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Abstract: Johnson-type acetals derived from dimethyl tartrate give, after opening with Me,BBr and cuprate
displacement, secondary alcohols with high diastereoselectivity (>30:1). The mechanism proposed for the
induction of diastereoselectivity is downstream from the ring fission. It implies a direct participation of the
Lewis acid as a source of nucleophile and the stereospecific transformation of the resulting bromo acetal
through an invertive and temperature-dependent process. The acetals are prepared by reaction of the
desired aldehyde with dimethyl tartrate. Removal of the auxiliary is accomplished through Sml, reduction

or by an addition—elimination protocol using methoxide.

The induction of stereogenic centers on acyclic molecules is Scheme 1

a topic of great research interest. The concept of using acetals
as chiral templates to achieve such an objective originated from
the seminal work of W. S. Johnsband was later extended
and enriched by the contributions of many other scientists.

The opening of acetals is now a commonly used approach in
the synthesis of new molecules. A variety of reaction conditions
involving different types of acetals, Lewis acids, and nucleo-
philes have been considered. To date, three mechanisms have
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been envisaged for this process. The first mechanism proposed
was an §2 process proceeding through a direct displacement
of the acetal/Lewis acid complex. In this mechanism, the Lewis
acid complexed selectively to the oxygen attached to the carbon
bearing the axial substituen®,( Scheme 1}:2 Heathcock,
Bartlett, and Yamamot®and then later Denmatiand Davies,
provided experimental evidence that agl®xocarbenium ion
mechanism may be implicated in most instances. It was
suggested that a cyclic tight ion pair suchBasight be present

in the transition state. In structuBs the presence of tight ion
pairs produces facial selectivity during the approach of the
nucleophile. The third mechanism proposed involved a solvated
oxocarbenium ion such abin a transition state leading to the
major producta, although the sense of diastereoselectivity in
this case was more difficult to explatn.

10.1021/ja012530g CCC: $25.00 © 2003 American Chemical Society
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Scheme 2 Table 1. Reaction of Tartrate Acetal 11 with Me>BBr and
— ] Me,Cu(CN)Li at Various Temperatures
CH3 CH,D CHs CH,D
2 Nu H MeO,C  CO,Me MeO,C CO;Me MeO,C  CO.M
+0 O-LA|—/™ © OH > 1) Me,BBr, -78 °C \ {
L T gy ® o_0 — O OH O OH
o LA. +
RO/ CHy =24 | R TH R™ Nu 2)78°C =T, =T, 3
GCHzD (Sn1) DH,C  CHy DH,C  CHj CgH1g 3) Mezgu(CN)Liz H1gCg~ “CHs HigCg~ ~CHs
+0” oLa| N o7 OH 1 ’ 12a 12b
8 o 10 _ .
R = CgH1g R” TH R” "Nu entry T:(°C) T,(°C) ratio® (12a :12b) yield® (%)
- h 1 -78 -78 11 34
Results offered by SammaRimdicated that selective com- g 32 :4713 fﬁ %
plexation did not take place between the Lewis acid and the 4 25 —~30 2911 76
oxygen atoms of the acetalUsing a labeled compound, 5 25 —20 15:1 64
6 25 0 6:1 38

Sammakia clearly showed that there was a similar distribution

of 9 and10in the products, a result inconsistent with selective
complexation (Scheme 2). Since either of the carbaxygen

aDetermined by capillary GC Isolated yield.

bonds may be cleaved in the opening of an acetal, it could be Table 2. Reaction of Various Tartrate Acetals with Various
concluded that equilibration occurs between the oxocarbenium CuPrates and Dialkylboron Bromides
intermediates formed during the reaction.

MeOzC :002Me MeOzC :COZMe MeOZC pOzMe
Our studies have shown that secondary alcohols can be \ \ \

1) Me,BBr, -78 °C

obtained with high selectivity when tartrate acetals are opened 0_0 2 t'gffs"ocfg 25 °C j’ OH + i OH
using dimethylboron bromide (MBBr) and a mixed organo R, 3RCuCNLy, Ry “Ry Ry YR,
cuprate, MeCu(CN)Li; (eq 1)8 A B
. i02 (A" ieldb
MeO,C  CO,Me 1) Me,BBr, 78 °C MeO,C  CO,Me entry  acetal R1 R, products A:B  ratio® (A:B)  vield
3 8 1 1 NCoHao CHs 12a12b 34:1 80
3 b 2)-78°C =T, =T, J  OH M 2 13 cCHu CHs 14a14b 17:1 83
Y 3) Me;Cu(CN)Li . 3 15  (CHg):CH CHs 16a16b 12:1 82
R T2 R CHs 4 17 NCsH1s CH;s 18a18b 18:1 77
5 11 NCoHao Bu 19a19b >20:1 67
Y d selectivit lized onlv wh icul 6 11 NCoHao Ph 20a20b 14:1 45
owever, good selectivity was realized only when a particular 7 73 NCoH1o CH,CHE  21a21b 261 62
set of experimental conditions was respected, suggesting that 8 13 cCeHi1 PhS! 22a22b 6:1 68

an unusual mechanism was operative in the reaction. The present
study on the opening of tartrate acetals will show that the origin
of diastereoselectivity is downstream from the opening of the
acetal. This involves nucleophilic displacement of the bromide Scheme 3: Removal of Tartrate Auxiliary?
originating from the MeBBr to form intermediate bromo ethers MeO,C  CO,Me

a Determined by GCP? Combined isolated yield’. Cuprate added at50
°C. 9PhSH replaced Fu(CN)Li, as a nucleophile.

that equilibrate under thermodynamic control before reacting AorB OH
with organo cuprates in a stereospecific and temperature- )O OH - R)',,R.
dependent manner. We believe that competind 8nd {2 R7R

mechanisms are involved in the cuprate displacement. These apethod A: (i) 1.3 equiv of CHSO.CI, 2.0 equiv of E3N, 0 °C, 30

findings will be elaborated in the following pages. min; (i) 10.0 equiv of DBU, CHCI,, 0 °C, 30 min: (iii) 5.0 equiv of
NaOMe, 65°C, 30 min.Method B: 5.0 equiv of Smj, 10.0 equiv of MeOH,

Results and Discussion. 6.0 equiv of HMPA, THF, 25°C, 2 h.

