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Abstract: This paper presents the effect of additives on the mechanism and selectivity of then8dihted
coupling of alkyl halides and ketones. The reaction of 1-iodobutane and 2-octanone was carried out with Sml
in the absence of cosolvent and in the presence of HMPA, LiBr, and LiCl. The experiments using cosolvent
free Smj and Smp—HMPA reductants gave the Barbier product, 5-methyl-5-undecanol predominantly. The
same procedure carried out with LiBr as an additive produced the pinacol product, 7,8-dimethyl-7,8-
tetradecanediol, exclusively. A careful product analysis of the;®neldiated coupling of 1-iodododecane and
2-octanone in the presence of LiBr, LiCl, and HMPA was also performed. The combination paSdlLiBr

again produced the pinacol coupling product exclusively and left the 1-iodododecane unreduced. In contrast,
the Smp—HMPA combination gave only the Barbier product. Analysis of the Sm(ll) reductants employing
cyclic voltammetry and UV-vis spectroscopy coupled with reaction protocol changes and mechanistic studies
led to the conclusion that the Sgrrhediated coupling of alkyl halides and carbonyls in the presence of HMPA
gives the Barbier product through an outer-sphere electron-transfer process, while the reaction utilizing Sml
with LiBr or LiCl gives the pinacol product through an inner-sphere reductive coupling of ketones. The results
presented herein show that it is possible to alter the reactivity and selectivity of Sm(ll) reagents through the
choice of additives or cosolvents, primarily by changing the steric bulk around the reductant.

Introduction anhydrides, amides, and carbonyls to the corresponding alco-
hols? In each of the cases cited above, cosolvent or additives
were essential for the reductions or bond-forming processes
mediated by Sml

Although additives and ligating cosolvents are an important
component in the success of many Smmlediated reactions,
little mechanistic work has been carried out to determine how
they influence the reactivity of the reducing reagent. Molander
addressed the utility of HMPA in Smimediated reactions by
examining its role in the cyclization of unactivated olefinic
%etones The results of this study displayed a clear correlation

Samarium diiodide (Sm) is presently one of the most diverse
reducing reagents utilized by organic chemiditsis employed
in numerous important conversions including the reductive
cleavage of alkyl halides, the reductive coupling of alkyl halides
with sz bonds, and the coupling of tweo bonds. An important
aspect concerning the reactivity of Snig that the addition of
a basic cosolvent (generally HMIPA) increases the reducing
power of Sm}.2 Reactions utilizing Smi-cosolvent mixtures
generally proceed at accelerated rates compared to reaction

without cosolvent ) ) . between HMPA concentration and high diastereoselectivities
Although HMPA is the most widely utilized cosolvent, other  gnq product distribution in Srpromoted reductive coupling
add|t|vi-s have been employed in reactions of Siftie solvents  g5ctions, Crystallographic analysis of SHMPA complexes
DMPU* and 1,1,3,3-tetramethyl uredave been utilized in  qjeary shows that coordination of HMPA to Spproduces a
Smk-mediated bond-forming reactions. Recently Cabri and co- gierically crowded reductaPWork in our laboratory more fully
workers examined a number of amine bases as cosolvents angjajineated the role of HMPA in THFE. We found that HMPA
found that they enhanced the rates of cyclizations mediated by .4 dinates to monomeric Sprand produces a more powerful

Sml,.° Bases such as potassium hydroxide and lithium meth- e qyctant. The stoichiometry of the reductant in THF was
oxide have been utilized in concert with Snd reduce esters, proposed to be SrHMPA,L0
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substrate, and alcoholic cosolvent had a large impact on theTable 1. Coupling Data for the Reaction of 1-lodobutane and
selectivity of reduction of activated olefiisbecause of the  2-Octanone with Smiand Different Additives

ability of Sml, to coordinate with both the cosolvent and the o s OH QH
0 miz (2Mmol) H,C-C—(CH,)sCHy HaC-C—(CH,)sCH,
substrate. H3C-C—(CHy)sCHy  +  1-(CH,)3CHy “additve | +
. L . . .. iive  HyC-C—(CH,)sCHy (CH2)3CHs
During our initial studies on the influence of additives on 1 mmel 1 mmol OoH

the reducing power of Smive found that the addition of lithium
salts containing a bromide or chloride counterion increased the y ‘ - % unreacted
reducing power of the Sm(ll) reductant and promoted the pinacol _additive  equiv/iSmd  pinacol  Barbier starting material

