wang, R. J. Org. Chem1992 57,

2213-2215.

For related heteroannulations of internal alkynes wothaloanilines,

o-halophenols, and related compounds, see: Larock, R. C.; Yum, E. K;

Doty, M. J.; Sham, K. K. CJ. Org. Chem1995 60, 3270-3271.

@

~

©

~

(10)
initial communication of these studies (ref 4). We have included the
characterization data for this compound in the Supporting Information of
this paper. In addition, a trace amount (ca.-0150%) of regioisome#c
was detected upon isolation 4b by preparative HPLC. This regioisomer
was not present in sufficient amount to detect'byNMR analysis of the
mixture of 4a—c.

(11

mechanism of intermolecular carbopalladation to account for its formation.
See: Trost, B. M.; Pfrengle, W.; Urabe, H.; DumasJ).JAm. Chem. Soc.
1992 114, 1923-1924.

(12)
stereochemistry. Product formation via a Wacker-type mechanism in which

the alkene was activated for nucleophilic attack of the tethered alkene was

discounted as this pathway would afford products resulting feorti
addition of the oxygen and the arene. Product formation via an intermo-
lecular Heck-type carbopalladation followed by—O bond-forming
reductive elimination was ruled out on the basis of the high regioselectivity
for five-membered ring formation and also on the basis of the fact that
alcohols substituted at C1 providedns-2,5-disubstituted tetrahydrofurans
with excellent ¢&20:1) diastereoselectivity. Intermolecular carbopalladation
reactions of terminal alkenes typically proceed with only751 regiose-
lectivity, and it is unlikely that high stereoselectivity for the formation of
trans-2,5-disubstituted products would be obtained if the stereochemistry-

determining event were an intermolecular reaction that occurred two atoms
away from the substrate stereocenter. For further discussion, see refs 4

and 5.

At the time of our preliminary communication no examples of alkgme
insertions into PetO bonds had been reported. However, in elegant recent
studies, Hayashi has provided evidence forgheinsertion of an alkene
into a Pd-O bond in the conversion of amallylphenol derivative to a
tetrahydrodibenzofuran. See: Hayashi, T.; Yamasaki, K.; Mimura, M.;
Uozumi, Y.J. Am. Chem. So@004 126, 3036-3037.

(13)

(14) Bryndza has described the stoichiometric insertion of tetrafluoroethylene

into the PO bond of (dppe)Pt(Me)(OMe). See: (a) Bryndza, H. E.
Organometallics1985 4, 406-408. (b) Bryndza, H. E.; Calabrese, J. C.;
Wreford, S. SOrganometallics1984 3, 1603-1604.

Trost has noted the formation of a tetrahydrofuran side product in the Heck
arylation of an enyne bearing a secondary OH group and suggested a

Two other possible mechanisms were ruled out on the basis of product

described above also posed a challenging question. In the
absence of competing pathways or side reactions, the mechanism
shown in Scheme 1 predicts that the tetrahydrofuran forma-
tion should occur with high diastereoselectivity for products
resulting fromsynaddition across the double bond. Thus, we
were puzzled by the observation that although cycloalkenes
were converted to tetrahydrofurans with high stereoselectivity
(>20:1), transformations of acyclic internal alkenes proceeded
with modest stereoselectivity (ca. 52)These results prompted
us to devise new experiments, which ultimately provided both
insights into the origin of the differences in stereoselectivity
and information concerning the chemoselectivity (/@ vs
Pd—-C) of the alkene insertion into compléx

In this paper we present the results of deuterium labeling
studies that are most consistent with a mechanism involving
selective intramolecular insertion of the alkene into the-2d
bond of an intermediate Pd(Ar)(OR) complex followed by C
bond-forming reductive elimination (Scheme 1, path A). These

The structure of this regioisomer had not been assigned at the time of our experiments also suggest the modest stereoselectivity observed

in reactions of acyclic internal alkene substrates arises from
reversibleg-hydride elimination and-bond rotation processes
that occur after the alkene insertion step but prior to reductive
elimination. We also describe studies on the scope and limita-
tions of these transformations and their application to the
synthesis of a variety of monocyclic, bicyclic, and spirocyclic
tetrahydrofuran derivatives.

Results

Stereoselective Synthesis of’-Bubstituted Tetrahydro-
furans from y-Hydroxy Internal Acyclic Alkenes. As de-

(15) (a) Matsunaga, P. T.; Hillhouse, G. L.; Rheingold, A.J..Am. Chem.
S0c.1993 115 2075-2077. (b) Koo, K.; Hillhouse, G. LOrganometallics
1998 17, 2924-2925.

(16) (a) Dick, A. R.; Kampf, J. W.; Sanford, M. 8irganometallic2005 24,
482-485. (b) Williams, B. S.; Goldberg, K. 0. Am. Chem. So2001,

123 2576-2587. (c) Stahl, S. S.; Labinger, J. A.; Bercaw, JABgew.
Chem., Int. Ed1998 37, 2180-2192.

(17) For examples of $pC—O bond-forming reductive elimination from
palladium(ll) aryl alkoxide complexes, see: (a) Widenhoefer, R. A,;
Buchwald, S. LJ. Am. Chem. S0d.998 120 6504-6411 and references
therein. (b) Mann, G.; Hartwig, J. B. Am. Chem. So4996 118 13109~
13110.

(18) For recent examples of catalytic reactions that may invol¥€s© bond-
forming reductive elimination from Pd(lV), see: Desai, L. V.; Hull, K. L,;
Sanford, M. SJ. Am. Chem. So2004 126, 9542-9543.