Addition of Me;BBr to acetalll at —78 °C followed by the
introduction of MeCu(CN)Li,8° gave a 1:1 mixture of diaster-
eomers (Table 1, entry 1). Modest selectivity for prodi2a
was achieved only when, after the addition of J@Br (at —78
°C), the reaction mixture was warmed to room temperature for
1 h and then recooled te-78 °C for the addition of cuprate
(entry 2). Increasing the temperature at which the cuprate was
added resulted in an increase in selectivity, the highest ratios
being noted at—30 °C (entries 3 and 4). Above-30 °C,
diastereoselection decreased (entries 5 and 6).

Neither the nature of the jRgroup on the acetals (Table 2,
entries -4) nor the size of the nucleophile (entries 1,5

had much impact on the diastereoselectivity obtained. A survey
of various reagents was conducted to find the optimal conditions
for carbon-carbon bond formation. Almost no selectivity was
observed with MgCuLi, Me3CuLi»,° MesCu,Li, 1! or MesCus-
Li».10 Attempts to use Grignard-derived cuprates met with failure
as did the use of MeCuCNLi. Only MEuU(CN)Li,® offered an
excellent ratio for carboncarbon bond formation. The use of
thiophenol as a nucleophile (Table 2, entry 8) gave hemithio-
acetal products with a modest 6:1 diastereoselecti?ity.
Auxiliary removal was accomplished using one of two
possible methods (Scheme 3). The first approach involved the

(7) Sammakia observed high selectivity when Lewis acid was added slowly (10) (a) Still, W. C.; MacDonald, T. LTetrahedron Lett1976 31, 2659. (b)
and when milder Lewis acids were used. Ashby, E. C.; Noding, S. AJ. Org. Chem1979 44, 4371. (c) Ashby, E.
(8) Guindon, Y.; Simoneau, B.; Yoakim, C.; Gorys, V.; Lemieux, R.; Ogilvie, C.; Lin, J. J.J. Org. Chem1977, 42, 2805.
W. Tetrahedron Lett1991 5453-5456. (11) Ashby, E. C.; Lin, J. J.; Watkins, J. J. Org. Chem1977, 42, 1099.
(9) (a) Lipshutz, B. HSynthesid987 325. (b) Lipshutz, B. H.; Wilhelm, R. (12) Crystallographic analysis of the minor isom22[f) indicated that the thiol
S.; Kozlowski, J. A.Tetrahedron1984 40, 5005. (c) Lipshutz, B. H,; addition had occurred with the same facial selectivity as was the case for
Moretti, R.; Crow, R.Organic Synthesi4¢99Q 69, 80. the cuprate addition (see Supporting Information).
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Table 3. Ratio of Bromo Ethers Observed at Various

Temperatures 10
0
MeO,G  CO,Me MeO,C  CO,Me e
\ Me,BBr N 8 a 0 0°
o\(o O OBMe, A ¢
CD,Cl, o’
R T(°C) R/L“Br L%
6 ,l °°
entry acetal R T(°C) ratio® 2 #A .b' .9
- T & o-0°

1 13 cCeH11 —-78 1.2:1 4 Ao Lo 0"

2 13 cCeH11 20 8:1 4 Y 34 o ©

3 11 NCoHie 20 5.3:1 & oeo"

4 23 CHs 20 6.5:1 P

5 15 (CHa):CH 20 71 IRY: oo

6 13 cCeHi1 ~-7810-30 1.5:1 2 |eeo-paoo -B---8

7 13 cCeHi11 20to—30 8:1

aDetermined by NMR. 0

formation of an enol ether by mesylation and elimination 0 10 20 30 40 50 60 70
followed by exposure to NaOMe in MeOH at reflux to give Time (min)

the secondary alcohols in good yield. The second and moreFigure 1. Plot showing change in ratio of bromo ethers derived frtBn

convenient approach consisted of exposing the tartrate auxiliary anq MeBBr as a function of time at various temperatures. Curves generated

to Smk in the presence of HMPA using methanol or ethylene at—35°C (@), —25 °C (0), —20 °C (<), and—15 °C (A) are shown.

glycol as the hydrogen sourégln all cases, the configuration Table 4. Effect of Tartrate Functional Groups on the Ratio of

of the major alcohol isomer waR whenL-tartrate was used,  products Obtained

indicating that the reaction proceeded with consistent facial

selectivity!* Y 278025 :
Mechanistic considerations.In proposing a mechanistic 4 b to-30°C 3 OH

rational for the various levels of selectivity obtained, we had to

account for three significant observations: (1) good selectivity

was achieved only when the reaction mixture was warmed

briefly following the addition of MeBBr and before cuprate entry acetal R products ratio* yield®

R R 1)MeyBBr, -78 °C R R

Coth 2 ggz%u(CN)uz H1Cq™ f, "CHa

addition, (2) overall ratios were optimal when the cuprate was 1 1 COzi'Vle 12a12b 3451§ 80
added at—30 °C, (3) the best nucleophiles tested were the é gg ggZNP,\;IeZ gg:g?g 333% Zj
Lipshutz-type cuprat@s® and thiolates. The fact that acetals 4 28 CH,OMe 29a29b 21 17
are normally cleaved by MBBr at —78 °C'¢ and that good 5 30 Me 3la31lb 11 42

selectivity could be achieved only when the reaction was — " _ R0 Total _ oldc Rati _
warmed at an early stage, implied that the diastereoselectivity GRgt'o determined by NMR: Total combined yields Ratio determined

observed was dependent upon events occurring after ring fission.

To explore this conclusion further, we considered the role of ethers, following equilibration, was critical for obtaining a highly
acyclic bromo acetal derivatives in the reaction as well as their diastereoselective ratio of final products. Second, the ratio of
selective displacement by cuprates. final products was greater than the ratio of bromo acetals noted

Acyclic Bromo Acetal Derivatives and Thermodynamic (cf. Tables 2 and 3).