% product forme®l

coupling of ketoned? This protocol was also reported to be  no additive 23 59 18
useful in the reductive cleavage affunctionalized amide¥ HMPA 8 <1 91 8
Herein we report our detailed investigation of the influence of LiCl 8 64 21 15

LiBr 8 98 <1 <1

LiBr and LiCl on the reactivity and selectivity of Sentoupling
of alkyl iodides and ketones. Potential mechanistic pathways 2 Conditions: 1 mmol of the ketone and 1 mmol of the alkyl iodide
for these reactions are discussed based on product distributionswere combined in 10 mL of THF and added to a 20 mL solution of

; ; ; .1 M Smp in THF containing 4 equiv of additive.Based on GC
rate studies, and spectroscopic and electrochemical results. yields. Al products were isolated and examined!ByNMR and GC-

. . MS.
Experimental Section

THF was distilled from sodium benzophenone ketyl, under nitrogen. product (7,8-dimethyl-7,8-tetradecanediol), while the butyl
All solvents employed in this study were degassed by several cyclesiodide remained unreduced. This startling discovery led us to

of evacuating the vessel and refilling with nitrogen. HMPA was dried examine this system more fully to understand the influence of

by vacuum distillation from NaOH pellets or MgQrhe LiCl and these additives on the outcome of this reaction.
LiBr salts were dried in a vacuum oven at 1%0. Distilled THF and Table 1 contains the results of the Smioupling of

HMPA were checked by Karl Fischer titration. Dried solvents and salts 1-iodobut d 2-oct in th f dditi
were stored in an Innovative Technology, Inc. drybox containing a -lodobutané and 2-octanone In the presence of no additive,

nitrogen atmosphere and a platinum catalyst for drying. HMPA, LIBr,_and LiCl. Wh_'le the experiment containing no
The additive or cosolvent was placed in a flame-dried 100-mL round- additive provides the Barbier product predominantly, some of
bottom flask with a stirring bar. THF (5 mL) was used to dissolve the the pinacol product is also formed. The reaction in the presence
additive (LiCl required 10 mL of solvent). Next, 20 mL of 0.1 M SmI  of HMPA provides only reductive coupling of the alkyl halide
(2 mmol) in THF was added to the flask containing the additive and and ketone. The experiments with LiBr and LiCl provide the
allowed to stir. In a separate vial, the ketone (1 mmol) and the alkyl pinacol coupling product and very little of the reductive coupling
iodide (1 mmol) were stirred in 10 mL of THF. The mixture of the product_ We attempted numerous Coup”ngs of various a|ky|
alkyl halide and ketone was then added to the Sratlditive solution. iodides (iodomethane, 1-iodohexane) and ketones (cyclohex-
After the reaction was complete (typically a few minutc_as) the flask anone, 2-butanone, 2-pentanone); all combinations of alkyl
was exposed to air to quench the reactib&ther extractions were halides and ketones yielded predominantly the pinacol product

performed with a concentrated pRO; solution (4x) and a concen- . . . . o o
trated NaCl solution (8). In the case of HMPA additive, additional in the presence of LiBr or LICI. While the addition of lithium

extractions were performed with,8 (5x). The ether layer was dried ~ Promide and lithium chloride to Smimay be a convenient

over MgSQ, filtered, and condensed on the rotary evaporator. The Protocol for reductive pinacol couplings in the presence of an

reactions were examined by GC-MS afiti NMR spectroscopy. easily reduced halide, these findings also raise some interesting
The redox potentials of the Sgnand Smj—additive mixtures in mechanistic questions.