(19) Both mechanistic pathways (A and B) would be expected to provide high
selectivity for synaddition products unless other competing mechanistic
pathways are operating simultaneously.

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16469



ARTICLES Hay and Wolfe

Table 1. Reactions of Substrates Bearing Acyclic Internal of the aryl bromide substrates are also observed in reactions of
Alkenes both 3 and 9.2
Sry_alcohol = produet = ab sl Transformations of substrates bearing internal alkenes re-
™ quired higher temperatures (110) than analogous transforma-
! © 0%° tions of substrates bearing terminal alkenes°@5*° andgem
|8 Ph disubstitution of the C1 position was necessary for successful
OH B o conversion of internal alkene substrates to tetrahydrofuran
2 © @ - - 204 73% products. _For examplt_e, the reaction of 4-he_xen-1&)1|v¢ith_
s I o 1) (20:1) 4-bromob|phenyl provided only products derived from oxida-
o Mo tion/reduction processes (Table 1, entry 1).
3 J 7\—\_7< 5:1 2011 5% The reactions examined in these studies typically afforded
Ph N a , toa & €0 products with ca. 5:1 diastereoselectivity when unhindered aryl
. \© \—\37< o o o bromides were employed as the coupling partners. However,
@ 11a 31) (104) in some cases the steric properties of the aryl bromide had an
. Ho impact on diastereoselectivity. For example, the reactio of
5 “ Ry 101 10:1 78% with 2-bromotoluene gavélawith 3:1 diastereoselectivity as
OO 12a & 7 judged by!H NMR analysis of the crude reaction mixture; upon
Q purification 11awas obtained in 79% isolated yield and 6:1 dr
o iy (e (entry 4)22 The analogous reaction &fwith 2-bromotoluene
6 © 511 12:1 1% afforded 15a with 2:1 crude dr; the pure product was subse-
| o P o e quently obtained in 50% yield as a 3:1 mixture of diastereomers
o Ho (entry 8)22 In contrast, the reaction & with 1-bromonaph-
7 @ 71 61 78% thalene affordedl2a with 5:1 crude dr;12a was isolated in
oMo 6% 61 @) 78% yield as a 10:1 mixture of diastereomé&rdncreased
OMe amounts of regioisomer formation were also observed in reac-
Br Hoo

1
tions of sterically hindered aryl bromides (entries 4, 5, and 8).
8 \© 5_\—175 (2,’1‘) (551‘) 50% Stereoselective Synthesis of Tetrahydrofurans frony-Hy-
) droxy Internal Cyclic Alkenes. In contrast to the transforma-

a Conditions: 1.0 equiv of alcohol, 2.0 equiv of ArBr, 2.0 equiv of tions of acyclic _|nternal_ alkenes described abqve, react|ons_of
NaQtBu, 1 mol % Pd(dba), 4 mol % Po-tol)s, toluene (0.125 M), 110 substrates bearing cyclic alkenes proceeded with generally high
°C. " Diastereomeric ratios are given for the pure, isolated products. The (>20:1) levels of diastereoselectivity and did not afford mixtures
numbers in parentheses represent the diastereomeric ratios observed in th .
crude reaction mixture. In some cases the diastereomeric ratio improved of reg|0|§omers (Table 2).' For exa.lmple, treatment oflgyclqpen-
upon purification as the minor diastereomer was partially separable by tene-derived substratewith N,N-dimethyl-4-bromoaniline in

thloinztogfzph)f R?%iOisom%f ratiosa(b; Setff1 eq2)are give“tf?hr the pure,  the presence of NaBu and a catalytic amount of Rdba/
isolated products. The numbers in parentheses represent the regioisome . . .
ratios observed in the crude reaction mixture. In some cases the regioisomer[:)(o'to')3 afforded a 53% yield ofl9 as a single diastereomer

ratio improved upon purification as the minor regioisomer was partially (entry 2), and the related coupling of cyclohexene derivative

separable by chromatography. Regioisomefas not detected biH NMR 16 with 1-bromo-4tert-butylbenzene afforde®l in 66% yield
analysis of crude reaction mixtures or isolated products but may be present

in small amounts£29%). ¢ Yields represent average isolated yields for two @nd >20:1 dr (entry 4). Reactions of Cyclohe?(enejderiv.ed
or more experiments.Reduction of the aryl bromide was observed. substrates were typically faster than transformations involving

the analogous cyclopentene derivatives. For example, the
coupling of1 with 4-bromoanisole (entry 1) required 2 days at
110°C to reach completion, whereas the related reactiatbof
Ao - ) with 1-bromo-4tert-butylbenzene (entry 4) was complete after
tetrah_ydr_ofuran derivatives upon treatment W|th an aryl or vinyl only 2 h. Moreover, although the stereoselective synthesis of
bromide in the presence of N8 and a palladium cataly$t.  girocyclic tetrahydrofura@4 from cyclohexene derivative7

To further probe the scope and the stereospecificity of this 1< achieved in 61% yield>0:1 dr, entry 7), efforts to
methodology, Z)-alkene substrat@ was prepared and treated  onsorm the analogous cyclopentene-containing substéate

with three different aryl bromides. As shown in Table 1, the 1y afforded products resulting from Heck arylation of the
transformations proved to be stereospecific, and in all reactions 5| ane (entry 10). As was observed in transformations involving

the major product diastereomer resulted freym-addition of acyclic internal alkene substrates, the major products produced
the aryl group and the heteroatom across thec@ouble bond.  j, reactions of cycloalkene substrates derive fiymaddition