Control. NMR experiments indicated that the acetals reacted  The rate at which the acyclic bromo acetal derivatives
rapidly with Me;BBr to give the corresponding bromo ethers  equilibrated was found to be highly temperature-dependent.
(borate esters) in an equal ratio-a¥8 °C (Table 3, entry 1).  Figure 1 illustrates, for the opening of acefd using Me-
Upon warming to room temperature, the bromo ethers equili- BBr, the change in ratio of bromo ethers as a function of time
brated rapidly to give ratios of between 5:1 and 8:1 (entries at various temperaturé$.At —35 °C, no equilibration was
2—5). Warming the solution from-78 to —30 °C preserved  observed. As the temperature was increasee20°C and then
the ratio obtained at-78 °C (entry 6). Cooling the solution  to —15°C, a slow equilibration was observed. AfG, an 8:1
from room temperature te-30 °C preserved the bromo ether ratio was achieved after only 20 min, whereas at °Z)
distribution obtained at room temperature (entry 7). equilibrium was reached almost instantaneously.

From these results, two important observations could be made. The different structural features of the tartrate moiety were
First, achieving a diastereomeric excess of one of the bromothen considered. As seen in Table 4, the presence of esters or
(13) Kusuda, K.; Inanaga, J.; Yamaguchi, Metrahedron Lett1989 30, 2945. S'”?p'e amld_es gave dIaStere.oseleCtlve reactions (entﬂ6$, 1

For a review, see: Soderquist, J. Aldrichimica Acta1991, 24, 15. while replacing the esters with methoxymethylenes or methyl

(14) The absolute configuration of the final products was assigned by correlation groups led to a complete loss of diastereoselection (entries 4
to literature values of specific rotation or by the preparation of Mosher

esters and comparison of the resulting NMR spectra with those of authentic and 5).
samples prepared from commercially available chiral alcohols (Dale, J. A;; i H H
DUl D L- Mosher. H. S.3. Org. Chem 1969 34, 2543-2549). The The cyclic and acyclic a(_:etals us_ed in the next part of our
correspondingp-tartrate acetals produced secondary alcohols v@ith  Study were chosen for their capacity to produce comparable
configurations. At ; f
(15) For complete results, see Supporting Information. bromo acetal derivatives. As seen in Table 5, cyclic acZ3al
(16) (a) Guindon, Y.; Yoakim, C.; Morton, H. H. Org. Chem1984 49, 3912~
3920. (b) Guindon, Y.; Anderson, P. C.; Yoakim, C.; Girard, Y.; (17) MeBBr was added to acetdl5 in CD.Cl, at —78 °C, and the samples
Berthiaume, S.; Morton, H. BRure Appl. Chem1988 60, 1705-1714. were monitored by NMR at various probe temperatures.
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Table 5. Bromo Ether Ratios and Final Product Ratios of Acyclic
Acetals Derived from Tartrates

X Y X Y X Y
Me,BBr, -78 °C )_\ Bu,Cu(CN)Liy )_\
O Z -78°Cto25°C O Z -30°C o z
Me R Me Br Me Bu
entry acetal (A) ratio (B) products (C) ratio (C)
1 23 6.5:1 32a32b 15:1
2 33 9:1 34a34b 71
3 35 a 36a36b 1.2:1
4 37 a 38a38b 1.1:1
5 39 9:1 40a40b 7:1
6 41 4:1 42a42b 1.6:1
7 43 4:1 44a44b 1.6:1
8 45 4:1 46a46b 1.6:1

aRatio could not be determined.

MeO,C  CO,Me MeO,C  CO,Me MeO,C  CO,Me Me  CO;Me

OYO O OH i OBn i OMe
Me Me Bu Me”~ 'R Me R
23 32 33: R=0OMe 35: R=0OMe
34:.R=Bu 36: R=Bu
MeO,C Me MeO,G  CO,Me MeO,C  CO,Me MeO,C  CO,Me
O OMe O F i Me O F
Me” ‘R Me)'““R Me” R Me” ‘R
37: R=0Me 39: R=OMe 41: R = OMe 43: R = OMe
38: R=Bu 40: R =Bu 42: R=Bu 44: R =Bu

MeO,C CO,Me  MeO,C CO,Me

o_ 0O

Me
45

and acyclic acetal33 gave similar ratios of bromo ether
derivatives B) (entries 1 and 2). Both substrates gave selective
reactions, but acet&3 did not show the magnification of ratio

(vide supra) normally observed for cyclic tartrate acetals (entries

1 and 2, cf. ratio®8 and C).18 This result suggested that the
borate ester moiety formed during the opening of cyclic acetal
23 with Me,BBr played a role in the magnification of the ratio
seen for the cuprate addition.

A more detailed investigation was carried out using a variety
of acyclic precursors to determine the relative contribution of
each of the chemical features of the tartrate. With acyclic
compounds, we were able to selectively alter X, Y, and Z (Table
5) and thus study the relative contribution of these functionalities
to diastereoselection. Each ester was systematically replace
with a methyl group (Table 5, entries 3 and 4). The results
implied that both of the ester functions were required to obtain

MeO,C  COzMe MeOC  COzMe

0O  OBn O  OBn

Br
42

Figure 2. Low-energy conformations optimized for bromo ethérsand
48

The configuration of the thermodynamically preferred bromo
acetal was subsequently considered. Our initial experience with
such molecules had indicated that they were extremely tem-
perature- and air-sensitive. Theoretical calculations had to be
used to determine the thermodynamic stability of benzylated
adducts47 and 48. A conformational search was carried out
using Monte Carlo methods imAacromoDEL. The low-energy
conformations thus obtained were optimized using Alvel
Hamiltonian inmopAc, and the resulting optimized structures
were used to estimate the Boltzmann energy (Figure 2). Isomer
47, bearing arss configuration at the bromo ether carbon, was
found to have aAH° of —26.5 kJ/mol, 10.3 kJ/mol lower than
the AH®% for 48, indicating that theS bromo ether was the
preferred configuration.