THF were independently measured by cyclic voltammetry employing  Several mechanistic possibilities may explain the experimental
a BAS 100B electrochemical analyzer. The working electrode was a yqgits: (1) The lithium cation may coordinate to the carbonyl

standard glassy carbon electrode. The electrode was polished with 0.05, 416 it easier to reduce; (2) the bromide and chloride anions
mm polishing alumina or cleaned in an ultrasonic bath. The electrode

was rinsed with acetone or ethanol and dried before each run. The M&Y coordinate to the Sm(ll) and alter its reactlylty, (3) the
auxiliary electrode was a platinum wire. The reference electrode was /1tium salts may enhance or prevent aggregation of ;5ml
an SCE. The electrolyte employed in all experiments was either Making it more or less reactive; and (4) Srmay ligate to the
tetrabutylammonium hexafluorophosphate or lithium iodide. The alkyl iodide and enhance any3 reaction with chloride or
concentration of Smlin each of the electrochemical experiments was bromide in solution, thereby producing a less reactive alkyl
0.5 mM. All solutions were prepared in the drybox and transferred to halide. A combination of some of these effects is also possible.

the electrochemical analyzer for analysis. The approaches described below were used to delineate the
) ) probable mechanism(s) responsible for the unusual reactivity
Results and Discussion of Smh—LiBr or LiCl combinations.
We examined the influence of lithium halides on the gml A careful product analysis of the Spanediated coupling of

mediated reductive coupling of alkyl halides with ketones, 1-iodododecane and 2-octanone in the presence of HMPA, LiBr,
initially on the assumption that these additives would be a safe LiCl, and Lil was carried out. This enabled us to easily identify
and convenient alternative to HMPA. We chose the Sml all of the products by GC/MS. The results are contained in Table
mediated coupling of 1-iodobutane with 2-octanone as a model 2. The noteworthy feature of the reaction products shown in
for Barbier coupling. The reactions were run by combining 1 Table 2 is that the combination of Smand LiBr gave
mmol each of the alkyl iodide and the ketone. The halide and exclusively the pinacol coupling product, while the Sml
ketone were then added to 2.2 mmol of Srdntaining 8 equiv HMPA combination gave only the Barbier product. If the
of LiBr in THF. Instead of obtaining the samarium Barbier reactions were quenched in air 1 min after the introduction of
product (5-methyl-5-undecanol), we obtained the pinacol coupled Substrates into the SgxtLiBr reductant, the iodododecane was

v A Fio SJ Am. Chem. S0d996 118 261-262 unreduced. If longer reaction times were employed, dodecane

acovan, A.; Hoz, . AM. em. S0 — . H H i H

(12) Fuchs, J. R.: Mitchell, M. L: Shabangi, M.: Flowers. R. A., Il appeared in the mixture vx_/|th the pinacol product. When 1 mmol
Tetrahedron Lett1997 38, 8157-8158. of both 2-octanone and iodododecane were added to 1 mmol

(13) Hughes, A. D.; Simpkins, N. Synlett1998 967—969. of the Sm}—LiBr reductant, the pinacol product was formed
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Table 2. Coupling Data for the Reaction of 1-lodododecane and ee—smiz |
2-Octanone with Smland Different Additive® ;

—e—Sml2-LiBr

OH OH |
o Smi, (2 mmol) —C— —C— i
W 2 H3C~C—(CH,)sCH; H3C-C—(CH,)sCHy ——S8mi2-LiCl
HyC=C—(CHy)sCHy +  1-(CHy)y4CHy “addive | + b
tive  HyC-C—(CHp)sCHy (CHy)11CHg
1 mmol 1 mmol OH

% product forme#l % unreacted

additive equiv/Smd  pinacol Barbier starting material

no additive 27 63 10 8
HMPA 8 <1 98 <1 g
LiCl 8 56 40 4 8
LiBr 8 99 <1 E
Lil 8 25 68 7

a Conditions: 1 mmol of the ketone and 1 mmol of the alkyl iodide
were combined in 10 mL of THF and added to a 20 mL solution of
0.1 M Smb in THF containing 8 equiv of additive.Based on GC
yields. All products were isolated and examined*byNMR and GC- i
MS. 450 500 550 600 650 700 750

Wavelength (nm)

Figure 1. UV —vis spectra of Sml(x), Smk—LiBr (O), and Smj—
LiCl (—) in THF.

exclusively, with quantitative recovery of the 1-iodododecane.
The addition of LiCl to Smd produces a minor amount of the