As observed in transformations of thE){alkene substrat8, of the aryl group and the oxygen atom across the olefin.
reactions of f)-alkene9 also afforded 3-aryl-2-ethyltetrahy- As noted above, the main side products observed in these

drofuran side products with structures analogous to thabof o5 tions are small amounts of dehalogenated arenes resulting
shown above (eq 2), albeit in greater amounts (ca-ZBYb) from reduction of the aryl bromid&.In some cases, transforma-
than were formed in similar reactions 8f(ca. 5-12%). In

addition, small amounts of arenes that derive from reduction (21) Unarylated tetrahydrofuran or dihydrofuran products were not observed in
these reactions. However, these potential side products would be quite
volatile and may be difficult to detect by GC analysis of crude reaction

scribed above, our preliminary experiments indicated tBjt (
alkene 3 was effectively transformed to 2;dlisubstituted

(20) The relative stereochemistry of the tetrahydrofuran products was assigned mixtures.
on the basis of comparison &fl and3C NMR chemical shifts to those of (22) In some instances diastereomeric ratios improved upon purification as the
related compounds of known configuration and/or 1y NMR NOE two product diastereomers were partially separable by silica gel chroma-
experiments. See the Supporting Information for complete details. tography.
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Table 2. Reactions of Substrates Bearing Cyclic Internal Alkenes
R2-Br dr

product yield®

o]
H%H 2
©\OM9
o)
H H 19
©\NM92

alcohol
OH

&

2

entry

o9}
@z

>20:1 69%

=4
@
o 2

@

>20:1 53%

MeoN :
Br 0
3¢ :/< N H H(Q >20:1 78%
/ e,
\
OH N/ 20
Br
4 /© H 2 >20:1 66%
t-Bu ©\
16 t-Bu
Br H o]
5¢ /©/ H 22 >20:1 56%
- (o]
CN
Br
6 J >20:1 61%
Ph
HO

>20:1 61%

Q

+Bu
17

>20:1 33%

e

>20:1 83%

1

Ph
OH /©/ Br
18

aConditions: 1.0 equiv of alcohol, 2.0 equiv of ArBr, 2.0 equiv of
NaOBu, 2.5 mol % Pg(dbay, 10 mol % P¢-tol)s, toluene (0.125 M), 110
°C. b Yields represent average isolated yields for two or more experiments.
¢ Xantphos (5 mol %) was used in place 0bR¢l)z. 4 Heck-type products
were observed.

0%

tions of S-bromostyrene (entry 6) or electron-deficient aryl

bromides (entries 5 and 8) proceeded in lower yield than related

reactions of electron-neutral aryl halides due to competing
O-vinylation or O-arylation of the alcohol substrate. The reaction
of the heteroaryl halide 4-bromoisoquinoline was very slow and
proceeded with low conversion when a catalyst comprised of
Pdy(dba)/P(o-tol); was employed. However, use of the chelating
ligand xantpho® for this transformation afforde@0 in good
yield (78%) with excellent diastereoselectivity (entry 3). Xant-
phos also provided better results thao-R{l); for the reaction

of 16 with 4-bromobenzonitrile (entry 5).

Deuterium Labeling Experiments. As noted above, the
mechanistic hypothesis outlined in Scheme 1 cannot, in itself,
account for the formation of diastereomers formally resulting
from anti-addition of the oxygen atom and the arene across the
double bond of acyclic internal alkenes. However, we felt that
these minor diastereomers could potentially arise via alkene
isomerization, competing Wacker-typati-alkoxypalladatior?,
or competings-hydride elimination processes that occur post
alkene insertion (see below). It seemed likely that a series of

(23) Xantphos= 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene.

deuterium labeling experiments could potentially differentiate
between these three scenarios, as formation of the minor
diastereomer via post-insertighhydride elimination processes
would lead to positional scrambling of the label, whereas the
other two possibilities would be expected to proceed with
positional retention of the deuterium atom (see the Discussion).
Thus, a series of deuterated substrates were prepared and
converted to tetrahydrofurans under our standard reaction
conditions.

As shown below, tertiary alcohol substra?d bearing a
deuterium atom at the 5-position was treated with 4-bromobi-
phenyl in the presence of N&aBu and catalytic Pgdba)/
P(o-tol); to afford a 79:17:4 mixture of the two diastereomers
28 and29 along with the regioisomeric side prodsf (eq 3).

ArBr

OH Pdy(dba)s
Plotolly (D (94%D) * “(-H (31%D) *
| NaOtBu P ° H ° Ar
Tol, 110 °C Ar—:—Me Ar'~Me
Me Ar=4PhCeH;  T(<5%D) D (63% D)
27 79:17:4 28 (Major diast.) 29 (Minor diast.) 30

50%

Interestingly, although the major product diastereo2&was
deuterated at the expected 2-position, the minor diastereomer
29 was formed as a mixture of two isotopomers; the major
isotopomer contained a hydrogen atom at C2 and a deuterium
atom at C1 The regioisomeB0 was deuterated solely at the
1'-position. All products contained a single deuterium atom;
products bearing zero or two deuterium atoms were not
detected® Unreacted starting material that was isolated from a
reaction stopped at partial conversion (37%) was deuterated
exclusively at the 5-position; deuterium migration in the starting
material was not observed.