Closer inspection of these calculations provided insight into
the reason for th& configuration preference. The tartrate portion
of the molecules appeared to be extremely rigid, bearing
conformations as shown in Figure 2. The tartrate torsional angles
had relatively high barriers of rotation as indicatednmyrAc.
There were two potential reasons for this: (1) the two esters
tended to adopt an anti orientation to minimize electrostatic
repulsions, and (2) the two electron-withdrawing groups tended
to adopt a gauche relationship to take advantage of the gauche
effect!® These two factors explained our previous results from
the structural studies on cyclic and acyclic acetals (Tables 4
and 5). In entries 3 and 4 (Table 5), the removal of one ester
resulted in no diastereoselection, indicating that both esters were
required for the minimization of the dipotalipole interaction.

JUnlike the methyl-substituted acetal, the fluorine-substituted

acetal gave good diastereoselection (cf. entries 5 and 6, Table
5), results consistent with the need for electronegative groups

high stereoselection, as the deletion of either resulted in a 1:12t the Z position. Finally, altering the tartrate configuration

mixture of products. The presence of an electronegative sub-

(entries 7 and 8) eliminated the possibility of a stabilizing gauche

stituent at the Z position also proved necessary (entries 2 andefféct and dipole opposition occurring simultaneously. In

5), since replacing the benzyl ether with a fluorine maintained
selectivity while the use of a methyl group at this position gave
a nonselective reaction (entry 6). The relative configuration of

the tartrate acetal was also found to be important. Cis tartrate

acetals such a43 gave no diastereoselection (entry 7), as was
the case with meso cyclic acetéh (entry 8).

(18) Hydrogenation of a 7:1 final product mixture 8#a34b with Pd(OH)
gave a 7:1 mixture 082a32b, indicating that the same facial bias was
maintained with the acyclic acetal system.

summary, a favorable combination of interactions between the
X, Y, and Z components locked the tartrate into a rigid
conformation. Any change to the harmony of the interactions
would disrupt the rigidity of such derivatives (Table 5)
translating into lower selectivity.

The energy o#48, being significantly higher than that 4,
arose from van der Waals and torsional components between

(19) Labelle, M.; Morton, H. E.; Guindon, Y.; Springer, J. R.Am. Chem.
Soc 1988 110, 4533.
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Scheme 4 @ Scheme 5
OR ¢ MeO,C :COZMe
d tBuO,C %O o. 0O
o0/
; H
S 5
OH Me,BBr
BuO,G  CO,tBu P 51a: R = SiEt | 78°c
a tBuO,C f/< borc 52a: R = CO-CgHy4-Br
o_ 0 —= o 0
j/\ 50ab \{ OR o MeO,C  CO,Me MeO,C  CO,Me
< B J H< >_\: \
UOzC
49 d o P O OBMe, O OBMe,
J
j\ R” "'Br54 R” “Br 55
51b : R = SiEty
52b : R = CO-CgHy-Br [ /\ ........ / ........ \ ......... .
aReagents and conditions (a) 1.2 equiv of MeBBr, CH,Cl,, —78°C MeO,C ?Me MeO,C  CO,Me MeO.C ?Me

and then allowed to warm to 2%, 15 min, 40%; (b) 1.5 equiv of EBiCl, ! Me,BO” \ Me,BO f< i
2.0 equiv of imidazole, DMF, 28C, 2 h, 95%; (c) Br-GH4s-COCI, py; (d) O\(O =~ *o OBMe, = o\/o ;
HF-py, py, THF, 1 h, 100%. 1 6 & . |57 ol
the bromide and the nearest carbonyl group as indicatediy 25°C

calculations. The distribution of bromo ethetg and 48 was
therefore a result of the conformational bias of the tartrate and gnformational locking of the tartrate moiety (Figure 2).

of the steric effects involving the bromide. These results were  p fa\y preliminary conclusions could be drawn at this point.
later confirmed by single-crystal X-ray diffraction analysis of Ejrs; the ring fission of the tartrate acetal was nonselective at
the major isomer of the bromo ethers derived from the reaction _;goc suggesting that preferential complexation with one of
of 13with Ph,BBr.20 This study indicated that the major isomer  ne oyygen atoms of the acetal did not occur and that this step
took on the predicte® configuration at the bromo ether carbon. proceeded through an® mechanism. Second, enriching ®e

In addition, the solid-state conformation, being very similar to promq ether proved essential for achieving a high diastereose-
the low-energy conformation o#7, further validated the |gciivity of final products. Third, the level of diastereoselectivity
calculations that had initially been used to arriveddt for the final products, when cuprates were used as nucleophiles,
That the reaction required both esters suggested that anchiyyas mych higher than that of the bromo ethers. The increase in
meric participation may have been involved during the equili- gg|ectivity for the final products suggested that the cuprate
bration of the bromo ether derivatives. To investigate this, we displacement had an effect on the stereochemical outcome of
prepared tartratd9 containing twotert-butyl esters that could  {he reaction.
potentially trap any intermediate oxocarbenium .species as  gelective Displacement by CupratesElucidation of the
lactones. V\!hen bigert-butyl ester49 was treated with Mg carbon-carbon bond-forming step involving the cuprate reagent
BBr %t__78 C and then allowed to warm to room temperature, hegan with an examination of the relationship between the ratio
a 40% yield of lactoneS0ab was obtained as an inseparable ot the hromo ethers and the overall diastereoselectivity. A variety
mixture of isomers in a 2:1 ratio (Scheme 4). These compounds of yromo ether mixtures, of varying ratios, had to be accessed
were converted to the gorrespondmg triethylsilyl etferaand for this part of the study. This was accomplished by mixing
51b, which were readily separable by flash chromatography. gitferent volumes of stock solutions containing different ratios
Treatment of each product with Hpy led to the re-installment ot hromo acetals. The first solution, containing a 1:1 mixture
of isomers50aand50b. The relative configuration of the two ¢ hromo ethers. was obtained by opening the acetat &
adducts was determined by NOE measurements onpihe o The second stock solution, containing an 8:1 mixture of

