JIAIC[S

COMMUNICATIONS

Published on Web 12/13/2003

The Role of Proton Donors in Sml ,-Mediated Ketone Reduction: New
Mechanistic Insights
Pramod R. Chopade,” Edamana Prasad,”* and Robert A. Flowers, II*+

Department of Chemistry & Biochemistry, Texas Techvgrsity, Box 41061, Lubbock, Texas 79409-1061, and
Department of Chemistry, Lehigh Useirsity, Bethlehem, Pennsgiia 18015

Received September 5, 2003; E-mail: rof2@lehigh.edu

Alcohols and water are commonly used as additives in numerous Table 1. Observed Rate Constant, Reactions Order, and ku/kp for
reductions and reductive coupling reactions of St Typically, the Reduction of Acetophenone by Smiz and Proton Donors

they are used as proton donor sources and have been shown to proton donor Kobs (574 proton donor order knlko
exert an influence on the regiochemicabnd stereochemical none 0.25+ 0.02

outcome of numerous Sm(ll)-mediated reactions. Oftentimes chang- H-O 7.6+0.2 1.4+0.1 1.8
ing the proton donor can have a profound impact on product  CH:OH 1.0+01 0.9+0.1 1.9
distributions, yet the mechanistic details are poorly understood. To (CCHﬁ(iHCZSSH 00é93i g'él g'si 01 11'%
begin to understand the function of proton donors in Sm(ll)-based (CH§)§COH 0.23+ 0.01 0 10
reductions, a series of commonly utilized alcohols and water were  CRCH,OH 1.4+0.1 0.9+ 0.1 2.0
examined to study their impact on the rate and mechanism of ketone CeHsOH 17+01 0.8+0.1 1.9

reduction. The data described herein show two important features: Experimental conditions: [Si= 0.0025 M: [acetophenone] 0.025
(1) There is a direct correlation between the rate of ketone reduction M: [proltoon donor]= 0.0625 M. : ’ P :
and the K, of the alcohol proton source and (2) water has a higher

affinity for Sml, than the alcohols examined in this study, and the Scheme 1

onset of coordination leads to a change in the mechanism of ketone 0 Ky _Sml,
reduction. +  Sml, = ’/?\

Alcohols and water may coordinate to Sm(ll) as well as donate . ' Ph =
a proton through heterolytic cleavage of the-B bond. Since
proton donors play an important role in many reactions of Sinl _sml,
is critical to determine the interplay between coordination and % ko OH

I~ . ) . /k + ROH —— + Sml,0R

proton donor ability on the mechanism of reduction. The relation- pPH* PH

ship between proton donation and complexation is poorly under-

stood, and to date, only the seminal mechanistic analysis of Hoz proton donors have a rate order of 1 (within experimental error).

has addressed this pofh€urran found that water accelerated the Water provided the highest rate enhancement of the proton donors

rate of a number of Srimediated reductions and postulated that studied, and its reaction order was determined to be 1.4. Further

the reductant contained bound wateMore recent work by studies of reactions showing rate enhancement in the presence of

Hilmersson has shown that coordinating alcohols enhanced the ratea proton source displayed a kinetic isotope effégtky of

of ketone reduction substantially and the rate increase was approximately 2, indicating that the rate-limiting step in the

proportional to the number of ethereal oxygens in the proton donor reduction involved a proton transfer.

source'? Scheme 1 shows the initial two steps for reduction of acetophe-
Examination of the literature shows that most Sivdsed none by Smi in the presence of an alcohol through a traditional

reductions and reductive couplings are carried out using betweenHouse mechanisi3 Applying a steady-state approximation to the

2 and 25 equiv of proton source. Experiments described here wereconcentration of the ketyl radical, one derives the expression given

carried out at 25 equiv of proton source (based on,®mcentra- in eq 1. Wherk_; > k;,

tion). Acetophenone was chosen as a model ketone substrate since

its rate of reduction is in a convenient range for kinetic studies and diSmb]  kjk,[sub][SmL][ROH]

its rate of reduction is well-established in the absence of proton dt k[ROH] + k_; @

sources!12The reduction of acetophenone by Sinlthe presence
of all proton sources was first-order in both substrate and reductant.the equation simplifies to that shown in eq 2:
Table 1 contains the observed rate constants and reaction order for
each of the proton sources examined in this study. dismb] kky[sub][SmL][ROH]
Both 2-propanol and 2-methyl-2-propanol had no effeckgg a = = KopdSUB][SMLI[ROH] (2)
for the reduction of acetophenone by Smbubsequent studies
designed to determine the reaction order of these proton sourceshich predicts that the rate will exhibit a first-order dependence

showed no influence even at concentrations approaching 1 M. 5, [Smb], [substrate], and [ROH]. These conditions are met when

Conversely, methanol, ethanol, 2,2,2-trifluoroethanol, and phenol e thanol, ethanol, 2,2,2-trifluoroethanol, and phenol are used as
significantly accelerated the rate of reduction. Follow-up studies proton sources.

designed to determine the reaction order showed that these four

In the reduction of acetophenone, 2-propanol and 2-methyl-2-
t Texas Tech University. propanol were not strong enough donors to protonate the ketyl
*Lehigh University. radical anion of acetophenone. As a result, the first step of the
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0.8 1 M methanol to Sml showed evidence of coordination, and
examination of the observed rate over the concentration range
showed a fractional rate order of 18 0.1. Although ethanol
showed some evidence of coordination to Satla concentration

of 4 M, the rate law in eq 2 was obeyed through the entire
concentration range. Phenol and 2,2,2-trifluoroethanol also obeyed
the rate law in eq 2 over the whole concentration range.