Treatment of the analogous substrate bearing a deuterium
atom at C6 81) with 4-bromobiphenyl under identical con-
ditions afforded a 75:20:5 ratio of the two diastereomeric
tetrahydrofurans®32 and 33, along with the 3-aryl-2-ethyltet-
rahydrofuran regioisome30. The outcome of this transforma-
tion was similar to that described above, with the major
diastereomer bearing the deuterium atom at the expectéd C1
position, the minor diastereomer bearing the majority of the
deuterium label at C2, and the regioisomer deuterated exclu-
sively at C1 (eq 4). As above, unreacted starting material
isolated from a reaction stopped at partial conversion (63%)
was deuterated only at C6.

ArBr

OH Pdy(dba)s
_Plotols (\H (<5%D) * ~~(-D (78%D) *
NaOBu A HM o . ‘DM D) " ar
Tol, 110°C  ArTMe rMe
D™ Me Ar—4pPnceHs  D(95%D) H (16% D)
31 75205 32 (Major diast) 33 (Minor diast.) 30

66%

The reaction between substr@#bearing a vinyl CQ group
in place of the vinyl CH group and 4-bromobiphenyl afforded
a mixture of tetrahydrofuran35 and 36 along with 3-aryl-2-
ethyltetrahydrofurai37 in a 71:23:6 ratio (eq 5). In contrast to

(24) Monodeuteration was confirmed by MS analysis of the product mixture.
The percent deuterium incorporation was determined-band?H NMR
spectroscopy and was reproducible withi8% over two runs. Although
the sum of the percent deuterium at C2 and 81<100% for the minor
diastereomers shown in eqs 3, this is likely due to small errors associated
with NMR measurement and integration.

J. AM. CHEM. SOC. = VOL. 127, NO. 47, 2005 16471
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the reactions oR7 and 31 described above, no migration of Mechanism and Origin of Moderate Diastereoselectivity
deuterium was observed in the reaction3df in Reactions of Internal Acyclic Alkene Substrates.In our
preliminary disclosure of the Pd-catalyzed carboetherification

e of y-hydroxyalkenes we suggested that the reactions likely

OH Pd,(dba)s

P(o-tol) - . . proceed via an intramolecular alkene insertion into an interme-
| T::f‘ﬂ’g“jc Ar=—CD, “}~CDy diate Pd(Ar)(OR) complex via an organized cyclic transition
CDs Ar = 4-PhCgH, H (>95% D) H (>95%D) state (Scheme ¥)This mechanism accounts for the observed
34 71236 35(Majordiast) 36 (Minor diast) 37 synaddition of the oxygen atom and the arene across th€ C
double bondandis also consistent with the high stereoselectivity
Discussion for the formation oftrans-2,5- and trans-2,3-disubstituted

tetrahydrofurans from 1- and 3-substitutedhydroxy terminal

Synthetic Scope and Limitations.Treatment ofy-hydrox X 2
y P b-hy y alkenes (egs 6 and 7§.Other plausible mechanistic pathways

internal alkenes with aryl bromides in the presence of a0
and a Pd catalyst affords substituted tetrahydrofuran products

. . . . Lo . ArBi
in moderate to good yields with diastereoselectivities ranging R} pdz(rdt:a)s

R R
from 3—5:1 (acyclic alkenes) te-20:1 (cyclic alkenes). Two OH _ dpephos _ Pd,cjﬂ O:,H 6)
bonds and two contiguous stereocenters are formed in a single Na%fSB‘ijHF AT R Ar H
step, and the major products derive fraynaddition of the | >20:1 dr
oxygen atom and the arene across the double bond. These ArBr

reactions are operationally simple and can be employed for the OH  Pdy(dba)s oH
" . . . dpe-phos P4’ R
synthesis of a range of monocyclic, spirocyclic, and fused R | NaOBU. THF A
bicyclic products. The starting materials, reagents, and catalysts 65 °C H
are readily available and can be weighed and handled in air.

These reactions are effective with a variety of different aryl/ \yere ruled out on the basis of the observed stereoselectivity
vinyl halide coupling partners, including aryl halides bearing an the high regioselectivity (8xeaddition vs 6endeaddition)
electron-donating substituents, electron-withdrawing substitu- ;¢ these transformatiorid although our preliminary data could

ents, orortho-substituents, although the best chemical yields |, distinguish between the two possible pathways-@d/s
are obtained with electron-neutral or electron-rich aryl bro- py-o pond insertion) depicted in Scheme 1.

mides. The use of heteroaryl br'omides is also fgasible, provided In the absence of competing pathways or other side reactions
that the chelating phosphine ligand xantphos is used in placee mechanistic hypothesis outlined in Scheme 1 suggests that
of P(o-tol)s. _ _ very high stereoselectivity f@ynaddition should be observed.