Barbier coupling product and a majority of the pinacol product.
The addition of Lil to Smy led to the production of the Barbier  Table 3. Electrochemical Data for Smand Smj—Additive

product and a smaller amount of the pinacol product. Complexes

It is possible that _coordinatipn of tito the carbonyl could Smb—additive Exz (V)
decrease the reduction potential of the carbbramd enhance
h f reducti h idi h . | Smb —0.98+ 0.04
the rate of reduction, thus providing a pathway to pinaco Smb—HMPA —1.75+ 006
formation. Curran and co-workers recently described a method Smb—LiBr —1.55+ 0.07
for the reductive coupling of aromatic dimethylacetals utilizing Smb—LiCl —1.78+0.10

Smk in conjunction With Lewis' acids? To test this §upposition, aConditions: All redox data were determined with cyclic voltam-
tetran-hexylammonium bromide (THAB) (4 equiv) was used metry using a sweep rate of 100 mV/s vs a SCE reference, and 0.5 M
in place of lithium bromide to replace the hard Lewis acid;.Li Lil (for Sml, and Smj—HMPA) electrolyte in THF. Tetrar-hexyl-

The reaction of cyclohexanone and 1-iodobutane employing ammonium bromide (0.5 M) or tetra-hexylammonium chloride (0.5
Smb—(THAB) again produced the pinacol coupling product M‘);Vrﬁz lijrfz(illfg)r(ﬁerﬁir;l_elrl?trsavr;gsngImml\ﬁasurements. The concentration
exclusively. The addition of 2 equiv of THAB to Saih THF '

gave a U\visible spectrum that was identical to the one
obtained by the combination of Sgdnd LiBr. The addition of
lithium iodide produced similar results as those obtained for
Smb with no additive. Although the lithium cation may play a
small role in the pinacol coupling reactions, the reducing species
created by the combination of Syrend the halide counterions
evidently provides the impetus for this reaction.

The addition of LiBr or LiCl to Smy resulted in a color
change from blue to purple. Examination of $inlcombination
with each of the additives employing UWis spectroscopy
showed it is likely that the halide counterions are coordinating
to the Sm(Il) as shown in Figure 1. The charge-transfer bands
of Smk at 552 and 616 nm were shifted to lower wavelengths
with the addition of LiBr or LiCl. These results suggest that
the reducing power of Smkhould increase upon the addition

Z;Lﬁz;ﬂhmm halide salts assuming that its HOMO is raised in sonication. The reductant produced from the combination of

. : ... Smk and LiCl begins to precipitate out of solution after a few
Table 3 contains electrochemical data for the oxidation .
potentials of Smi, Smb—LiBr, Smi,—LiCl, and Smp—HMPA. hours. If the preparation of both SmBasind SmCJ from Sm-

Although Smj containing the additives all display more negative (Ill) precursors produces reductants that are InS.O.|l:Ib|e in THF,
oxidation potentials than Smélone, they are all within a few Wh)é woglcfl the same hreduct%ntsd be solub_le (|nf|t|ally) v(\j/hen
hundred millivolts of each other. The reducing power of the grr?] CLIJZCi?\voIr\?g; rSenggc:[I;oﬁ cs)’;asnmaarrar?éesprig“%gt?\ c?fr?vmh
complexes is therefore probably not the only factor affecting ’

the selectivity of the reductants produced from the Samd are insoluble in THF. Many I.anthanide salts are known to pe
additives. Whenmax is plotted against the redox potential, a hlghly_ aggregated, so re_duct|on of the poorly _solvated starting
linear correlation with a correlation coefficient of 0.997 is material can lead to an insoluble Sm(ll) species. Work in our

obtained. Although the use of three data points is statistically  (16) Ryan, J. L.; Jorgensen, C. K.Phys. Cherl966 70, 2845-2857.

found similar correlations between the reduction potential and
the electron-transfer bands of halocoordinatet Mnd M+

ions in acetonitrile. We found that the addition of excess lithium
halide had no effect odmax Or the redox potential of the
complex. These results lead us to postulate that the bromide
and chloride counterions displaced the iodide ligands o, Sml
thereby producing SmBrand SmCJ.