bromobenzoate derivatives2a and 52b. These experiments  romq ethers, was obtained by warming the previous 1:1 mixture
established that there was a cis stereochemical relationship ot room temperature and then recooling the solution-#8

dioxolane substituents for major produs®a A temperature °C. Various amounts of each stock solution were mixed 28
profile was established to determine the rate of interconversionoc_gince the rate of equilibration was negligible at this
of the bromoo ethers (vide supra). Exposuretgto Me;BBr at temperature-to arrive at the variety of bromo ether ratios needed
—78 or—30°C did not produce more than a trace of lactones, 1, carry out a rigorous analysis. The resulting solutions were
indicating that equilibration occurred only at higher temperatures {han warmed te-30 °C for the addition of the cuprate reagent.
and through the anchimeric participation of the esters. Figure 3 illustrates the results obtained. The first graph (Figure
Scheme 5 illustrates our rationale for the bromo acetal 3a) shows the mol % fraction df6ain relation to the mol %
equilibrium. The opening of tartrate aceta8 at —78 °C of 59a the majorS isomer. This experiment indicated that a

provided an equal amount of the two bromo estst@nd55. linear relationship existed between the ratio of the bromo ethers
The mixture of isomers was warmed to room temperature, and gng the diastereoselectivity obtained for the carbcarbon
equilibrium was achieved via the intermediacy of either one of bond-forming reaction, the increase Ha being proportional

the two esters to form the five-membered ring oxoniud6s 5 the increase oB9a Interestingly, an increase in yield

and58. Bromo etheb5was thermodynamically preferred over proportional to the mole fraction d9a was also found, as
54 as the latter was destabilized by steric interactions betweengpgwn in Figure 3b.

(20) Drouin, M.; Michel, A. G.; Guindon, Y.; Ogilvie, WActa Crystallogr., These results, along with the fact that equilibration of the
Sect. C1993 C49, 75. bromo ether derivatives was required for inducing diastereose-

the bromide and the proximal ester, a consequence of the
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CHs0,C  CO,CH, CH;0,C  CO,CHs Scheme 6
\ Me,Cu(CN)Li \ 2) BuLi MO SOaMe
O OBMe, E{G‘T-Z 0 OH 3) Me,Cu(CN)Liy -
Br Me
59ab 16ab MeO,C QOZMe Me
\ 16ab
100.0 O)/\O 1) Me,BBr |
25°C
§ 95.0 - _ 5 THF MeO,C :COzMe
£ g0 i mei QO
3 _ i -—= 3) Bu,Cu(CN)Liy BU
'S -
2 85'0:l: ’E' .If 60ab
=
< 80.0
Et,BOMe was used as a model for the tartrate-derived borate
75.0 ester. This compound displayed a broad resonance in THF at
500 600 700 800  90.0 54.4 ppnit22and a small resonance at 31.9 ppm (attributable
% Mole Fraction 59a to small amounts of EtB(OMe)(OE#}.When 2.0 equiv of Mg
Cu(CN)Li, were added, the signals at 54.4 and 31.9 ppm were
90.0 no longer observed, but three new resonances at 7.7, 0.1, and
g 85.0 —17.9 ppm appeared. These new resonances were assigned to
< 800 _ Li[MeEt,BOMe], Li[Et,B(OMe),], and Li[Me:EtB], respec-
S 750 E, - i’ tively.2® The latter two species had originated from a dispro-
% ;g'g — i - portionation of an initially formed -ate complex, this being the
Iy ,i' -8 LiiMeEt,BOMe]2* To verify this result, the experiment was
: 60.0 repeated using another alkylating agent,BEBlMe and 2
© 550 equivalents of MeLi gave similar results with signals at 7.9,
50.0 0.3, and—17.6 ppm, confirming that the formation of an -ate
500 60.0 700 80.0 90.0 complex had indeed taken place.
% Mole Fraction of 59a This model study was then extended to the borate ester
Figure 3. derived from tartratel5, for which a resonance at 54.8 ppm
Table 6. Effect of Amount of Cuprate on Reaction Yield for the was observed'B NMR showed that this resonance was
Conversion of 15 to 16 replaced by resonances at 8.5 a3 ppm when a slight excess
entry equivalents Me,Cu(CN)Liy yield (%) of Me,Cu(CN)Li, was added. The fact that a resonance near 0
1 05 o ppm did not appear on the spectra suggested that dispropor-
2 1.0 0 tionation did not occur for the tartrate-derived bora&feghese
3 15 0 observations suggested that the first equivalent of GU€ECN)-
4 2.0 44 Li, was consumed as a source of MeLi for the formation of a
g gg ;é boron -ate complex from the borate ester function.

We had to question whether a significant amount of the final
o . ) ) . ) products achieved fat5 had been the result of intramolecular
lectivity, were inconsistent with an\& mechanism being  gelivery of an alkyl group from the -ate complex to the bromo
operative in the cuprate displacement. Al énechanismwould  gcetal. To elucidate the alkyl delivery, a crossover experiment
involve a common oxocarbenium intermediate for the two \yas performed using MeLi and a butyl cuprate reagent (Scheme

acyclic bromo ether acetals, and thus the final ratio of products g) The required bromo ethers were prepared using standard
would be independent of the intermediate ratio of bromo ethers. onditions. The bromo ether mixture was cooled—80 °C

An excess of cuprate also proved to be necessary forang 1 equiv of MeLi was added followed immediately by the
achieving high yield. This was illustrated by an experiment in gqdition of 2.0 equiv of BeCu(CN)Li. After workup, the only
which the number of equivalents of cuprate was varied. As product observed wagab, which resulted from the introduc-
shown in Table 6, significant quantities of product could only  tjon of a butyl group. Similarly, only methylated addudab

be obtained when at least 2 equiv of cuprate was used. Thisyyas jsolated when BuLi was added followed by #@&(CN)-
observation, together with the previous observation of ratio

magnification only in the presence of borate esters (Table 5, 21) BF-OEt (1.0 M in CD,Cl,) was used as an external reference.

entries 1 and 2), suggested the possibility that an intermediate(22) Reported for EBOMe (neat): 53.6. Reported for EtB(OMédpeat): 31.5.