In contrast to related reactions phydroxy terminal alkenes,  This prediction holds true for reactions of cyclic alkene
which are effective for a broad array of primary, secondary, gpstrates, which proceed with20:1 syndiastereoselectivity,
and tertiary alcohol substrates, the transformations describedy i transformations of acyclic internal alkenes afford531
in this paper are currently limited to tertiary alcohols. Reactions mjy;res ofsyn andanti-addition products. The origin of the
involving internal alkene substrates also require higher reaction )5 qest stereoselectivity feyrraddition observed with acyclic
temperatures (11C) and/or catalyst loadings {5 mol % Pd)  internal alkene substrates could potentially arise from three
than are employed with substrates pearlng terlml.nal.alkenes (65possible scenarios. One possibility would involve ragi)-

C, 2 mol % Pd). However, despite these limitations, most 4kene/g)-alkene interconversion under the reaction conditions,
reactions are complete in a few hoéis. o assynaddition across the different alkene isomers would afford

The reactions of substrates bearing tethered acyclic internalgiterent product diastereomers. However, three observations
alkenes are stereospecific, and reactions of bEjadnd @)- suggest that this scenario is unlikely. First of all, the reactions

alkene substrates proceed with similar diastereoselectivities. 5. stereospecific, and both tH®<{and the 7)-alkene isomers
Mixtures of tetrahydrofuran regioisomers are obtained in these 4.6 transformed with-5:1 diastereoselectivity faynaddition
transformations with regioselectivities from 3:1 to 20:1. The 4.r0ss either theE or the Z double bond (with simple

highest regioselectivities are observed in reactions OfU”hi”deredp-substituted aryl bromide coupling partners). Additionally,
aryl bromides, and regioselectivities appear to be generally retention of alkene geometry is observed when starting materials
higher with €)-alkene substrates. In all cases examined, yre jsolated from reactions that are monitored and stopped at
excellent selectivity is obtained for &ocyclization; tetrahy-  yarial conversion. Finally, the observation that transformations
dropyran derivatives resulting froméhidoecyclization are not of 27 and31 bearing deuterium atoms at the C5 or C6 positions
observed. _ provide products in which deuterium migration is observed in
Transformations of substrates bearing cycloalkenes proceedine minor diastereomer but not the major diastereomer (eqs 3
with uniformly high diastereoselectivity and regioselectivity 4 4) is also not consistent with loss of selectivity B&
(>20:1). Reactions of cyclohexene derivatives proceed more jgomerization.
rapidly than the analogous reactions of cyclopentene derivatives. | js aiso possible that the modest diastereoselectivity in these
Cyclizations of trisubstituted internal alkenes proceed in good yansformations could arise from two competing mechanisms,
yield for cyclohexene-containing substrates, but provide only i, Wacker-typeanti-additior? and thesyninsertion of the
Heck-type produc_ts when cyclopentene derivatives are employed, kene into the Pd(Ar)(OR) complex, operating simultaneously
as starting materials. at different rates. These competing pathways would provide
opposite diastereomers and should both be stereospecific.
However, this scenario does not account for the observed

H
yﬂrn )
Ar H

3-20:1dr

(25) Reactions of cyclopentene derivatives require longer reaction times (ca.
48 h).
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migration of deuterium depicted in eqs 3 and 4. As shown in

reversed regiochemistry would providé, which could undergo

Scheme 2, the Wacker mechanism should lead to productsC—C bond-forming reductive elimination to produce the

resulting fromanti-addition with the deuterium label located
on the same carbon that was labeled in the starting material.

observed minor diastereomer with the deuterium label at C2
(33). Alternatively, intermediatéd2 could undergsynelimina-

For example, the expected diastereomer that would be formedtion of the C33-hydrogen followed by regiochemically reversed

by Wacker-type reaction &1 would be38 (deuterated at CL
rather than the observed prod3&(deuterated at C2). Thus, it
does not appear that competing Wacker-type addition is the
predominant pathway for formation of the minor diastereomer.
A third possible mechanism that accounts for formation of
the minor diastereomer with deuterium migration and also for
formation of regioisomeB0 (deuterated at CLis shown in
Scheme 3% Treatment of31 with a Pd(0) catalyst, an aryl
bromide, and Na@u could afford palladium aryl alkoxide
complex39.17 syninsertion of the alkene into the P® bond
would provide40,1314which could undergo €C bond-forming
reductive elimination to produce the observed major diastere-
omer with the deuterium label at C132).27 Alternatively,
rotation about the C2C1' ¢ bond of 40 followed by synp-
hydride elimination (via conforme#0Q) would provide pal-
ladium aryl hydride alkene comple4l. Reinsertion of the
alkene into the PeH bond with opposite regiochemistry would
give 42,28 which could then undergo another €21 ¢ bond
rotation andsyn3-deuteride elimination (via conformdg’) to
give 43. Reinsertion of the alkene into the PB bond with

(26) For an example of stereochemical inversion in an isolated palladium
complex that proceeds through a similar mechanism, see: Burke, B. J.;
Overman, L. EJ. Am. Chem. So2004 126, 16820-16833.

(27) Carbon-carbon bond-forming reductive elimination is believed to occur
with retention of configuration. See: Milstein, D.; Stille, J. K.Am. Chem.
Soc.1979 101, 4981-4991.

(28) For related examples of stereospecific deuterium migration via reversible
p-hydride/deuteride elimination processes, see: (a) Qian, H.; Widenhoefer,
R. A. J. Am. Chem. So@003 125 2056-2057. (b) Reference 13.

reinsertion into the PdH bond and subsequent—<C bond-
forming reductive elimination fron6 to give regioisomeric
product30. The observation that deuterium scrambling in the
minor diastereomer is not complete (78% D at C2, 84% H at
C1')?*could be due to a small amount of diastereomer formation
via the competing Wacker-type pathway described above
(Scheme 25%°

Although, in principle,s-hydride elimination of40 could
also occur from the C2methyl group, this could be expected
to be considerably slower than the observed elimination from
the C2-H (adjacent to the THF oxygen atom). The transition
state for af-hydride elimination process leading from an
alkylpalladium complex to a palladium hydride alkene complex
is believed to contain a significant developing positive charge
on the carbon from which the hydride dep&f3he developing
positive charge could be stabilized by the adjacent THF oxygen
in transition state47 (C2 S-hydride elimination), whereas in
transition state48 (C2 methyl -hydride elimination) the

positive charge would be relatively unstable due to its location
on a methyl carbon. Thus, transition std&té should be con-
siderably lower in energy tha#8. If isomerization occurs via
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reversibles-hydride elimination from the C2methyl group,

Pd—0 bond of an intermediate Pd(Ar)(OR) complex. On the

the minor diastereomer would be expected to contain at leastbasis of the mechanistic hypothesis outlined in Scheme 3, the

partial deuterium incorporation at the '‘Gethyl group (Scheme
4,50), which is not observed bB3H NMR analysis of the product
mixture.