Samarium(Il) bromide and samarium(ll) chloride have been
previously synthesized, but they are insoluble in TBE We
prepared SmBrby the reduction of the SHBr salt with lithium
metal. Treatment of a heterogeneous mixture of SMMBTHF
via sonication produced a purple solution. Examination of the
solution by UV-vis spectroscopy showed that the spectrum was
identical to the one obtained for the SmLiBr combination.

We were unable to dissolve the SmCéven after extended

precarious, a correlation is suggested. R§and Nugenrit’ have (17) Nugent, L. J.; Baybarz, R. D.; Burnett, J. L.; Ryan, JJLPhys.
Chem.1973 77, 1528-1539.
(14) Palmer, C. A;; Ogle, C. A;; Arnett, E. M. Am. Chem. S0d992 (18) Lebrun, A.; Namy, J.-L.; Kagan, H. Beetrahedron Lett1993 34,
114, 5619-5625. 2311-2314.

(15) Studer, A.; Curran, D. FSynlett1996 255-257. (19) Rossmanith, KMonatsh. Chem1979 110, 109-114.
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laboratory has clearly shown that Snig a solvated monomer  nism (Scheme 1). The electrochemical results in Table 3 show

in THF under standard conditioA$Displacement of 1 from that Smp—LiBr and —LiCl combinations are more powerful
solvated Smf is more likely to produce a soluble, solvated reductants than Smlso it is reasonable to expect that they
SmBpKL or SmC} reductant. would reduce a ketone much faster than Safbne. The soluble

The results and observations described above are consistenBmbk—LiBr combination reduces ketones selectively in the
with the following: (1) The lithium cation plays at best a small presence of an alkyl halide. The SmLICl combination
role in the pinacol coupling observed with SmLiBr or LiCl produces a less soluble but more powerful reductant capable of
combinations; (2) bromide or chloride counterions do not easily reducing alkyl halides or ketones, which leads to a mixture
displace the iodide from 1-iodododecane; (3) bromide and of products.
chloride counterions coordinate to Smprobably displacing Attempts to determine the bimolecular rate constant for the
the iodide ligands; (4) the addition of bromide and chloride salts reduction of ketones by SgtLiBr or —LiCl utilizing standard
to Smb, produces a more powerful reductant; and (5) deaggre- techniques were unsuccessful, because the reactions occurred
gation of Sm} does not occur, it exists as a solvated monomer. too rapidly. Estimation of the bimolecular rate constants for
Clearly it is the coordination of bromide and chloride counter- outer-sphere reductions were carried out using the redox
ions to Smj that provides the change in selectivity and reactivity potentials of the samarium reductants and ketones in combina-
of the Sm(Il) reductant. tion with Marcus theory. We used a lower limit 2.5 V for

The question as to why the SgaiLiBr or —LiCl combina- the E12 (vs SCE) of an alkyl keton& The bimolecular rate
tions (which are presumably SmBand SmGJ) preferentially constant for the reduction of an alkyl ketone by SmBfas
reduce a ketone in the presence of a more easily reduced alkyestimated to be in the range of 3:410°° m™* s™! while the
iodide remains to be answerdLanthanides are known to be  rate constant for Smeglwas found to be 4.9 103 m™*s™%
highly oxophilic, so it is reasonable to suppose that a carbonyl These estimated rate constants are inconsistent with the observed
group would have a higher affinity for Sm(ll) than a halide. If reaction rate and suggest that the reduction of ketones by SmBr
coordination between a ketone and a Sm(ll) reductant is and SmC occurs through an inner-sphere ET.
energetically favored, this will lead to an increased probability I the reagent produced from the combination of a bromide
of inner-sphere ET. Even though alkyl halides are thermody- or chloride with Smj produces a reductant that coordinates to
namically easier to reduce than ketones (based on redoxketones and reduces them selectively over alkyl iodides, then
potentials), an inner-sphere ET will lead to a dramatic rate why does HMPA promote reductive coupling of halides and
enhancement as compared to an outer-sphere process. Thketones so efficiently? Examination of the crystal structure of
pioneering work of Kochi provides examples that show that [Smlx(HMPA),] shows that the reductant is very hindered. Bulky
inner-sphere electron transfer can occur at a rat¢irh@s faster ligands such as HMPA produce sterically congested complexes
than expected for an outer-sphere proééda.the organome-  that make it difficult for reducible species such as carbonyls
tallic compounds employed by Kochi and co-workers, steric and halides to enter the inner sphere of the Sm(ll) complex.
substituents played a large role in determining whether electron Calorimetric experiments verify that HMPA has a high affinity
transfer occurred via an inner- or outer-sphere process. for Smb, so it is unlikely that typical ketones, aldehydes, and