. . . (a) Nah, H.; Vahrenkamp, HChem. Ber 1966 99, 1049-1067. (b)
had formed by interaction of the cuprate with the borate ester Dahlhoff, W. V.; Kester, R.Liebigs Ann. Cheml975 1625-1636.
function. (23) Reported for Li[BMg] (Et,0): —20.2 to —21.1. Reported for Li[BE]

. . (Et,0): —17.5. Reported for K[MgBOMe] (MeOH): —1.0. Ngh, H,;
Further analysis of the cuprate displacement was conducted  wrackmeyer, B.Nuclear Magnetic Resonance Spectroscopy of Boron
i i i i i CompoundsSpringer-Verlag: New York, 1978.

Fo dgtermme the r.e'act|.ve speues responsible for the |ncreas%24) (@ Brown. 1 C.. Cole. T Eorganometaliicsl983 2, 1316-1319. (b)
in diastereoselectivity in this step of the proce¥8 NMR Brown, H. C.; Cole, T. E.; Srebnik, MOrganometallics1985 4, 1788~
; ot ; ; ; ; 1792.
Investigations Shgd ||ght on the interaction between the dlglkyl (25) The resonance at23 ppm could be attributed to the slight excess ot-Me
borates and the higher-order cuprates. In the control experiment, " BBr used to open the acetal.
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Scheme 7

MeO,C  CO,Me MeO,C  CO,Me

O OBMe, O OBMe,
R “Br R Br
54 55
l Me,Cu(CN)Li, l

MeOzC :COQMG MeOQC :COQMG :

O OBMes

OBMes

“'Br

MeO,C  CO,Me

R

Li,. This experiment showed that the formation of the -ate

complex was irreversible under the reaction conditions and that

an intermolecular alkyl delivery did in fact occur.

Table 7. Selective Labeling of Bromo Ether Diastereoisomer

CH30,G  CO,CHy CH;0,C  CO,CH,

o_ 0O O OH
Me,BBr|
/\L Th Me
15 | Me,CuCN)Lip  16ab
+

CDy0,C  CO,CDs CD30,C  CO,CDs

o_ 0O O OH
Me,BBr
/\L T Me
s 65 66ab
entry Tw (°C) To(°C) initial ratio (D:H) final ratio (D:H)

1 —78 25 11 1.3:1
2 —78 25 31 4:1
3 —78 25 15 1:4.3
4 25 —78 11 1:1.7
5 25 —78 31 181
6 25 —78 1:5 1:8.6

product ratio could then be rationalized by the reactivity of the
-ate complexes.

As depicted in Table 7, treatment of deuterated cyclic acetal
65 with Me,BBr gave, after equilibration at room temperature

The mechanistic hypothesis for the cuprate displacement is (To = 25), an 8:1 ratio favoring th8isomer. This stock solution

shown in Scheme 7. Two -ate complexé&4, and 62, were
generated from bromo ethebd and55, respectively, following
the addition of cuprate at low temperatures. Given that the
cuprate additions performed a{78 °C led to a major product
with an inverse configuration from that of the major bromo
ether, and that the bromo ether ratio and final product ratios
were identical, it could be suggested that a2-8ke process
(an Sy1 process involving an intimate ion pair) takes place for
both -ate complexes at78 °C. However, magnification of the
final product ratio at—30 °C suggested that the two -ate
complexes$l and 62, reacted differently with the cuprate at
this temperature, meaning that two different pathways were
involved (61 — products;62 — products). The fact that both
the increase of the ratio of final products (Figure 3a) and the
increase in yield (Figure 3b) were proportional to the amount
of major bromo etheb5 suggested that the cuprate displacement
of S isomer62 was highly selective and thusy&like. To
explain the increase in diastereoselectivity (i.e. magnification
of final product ratio), we proposed that the displacement of
the Risomer61 was less efficient in terms of both selectivity
and total conversion to final products. It follows that,-a80

°C, 61 may react through an 3 process involving an
oxocarbenium intermediate. Further support of this may be
drawn from our previous calculations, which showed tBat
was higher in energy tha®2, as a result of steric constraints,
suggesting that the ionization &1 may have been favored
relative to the ionization 062.

was mixed at—78 °C, a temperature where no equilibration
had previously been detected (vide supra), with different
volumes of a stock solution containing nondeuterated -ate
complexes in a 1:1 ratio (obtained after openind.bfat Ty =

—78 °C). The resulting solutions were allowed to react with
cuprates at-30 °C. Increases in the amount of labeled relative
to unlabeled products were noted, suggesting that the nonlabeled
-ate complexes had decomposed (entries 1 and 2, respectively).
Other permutations were realized to confirm the observation.
As seen in entry 3, decomposition of nonlabeled -ate complexes
was also observed when a 1:5 ratio of bromo ethers (D:H) was
used for the cuprate displacement. From these results, and
assuming that the deuterated and nondeuterated isomers would
react in the same way given their similar structures, we suggest
that a decomposition of the nonlabel&d-ate complex was
responsible for the increase in ratio of the label D over the label
H.