The results of the additional deuterium labeling experiments

transformation of Ck-labeled substratg4 would be expected,
as observed, to afford both the maj@5) and the minor 36)
diastereomers with no migration of deuterium.

The mechanistic hypothesis described in Scheme 3 can also

described in egs 3 and 5 are also consistent with this mechanistidoe used to explain the large difference in diastereoselectivity

proposal. As shown in Scheme 3, treatment 23f with
4-bromobiphenyl in the presence of N#&BD and a Pd(0)
complex could provide Pd(Ar)(OR) intermedidié. Intramo-
lecular alkene insertion into the P® bond of51 followed by
reductive elimination fron52 would afford major diastereomer
28 bearing the deuterium label at C2. From intermeditea
series ofy bond rotations and reversikfehydride org-deuteride

observed in reactions of cyclic alkenes as compared to acyclic
internal alkenes. As shown in Scheme 5, intramolecular insertion
of the cycloalkene into the PdD bond of palladium aryl
alkoxide intermediat&3 derived from cyclic olefin substrate
would afford54. Complex54 contains a singlg-hydrogen atom
with a synrelationship to the metal (H§. Although Hex
could potentially underg@-hydride elimination to afforcb5,

elimination reactions analogous to those described above wouldthe Pd(Ar)(H) complex cannot be transferred to the opposite

afford minor diastereome29 or regioisomer30 bearing the
deuterium at C1 As noted above, the incomplete scrambling
of the deuterium ir29 may be due, in part, to the formation of
a small amount of the minor diastereomer via competing
Wacker-type cyclization (Scheme 2).

face of the alkene to afforflé through a mechanism analogous
to that described in Scheme 3; there is no pathway that would
lead to ac-alkylpalladium complex similar t@2 that could
undergo a &C bond rotation as depicted above (Scheme 3,
42— 42). In principle, the alken&7 could be displaced from

The transformation described in eq 5 is also consistent with the metal and then reassociate on the opposite alkene face to

product formation via intramolecular alkene insertion into the

(29) The reaction 081 with 4-bromobiphenyl shown in eq 4 afforded the minor
diastereome83 with ~80% deuterium scrambling, whereas the analogous
reaction of27 (eq 3) provided the minor diastereom2® with ~60%
deuterium scrambling. This small difference was reproducible and is not
believed to be due simply to experimental error. The origin of this difference
is not clear. However, it is possible this difference could be due to a kinetic
isotope effect, which would slow the rate of @2deuteride elimination
from 52 (Scheme 3). This could lead to competjfiydride elimination
from the CH group and partial formation of the minor diastereomer with
no isotopic scrambling through a mechanism similar to that shown in
Scheme 4. The isolation of a trace amount of minor regioisatoéeq 2),
which likely arises from reductive elimination of an intermediate similar
to 49 (Scheme 4), suggests this pathway may be viable, albeit a minor
contributor to the overall product distribution. One might anticipate that
the influence of kinetic isotope effects on othehydride elimination/
reinsertion steps could lead to other changes in product distribution.
However, efforts to interpret possible isotope effects in this reaction are
complicated by the fact that primary deuterium kinetic isotope effects for
synf-hydride elimination have been reported to range freh3 to >5

and appear to be dependent on both the catalyst and substrate structure,

Thus, it is not inconceivable that the magnitude of kinetic isotope effects
in this system could depend on the position of the deuterium atom in any
given intermediate. For lead references, see: (a) Mueller, J. A.; Goller, C.
P.; Sigman, M. SJ. Am. Chem. So2004 126, 9724-9734. (b) Steinhoff,
B. A.; Stahl, S. SOrg. Lett.2002 4, 4179-4181. (c) Lloyd-Jones, G. C.;
Slatford, P. AJ. Am. Chem. So2004 126, 2690-2691.

(30) Mueller, J. A.; Sigman, M. SI. Am. Chem. So2003 125 7005-7013.
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afford 56. However, the intermediate,Bd(Ar)(H) complex58
would be likely to undergo unimolecular-€4 bond-forming
reductive elimination at a much faster rate than bimolecular
alkene coordination and insertion into the-Rd bond. Thus,

the mechanism outlined above predicts, as observed, that cyclic
alkenes should be transformed with high levels of diastereose-
lectivity. The origins of the diminished stereo- and regioselec-
tivity observed in reactions of sterically hindered aryl bromides
with acyclic internal alkenes are not entirely clear but may arise
from changes in the relative rates of—C bond-forming
reductive elimination vg-hydride elimination or from shifts

in the equilibria shown in Scheme 3.