Taken together, the mechanistic experiments described herein
show the following: (1) There is a linear relationship between the
acidity of the alcohol and the rate of acetophenone reduction. (2)
The proton source must have sufficient acidity to protonate the
. : . intermediate formed upon initial reduction by SmB) Water has
500 600 700 a much higher affinity for Smlthan the alcohols examined in this

Wavelength, nm study. (4) Complexation between the proton donor and,Sml
Figure 1. The UV—vis spectrum of Smal(dash-dot line) and Sm—water produces a reductant that reacts with acetophenone through a
(1:25) mixture (solid line) in THF. The concentration of Sinl both spectra mechanistically distinct pathway.
is 5 mM. From a practical point of view, these data suggest that the choice

of proton donor can have a profound impact on the rate and

reduction was the rate-limiting step. The presence of methanol, mechanism of substrate reduction. As an example, a recent paper
ethanol, 2,2,2-trif|u0roethan0|, and phen0| influenced the rate, and by Keck and co-workers describing the influence of proton sources
the kinetic data were consistent with the second step being the rateon the diastereoselectivity of reductionhydroxyketones by Sl
limiting step. For the second series of proton donors, a plokaf p mirrors the mechanistic findings described hefein.their work,
vskopsprovided a correlation coefficient of 0.996, clearly indicating no reduction occurs in the presence of 2-methyl-2-propanol, and
that the acidity of the proton donor dictated the rate of the reaction. while reduction using 2 equiv of 4D proceeds in high yield and
While the mechanistic analysis above was consistent with the resultsdiastereoselectivity, the use of 10 equiv oftHleads to a loss of
obtained for the alcohols examined in this study, it did not explain diastereoselectivity (suggesting that coordination gdHo Smp
the findings obtained for water. The rate constant for reduction inhibits chelation to thg-hydroxyketone). Conversely, a range of
under the conditions of this experiment showed no relation between methanol concentrations between 2 and 100 equiv provided high
the rate and I§, of water, and the rate order of 1.4 was inconsistent yields and stereoselectivities in the Srmediated reductions.
with the rate law in eq 2. Further mechanistic studies on the role of proton donors in other

To study the system in more detail, UWis spectra of Smlin functional group reductions and reductive coupling reactions are
the presence of increasing amounts of water were obtained. Clearcurrently being pursued. The results of these studies will be reported
differences in the spectrum of Ssnlere apparent after the addition  in due course.
of as little as 10 equiv of water. Figure 1 contains the -tNs
spectrum of Smland Smj containing 25 equiv of water. This
analysis clearly showed that under the conditions of these experi-
ments, the reductant contains bound wéter. Supporting Information Available: General experimental condi-

Next, rate studies were carried out at both low and high tions, decay traces, absorption spectra, and plots of rate data (PDF).
concentrations of water to determine whether the fractional rate This material is available free of charge via the Internet at http:/
order of 1.4 could possibly be due to the superimposition of two Pubs.acs.org.
mechanistic pathways. It was found that at concentrations less than
8 equiv, the reaction order of water was t90.1. Once the
concentration of water reached 8 or more equivalents, the rate order (1) Molander, G. AChem. Re. 1992 92, 29-68.
was greater than 1. Subsequent experiments showed that at gg e P T A A AL e Ao
concentrations greater than 80 equiv, the rate order of water was (4) Yoshida, A.; Mikami, K.Synlett1997, 1375-1376.
2.0+ 0.2. The rate order of 2 remained constant up to 130 equiv = Iggsg'gg' s Manamoto, T.; Inanaga, J.; Mikami, Retrahedron Lett.
of water. At concentrations higher than this value, the rate was too (6) Keck, G E. Wager, C. A.; Sell, T.; Wager, T. J. Org. Chem1999
fast to measure using stopped-flow spectrophotometric methods. @ %ﬁjgr@;‘zg%‘; Muir, K. W.: Procter, D. J. Org. Chem2003 68,
At low concentrations of waterq8 equiv), the kinetic experiments 3190-3198. -
showed that the rate law in eq 2 was obeyed. At higher concentra- % Eggég’gv\);"”‘cé’.‘;’%‘a?gn'?'I'D'f'sén%rg.”‘d?:neqrfé%’%gggo%@520611()f 262.
tions of water ¢80 equiv), coordination to Smproduced a unique (10) Dahfem, A.; Hilmersson, GTetrahedron Lett2001, 42, 5565-5569.
reductant that reduced acetophenone at an accelerated rate and thé!l) 2'58&'1“82%753%4Heﬂ2, T.; Skrydstrup, T.; Daasbjerd;tem. Eur. J.
reaction was second order with respect toQH (12) Prasad, E.; Flowers, R. A., 0. Am. Chem. S0€002 124, 63576361,

The same analysis was initiated to determine the effect of higher (13) House. H. OModern Synthetic Reaction@nd ed.; W. A. Benjamin:
alcohol concentrations on the mechanism of acetophenone reduc- (14) Dahlen, A.; Hilmersson, G.; Knettle, B. W.; Flowers, R. A.,J1.0rg.
tion. The UV-vis spectrum and rates of reduction by Swere Chem.2003 68, 4870-487S.

examined over a proton donor range from 1 to 4 M. Addition of JA038363X
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