Three additional experiments were performed to take into
account any potential isotopic effects. A stock solutiorSdt
nonlabeled bromo ethers in an 8:1 rati (= 25) was mixed
at —78 °C with different volumes of a stock solution (obtained
after the opening 085 at Tp = —78 °C) containing deuterated
bromo ethers in a 1:1 ratio. The resulting solutions were allowed
to react with cuprates at30 °C. As seen in entries+46, an
increase in ratio of H over D was consistently observed,
suggesting that the deuterated -ate complexes had decomposed.
The arguments given above for the previous series of experi-
ments could also apply here. Once again, Fhesomer, this

The validity of these hypotheses seemed apparent. Indeed, iftime deuterated, seemed to react with lower conversion. The
both diastereoisomers reacted in the same way in a stereosepercentage of decomposition was higher for this series, indicat-

lective process, how could the final ratios be higher than the
starting ratios? To verify that the two -ate complexgésand

62, reacted differently, we used solutions containing different
ratios of labeled (D) and nonlabeled (H) bromo ethers for our
study of the cuprate displacement. The analysis of the final D:H
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ing that an isotopic effect perhaps took place. Overall, the results

obtained support the fact that selective conversion3® °C

was less efficient with thR -ate complex than with th®isomer.
Figure 3 could now be analyzed in greater detail. As noted

before, a linear relationship existed between the ratio of bromo
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Table 8. Mathematical Reconstructions of Figure 3

process with a range in selectivity from 35:65 to 94:6,
surprisingly in favor ofL6a and a maximum yield of 51%d.6a

[ Meo,C  CO,Me| + 16b).77
MeOG  COMe d bu MeOC  COMe Results of a similar experiment and simulation, in which the
4 beme 4 bem cuprate was added at78 °C, are presented in entries 3 and 4.
2, Me E— “ At this temperature, both intermediates were displaced selec-
Br 16b Br tively, although in low yield, with an inversion of configuration.
67 MeO,C  CO,Me 68 Taken together, the data obtained from these calculations offered
N support that an ®&-like mechanism was operative f67 and
O OH 68 at —78 °C. This result supported the hypothesis that when
“Me the cuprate displacement took place-&0 °C, the behavior of
16a the minor R) isomer was responsible for the increase in
variationin i i
selectivity = 16a : 16b diastereoselectivity.
Yield = 16a + 16b Conclusions
. milni”:_“_:’ mTXiT“{” m"_‘"l‘;“” max_‘r;‘d“m The opening of acetals derived from tartaric esters using Me
romo selectivity selectivity yie yiel - . - -
ety temp sther (ab) (@b) @+h) @+h) BBr as the Lewis acid and MEu(CN)Li, as the alkylatlng agent
n 20 o 937 982 - 0 is a valuable method for the synthesis of chiral secondary
> _30 68 3565 946 34 51 alcohols. Gopd selectivity was realized only when a pa_rticular
3 -78 67 87:13 100: 0 25 33 set of experimental conditions was respected, following the
4 —78 68 20:80 0:100 30 45 opening of the acetal, suggesting that the mechanism of this

reaction was different from those published previously for

. . . Johnson-type acetal substitutions. The diastereoselectivity origi-
ethers59a59b and the ratio and yield of the final products.  ha1ed from equilibration of bromo ether derivatives formed

We had hypothesized that the two -ate complexes reactedqyring the opening of the tartrate acetals withBIBr. With
through two separate chemical reactions: (1) the high-yielding | _tartrate as the chiral auxiliary, the most favorable isomer takes
and stereospecific displacement of theromo ethel59ainto on the S configuration at the bromo ether carbon, a result
16a and (2) the low-yielding and unselective displacement of sypported by calculations and confirmed by X-ray diffraction
the R isomer 59b into both 16a and 16b. We felt that our  analysis. The preference observed forisomer was dictated
hypothesis could be further supported through a mathematicalpy the minimization of the ester dipole and by the gauche effect
reconstruction of the experimental findings in Figure 3. between the two oxygen atoms, both interactions being respon-
The scheme presented in Table 8 gives an empirical descrip-sible for the conformational locking of the tartrate moiety.
tion of all the reactions that were performed using the Initial introduction of MeCu(CN)Li resulted in the formation
intermediates derived frorh5. Both bromo ether§7 and 68, of -ate complexes through a trans-metalation process that was
upon reaction with MgCu(CN)Li, give final productd6aand apparently faster than the displacement of the bromine. When
16b. A computer program was devised to process all of the cuprate displacement was realized-a8 °C, theSandR bromo
possible values that could be achieved 63rand68 in terms ethers (the -ate complexes) reacted througB-like mecha-
of yield and selectivity. The resulting data was plotted on a hisms. At—30 °C, the two isomers behaved differently with
curve using standard linear regression. The program then verifiedM€2CU(CN)Li>. The majorS bromo ether reacted in a highly
each curve and returned sets of parameters that reproduced thgélective manner and with high yield through an invertivé-S

experimentally derived resulté.Different sets of results that ke mechanism. By contrast, the min&isomer, for which
were consistent with our experimental observations were oxocarbenium formation seemed to be favored in conjunction

nith an increase in temperature, reacted inefficiently through
an Sy1 mechanism, resulting inverall increased selectivity
during the cuprate displacement. This conclusion is supported
both by the experimental data that was obtained and by the
mathematical reconstruction that was subsequently performed.
These results illustrate the importance of considering the role
of a potentially competing nucleophile as well as the source
Sand fate of minor products, aspects often overlooked in
investigations of selectivity and mechanistic elucidations.

generated by the program, and several trends became appare

The bromo ethe67, in simulations at-30 °C, appeared to
be a very good substrate for the cuprate displacement, giving
overall combined yields ot6a and16b in the range of 7#
83%. Furthermore, this isomer showed good selectivityl a
(Table 8, entry 1). The mathematical reconstruction that
presented the closest match to the original experimental result
indicated67 was converted té6aby inversion of configuration
(an Sy2-like process) with a minimum selectivity of 93:X6a
16b) and a minimum yield of 77%16a + 16b).

Conversely, intermediat8 at —30 °C appeared to be a poor General Procedure for the Preparation of Tartrate Acetals.To
candidate for the cuprate displacement, giving low overall yields a mixture of aldehyde (10.0 mmol) and trimethylorthoformate (10.0
of 16aand16b and moderate selectivity fd6a (entry 2). The mmol) at 0°C was added-toluenesulfonic acid (0.5 mmol) in one
mathematical reconstructions f68 are summarized in entry 2
and show that this isomer was displaced in an unselectite S

Experimental Section 28

(27) This type of enhancement, where selectivity is generated on two or more
levels, has been more rigorously described. Buschmann, H.; Scharf, H.-
D.; Hoffmann, N.; Esser, FAngew. Chem., Int. Ed. Endl991, 30, 477—
515. See also: Ward, D. E.; Liu, Y.; Rhee, C. 8ynlett1993 561-563.