The recent work of Skrydstrup and co-workers supports the alkyl halides will displace it® Therefore, we hypothesize that
hypothesis described above. They found that electron transferbasic cosolvents such as HMPA will produce Sm(ll) reagents
(ET) from Smp in THF to benzophenone was an inner-sphere that carry out reductive transformations via outer-sphere electron
process, while ET to benzyl bromide was much closer to an transfer (Scheme 2).

outer-sphere proced3These results indicate that Snflas a Recent mechanistic studies in our lab support the hypothesis
higher affinity for THF than for a benzyl halide, while carbonyls described above. Standard redox potentials in conjunction with
are capable of displacing THF ligands bound to Snwe Marcus theory were utilized to estimate the bimolecular rate

propose that during the reductive coupling of an alkyl halide constant for outer-sphere ET from SiiHMPA)4 to a primary

and a ketone, Smlreductively cleaves the alkyl halide to a radical?* Comparison of the estimated rate constant with one
radical and a halide anion, and another equivalent of,Sm| determined utilizing a “radical clock” only differed by a factor
reduces the radical to an organosamarium reagent. Simulta-0f 2, suggesting that the SpiHMPA), reductant reduces
neously, ketones can coordinate to Srahd be reduced to  primary radicals through predominantly an outer-sphere process.
ketyls. The competing pathways lead to a mixture of products. This finding indicates that there is very little interaction between
It is our supposition that the reagent formed from Swund the Sm-HMPA reductant and radical in the transition state

LiBr or LiCl reduces ketones through an inner-sphere mecha- leading to carbanion formaticti Since alky! halides are reduced
via an outer-sphere mechanism by gnit is reasonable to

(20) The superiority of SmBrover Smp or SmC} in pinacol coupling
reactions has been reported. Kagan, H. B.; Collin, J.; Namy J. L.; Bied, C.;  (23) Encyclopedia of electrochemistry of the ElemgB&d, A. J., Lund,

Dallemer F.; Lebrun, AJ. Alloys Compound&993 192 191-196. H., Eds.; Marcel Dekker: New York, 1978; Vol. XII.

(21) Wong, C. L.; Kochi, J. KJ. Am. Chem. Sod.979 101, 5593~ (24) Shabangi, M.; Kuhlman, M. L.; Flowers, R. A.,drg. Lett.1999
5603. 1, 2133-2135.

(22) Enemaerke, R. J.; Daasbjerg. K.; SkrydstrupChiem. Commun. (25) Eberson L.Electron-Transfer Reactions in Organic Chemistry

1999 343-344. Springer-Verlag: New York, 1987; p 18.
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Scheme 2
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assume that they will be reduced through the same mechanisnour findings clearly reveal the ability to “fine tune” both the
by the sterically crowded Sm(HHHMPA reductant. selectivity and reactivity of Sm(ll) reagents. We are currently
During the Smi-mediated reductive coupling of halides and exploring the use of the protocols described above to carry out
carbonyls in the presence of HMPA, the sterically congested Selective inter- and intramolecular reductive couplings of
[SmI;(HMPA)4] reductant can reduce either a carbonyl or a multifunctional substrates. These findings will be presented in
carbon-halogen bond. The alkyl iodide bond will be reduced a forthcoming series of papers.
at a much faster rate (via an outer-sphere mechanism) because
it has a lower (less negative) reduction potential than the
carbonyl. Reduction by the outer-sphere pathway leads to the
formation of an organosamarium reagent (Scheme 2) which can
attack a ketone and produce a carbinol after workup, but the
same procedure utilizing LiBr in place of the HMPA produces
SmBE, a reagent that is capable of coordinating with a ketone,
reducing it preferentially through an inner-sphere electron
transfer (Scheme 1) leading to pinacol formation.
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