The outcome of the deuterium labeling experiments described
in egs 3-5 can also be used to evaluate the potential viability
of a mechanism involving insertion into the @ bond rather
than the P&-O bond of an intermediate Pd(Ar)(OR) complex
(e.g., 39). As shown in Scheme 6, intramolecular alkene
insertion into the PeC bond 0f39 (derived from substratgl
as in Scheme 3) would afford palladium alkyl alkoxig@ In
principle, this intermediate Pd(Il) complex could undergo an
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Scheme 6
arMe b A
(o) .,
— P (¢]
Ry Me)\QL
D ent33 D ent33
minor diast

o-bond
rotation

major diast. regioisomer 66
not observed

unprecedented 3i€—0 bond-forming reductive eliminatidh® Pd(Il) complexes generally favoréxacyclization over 7ende
to afford the observed major diastereom&? bearing a cyclization3! with the latter transformations extremely rare for
deuterium atom at C1However, carbopalladation reactions in  Pd—C insertion process#s’”’and, to the best of our knowledge,
mechanistically related Heck reactions are believed to be unknown for Pé-H or Pd-D insertion processes. If this
irreversible?-33 thus, conversion &9 to observed regioisomer sequence were to occ@3 could, in principle, undergo selective
30 is unlikely. Moreover, there is no plausible pathway that g.hydride elimination of the endocyclic hydrogen atom (via
could lead to the formation B30 from 39 via eitherendo or conformation63) in preference tg-elimination of one of the
exocarbopalladation of the alkene. methylexchydrogen atoms to afford palladium hydrido alkox-
Although a mechanism could be postulated for the formation jge 64.38 This type ofendop-hydride elimination is thermody-
of the observed minor diastereon&3 bearing a C2 deuterium namically favorable relative to competimgo5-hydride elimi-
atom from59, several of the required steps appear to be rather nation, but is often kinetically slo# From complex64, alkene
implausible. The pathway for conversion 59 to 33 would insertion into the PetH bond followed by sp C—O bond-

involve initial rotation about the C2C1 bond followed by f4rming reductive elimination fror65would provide observed
B-hydride elimination from conformes9 to afford Pd(deuterio)- minor diastereomed3.

alkoxide) 60. Although related Pd(H)(OMe) complexes have . -
( ) g (¢ ) P Although we cannot unambiguously rule out the mechanistic

been describetf, they are known to undergo facile-@ bond- . lined i h hi h f
forming reductive elimination reactions to generate alcohols, SCenario outlined in Scheme 6, this pathway cannot account for
the observed formation of regioisom80. In addition, this

and the formation of Pd(H)(OMe) complexes via-8 bond ; ) s
oxidative addition is thermodynamically unfavorabtdReduc- ~ Scenario requires several steps that would proceed via high-
tive elimination of potential intermediat80 would generate ~ €nergy transition states (e.§1 or 62) to occur in preference
Heck-type product6, which is not observed in significant to alternative pathways that appear to be lower in energy (e.g.,
amounts €2%). 60 — 66). Thus, product formation via this mechanism seems

Conversion of potential intermedia@ to the observed minor unlikely. In contrast, the mechanistic pathway involving in-
diastereome83would require 7endedeuteriopalladation either tramolecular insertion of the alkene into the-Rd bond outlined
via twisted transition stat613 or via eclipsed transition state  in Scheme 3 accounts for the formation of all observed products.
62 to afford 6336 Intramolecular alkene insertion reactions of Most steps invoked in this pathway are well established (e.g.,
o bond rotation-hydride elimination, and €C bond-forming

(31) (a) Gibson, S. E.; Middleton, R. Contemp. Org. Synt.996 3, 447— reductive elimination), with the exception of the alkene insertion
471. (b) Link, J. T.Org. React.2002 60, 157-534. (c) Negishi, E. -i;
Coperet, C.; Ma, S.; Liou, S-Y.; Liu, F. Chem. Re. 1996 96, 365~

393. (35) Related carbopalladation reactions of alkenes are believed to proceed via
(32) Perch, N. S.; Widenhoefer, R. A. Am. Chem. SoQ004 126, 6332~ transition states in which the P& bond is eclipsed with the-©C double
6346. bond; twisted transition states in which the-R@l and G=C bonds are
(33) Previously described examples @faryl elimination from (phenethyl)- perpendicular are believed to be energetically unfavorable. See: Overman,
palladium(ll) complexes typically involve cationic complexes withsyor L. E. Pure. Appl. Chem1994 66, 1423-1431 and references therein.
p-hydrogens. Analogous intermediates bearflgydrogen atoms appear Insertion of ethylene into PtH bonds is also believed to require a coplanar,
to undergof-hydride elimination more rapidly thag-aryl elimination. eclipsed orientation of the alkene and the platinum hydride. See: Thorn,
See: (a) Campora, J.; Gutierrez-Puebla, E.; Lopez, J. A.; Monge, A.; Paima, D. L.; Hoffmann, R.J. Am. Chem. S0d.978 100 2079-2090.
P.; del Rio, D.; Carmona, EAngew. Chem., Int. E200], 40, 3641 (36) Eclipsed transition stat®2 would afford the enantiomer &3 (ent63).
3644. (b) Catellani, M.; Frignani, F.; Rangoni, Angew. Chem., Int. Ed. The mechanistic scheme for conversioneoit63 to 33 is analogous to
Engl.1997 36, 119-122. (c) Catellani, M.; Fagnola, M. @ngew. Chem., that shown for the conversion @3 to ent33 and has been omitted for
Int. Ed. Engl.1994 33, 2421-2422. Most examples @f-alkyl elimination clarity.
from Pd(ll) intermediates involve strained ring systems. See: (d) Mat- (37) Gibson, S. E.; Guillo, N.; Middleton, R. J.; Thuilliez, A.; Tozer, M.JJ.
sumura, S.; Maeda, Y.; Nishimura, T.; UemuraJSAm. Chem. So2003 Chem. Soc., Perkin Trans.1997, 447—456 and references therein.
125 8862-8869. (e) Wang, X.; Stankovich, S. Z.; Widenhoefer, R. A.  (38) (a) Osakada, K.; Doh, M=K.; Ozawa, F.; Yamamoto, AOrganometallics
Organometallic2002 21, 901905 and references therein. 199Q 9, 2197-2198. (b) Zhang, L.; Zetterberg, KQrganometallics1991,
(34) Perez, P. J.; Calabrese, J. C.; Bunel, EDEganometallic2001, 20, 337— 10, 3806-3813. (c) Newkome, G. R.; Puckett, W. E.; Gupta, V. K.;
345. Formczek, F. ROrganometallics1983 2, 1247-1249.
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into the Pd-O bond, which, although rare, is not entirely 0.005 mmol), Pg-tol)s (6.1 mg, 0.02 mmol), sodiurtert-butoxide (96