(26) We used the largest experiment error to construct a “window” within which  (28) General experimental comments, physical properties, and analytical data
calculated curves were accepted. are given in Supporting Information.
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portion. After stirring fo 1 h the mixture was diluted with benzene temperature for 15 min. ERr)N (4 equiv) or E{N (4 equiv) was then
(60 mL), dimethyl tartrate was added (11.0 mmol), and the mixture added dropwise followed immediately by a solution of PhSH inCH
refluxed overnight using a Soxlith packed with molecular sieves to Cl, (1.0 M). It was imperative that the PhSH solution be injected as
remove methanol. The solution was then cooled to room temperaturerapidly as possible. After stirring fdl h at—78 °C, the solution was
and diluted with ether. Washing with saturated NaH@®@d brine was poured into a solution of NaHCOIn water and stirred 15 min.
followed by drying over MgS@and flash chromatography to afford  Extraction with EtOAc was followed by washing with brine and drying

the desired acetals. over MgSQ. Flash chromatography afforded the pure products.
General Procedure for the Preparation of Mixed Acetals Method General Procedures for the Removal of Tartrate Auxiliary.

A. To a cold (78 °C) solution of acetaldehyde dimethyl acetal (1 Method A. To a solution of substrate (0.5 mmol) ang¥{3 equiv)

equiv) in CHCl, was added a solution of MBBr in CH.Cl, (1.2 equiv, in CH.CI; (0.1 M) was added methanesulfonyl chloride (1.5 eq). After

ca. 1.5 M) and the resulting solution stirred-a¥8 °C for 10 min. the mixture stirred for 30 min, DBU was added (10 equiv), and the

Et(PrpN (2.5 equiv) was then added followed by a solution of the solution was stirred at @C until TLC indicated that the reaction was

appropriate alcohol (1 equiv). Aftel h at—78 °C, the solution was complete (30 min). The solution was then diluted with ether, washed

poured into saturated NaHG@nd extracted with EtOAc. The organic  with water, 10% HCI, saturated NaHGCand brine, dried (MgS§),

phase was washed with brine, dried (MgsCand concentrated in and concentrated in vacuo. The residue was then taken up in methanol

vacuo. Flash chromatography gave the desired prodiethod B. (2 mL), NaOMe was added (1 mL of a 25% solution in MeOH), and

A solution of methylvinyl ether was prepared by sparging methylvinyl the resulting solution refluxed 30 min. Brine was added (20 mL) after

ether into a cold (OC) solution of triethanolamine (ca. 40 mg) in gH cooling to room temperature, and the solution was extracted with EtOAc

Cl, (20 mL). Typically 1-3 g was collected. A portion of this solution (5 x). Drying (MgSQ) and concentrating were followed by flash

(1.3 equiv) was added to a solution of tartrate alcohol inCIH(0.1 chromatography to afford the pure alcohdi&ethod B. To a mixture

M) at 0 °C. Camphorsulfonic acid (0.02 equiv) was then added and of substrate (ca. 0.5 mmol), alcohol (MeOH or ethylene glycol, 10

stirring continued until TLC indicated that the reaction was complete equiv), and HMPA (6.0 equiv) was added 0.1 M $thin THF 3

(30 min). The mixture was then diluted with ether and washed with  When TLC indicated that the reaction was complete {&%), the

saturated NaHC@and brine and dried (MgS{ Flash chromatography ~ septum was removed, and the mixture was stirred to destroy excess

afforded the desired acetal. Smk (blue solution becomes yellow). The mixture was then diluted
General Procedure for Me,BBr-Promoted Opening of Tartrate with ether and washed with 10% HCI, 10% 480;, saturated

Acetals by Higher-Order Cuprates. A solution of MeBBr (ca. 1.5 NaHCG;, and brine, and dried (MgSP Flash chromatography afforded

M, 1.25 equiv) in CHCI, was added dropwise to a cole-78 °C) the pure alcohols.

solution of acetal in CkCl, (0.1 M). The resulting mixture was _stlrred Acknowledgment. We thank Dr. Brigitte GUgn and Ms.
at room temperature fd. h before being cooled t630 °C and stirred . . . . .
LaVonne Dlouhy for their assistance in the preparation of this

at this temperature for 15 min. A solution of M&u(CN)Li; (3 equiv) . .
in THF (0.25 M) was then introduced via cannula (5 min addition) document as well as NSERC (Canada) for the industrial

and the resulting solution stirred at30 °C for 1 h before being ~ Postdoctoral fellowship of B.S.

quenched with MeOH (10 equiv). The mixture was then poured into Supporting Information Available: Experimental procedures
an aqueous solution of NigI:NH4OH (4:1), diluted with EtOAc, and  and characterizations for all new compounds, X-ray crystal-
stirred at room temperature for 15 min. Brine was added, the phaseslographic structure foB2b as well astH or 3C NMR spectra

were separated, and the aqueous layer was extracted with EtOAc. Thefor those compounds without elemental analysis, #h&IMR

combined organic extracts were washed with brine, dried (M3SO .
and concentrated in vacuo. The crude material was purified by flash spectra for the Mosher ester derived from secondary alcohols

chromatography. Diastereomeric ratios were determined by capillary (PDF)- This material is available free of charge via the Internet

gas chromatography. at http://pubs.acs.org.
General Procedure for Me:BBr-Promoted Opening of Tartrate JA012530G
Acetals Using Thiophenol.A solution of MeBBr (ca.1.5 M, 1.25
equiv) in CHCl, was added dropwise to a cold {8 °C) solution of (29) Evans, D. A.; Hoveyda, A. HI. Am. Chem. Sod99Q 112 6447-6449.
acetal in CHCI, (0.1 M). The resulting solution was stirred at ambient (30) All reagents were degassed by sparging with dry nitrogen. Commercially

] ; available (Aldrich) Smd gave satisfactory results only if the solution was
temperature fol h before being cooled te78 °C and stirred at that very fresh.
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