unprecedente#14 mg, 1.0 mmol), and the aryl or vinyl bromide (1.0 mmol). The tube
) was purged with Ar followed by the addition of toluene (2 mL), the
Conclusions alcohol substrate (0.5 mmol), and additional toluene (2 mL). The

reaction mixture was heated to 11Q with stirring until the alcohol

In conclusion, our studies on the Pd-catalyzed carboetheri- ; .
ficati f int | alk t that th domi t substrate had been completely consumed as judged by GC analysis.
Ication o nternal alkenes sugges a € predominant o reaction mixture was cooled to room temperature, and saturated

mechanistic pathway for tetrahydrofuran formation likely aqueous NECI (2 mL) and ethyl acetate (10 mL) were added. The

involvgs a rare;yninsertio_n of an alkeng into the P© bqnd layers were separated, and the aqueous layer was extracted with ethyl
of an intermediate palladlum aryl alkoxide. These studies also acetate (2x 10 mL). The combined organic layers were dried over

indicate that the moderate diastereoselectivity observed inanhydrous Ng5Q,, decanted, and concentrated in vacuo. The crude
reactions of substrates bearing acyclic internal alkenes is likely material was purified by flash chromatography on silica gel.

due to stereochemical scrambling \éahydride elimination/ (£)-(1'S 5R)-5-[1'-(4-Phenyl)phenylethyl]-2,2-dimethyitetrahydro-
reinsertion andr bond rotation processes that occur after the furan (4a). Reaction of 64 mg (0.5 mmol) afans-2-methyl-5-hepten-
alkene insertion step. This pathway for stereochemical scram-2-0! with 4-bromobiphenyl (223 mg, 1.0 mmol) following the general
bling is not accessible when substrates bearing cyclic internal Procedure afforded 100 mg (719%) of the title compound as a colorless

alkenes are employed, and high diastereoselectivitysyor oil. This material was obtained as a 5:1 mixture of diastereomers and
ployed, 9 ¥ contained~5% 4b + 4c as judged byH NMR analysis; data are for

addition is observed. o the major isomer*H NMR (500 MHz, CDCE): & 7.60-7.57 (m, 2
The transformations described in this paper represent anyy 7.53-7.51 (m, 2H), 7.447.40 (m, 2 H), 7.347.32 (m, 3 H),
operationally simple and straightforward means for the stereo- 4.19-4.15 (m, 1 H), 2.972.91 (m, 1 H), 1.921.86 (m, 1 H), 1.79
selective construction of 2 isubstituted tetrahydrofurans, 1.72 (m, 1 H), 1.69-1.62 (m, 1 H), 1.6%+1.54 (m, 1 H), 1.30 (dJ =
6-substituted octahydrocyclopert#irans, 7-substituted octa- 7.0 Hz, 3 H), 1.213 (s, 3 H), 1.210 (s, 3 H}C NMR (100 MHz,
hydrobenzofurans, and 6-substituted 1-oxaspiro[4.5]decanesCDCl): 6 143.3,141.2,138.9, 128.7, 128.6, 127.0, 126.9, 126.7; 82.6,
The reactions are stereospecific and provide good yields with a80.6, 43.9, 38.5, 28.7, 28.6, 28.0, 16.5. IR (film): 1515, 1059°cm
variety of different aryl and vinyl bromide coupling partners. Anal- Calcdfor G240 C, 85.67; H, 8.63. Found: C, 85.29; H, 8.31.
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droxy Internal Alkenes with Aryl Bromides. % A flame-dried or oven- i . . .
dried Schlenk tube equipped with a magnetic stir bar was cooled under  Supporting Information Available: - Experimental procedures
a stream of argon or nitrogen and charged with(&tnh) (4.6 mg, for the synthesis of substrates, characterization data for all new

compounds, descriptions of deuterium labeling experiments, and

(39) The yields reported in the Experimental Section and the Supporting descriptions of stereochemical assignments (PDF). This material
Information describe the result of a single experiment, whereas the yields . h . .
reported in egs 1 and 2 and Tables 2 and 3 are average yields of two or IS available free of charge via the Internet at http://pubs.acs.org.
more experiments. Thus, the yields reported in the Supporting Information
may differ from those shown in eqs 1 and 2 and Tables 2 and 3. JA054754V
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