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Enantioselective Synthesis of Cyanohydrins by a Novel Aluminum Catalyst

Barry M. Trost,* Silvia Martinez-Sanchez

Department of Chemistry, Stanford University, Stanford, California 94305-5080, USA

Fax +1(650)7250002; E-mail: bmtrost@stanford.edu
Received 3 December 2004

Abstract: The development of a new chiral aluminum catalyst is
reported. This catalyst has been applied efficiently to the asym-
metric cyanosilylation of aldehydes.
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In recent years, we developed a dinuclear zinc catalyst
based on the chiral ligand 1 (Figure 1). This system was
very effective in different asymmetric processes, for
instance the aldol reaction, a Mannich-type transfor-
mation, the nitro aldol reaction and the desymmetrization
of meso-1,3-diols.! As part of our study on this chiral
ligand, we have explored other catalytic processes and we
report herein its effectiveness in the enantioselective
cyanosilylation of aldehydes, a highly atom economical
reaction.?
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Figurel

Cyanohydrins have a high synthetic potential as chiral
building blocksin organic synthesis and they can be easily
converted into awide variety of compounds, including a-
hydroxy acids, B-amino alcohols and a-amino acids.®
Numerous methods, both enzymatic and chemical, have
been reported for the asymmetric synthesis of cyano-
hydrins.# In particular, the development of new enantio-
selective catalysts has been extensively investigated; for
instance, chiral aluminum complexes catayze the
addition of TMSCN to carbonyl derivatives, showing
excellent enanti osel ectivity in most cases.®

Initially, we focused on the addition of TMSCN to benz-
adehyde using different meta sources (Schemel,
Tablel1). The catalyst was prepared always by stirring
ligand 1 with an organometallic reagent at room tempera-
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ture in methylene chloride for 30 minutes. A little excess
of ligand was used to avoid traces of the metal complex,
which could aso catalyze the reaction. Divaent metals
did not generate an effective catalyst (entries 1-4). Thus,
when the dinuclear zinc catalyst was used, the conversion
of the reaction at 4 °C (temperature of the reaction)® was
very low and silylation of the ligand was observed (entry
1). Dibutylmagnesium (one or two equivalents per ligand)
or a mixed complex (one equivalent of both ZnEt, and
MgBu,) generated the silylated cyanohydrin as aracemic
mixture (entries 3 and 4) or with very low ee (entry 2). A
complex derived from titanium, a tetravalent metal, was
also studied but the product was obtained with low ee
(entries 5, 6). Trimethylaluminum was found to be the
best metal source for this transformation. The addition
of one equivalent of AlMe; per ligand led to an active
species, which catalyzed the formation of silylated cyano-
hydrin (9-3ain 60% yield and 80% ee (entry 7). The re-
action did not proceed when two equivalents of AlMe; per
ligand were used (entry 8) and only 26% ee was obtained
when ClL,AIMe was used instead of AIMe; (entry 9).

1, 11 mol%
[M], x mol% OCMS

_——

TMSCN, 24h  Ph" "CN
2a (S)-3a

Ph” H

Scheme 1

Table1l Influence of the Metal in the Catalytic Enantioselective
Addition of TMSCN to Benzaldehyde with Ligand 1, in CH,Cl,, 4 °C

Entry [M] x [M] Yieldof 3a ee
(%) (%) (%)*

1 ZnEt, 20 4b -

2 MgBu, 10 44 15 (R)
3 MgBu, 20 43 0

4 ZnEt, + MgBu, 20 39 0

5 Ti(Oi-Pr), 10 32 21 (R)
6 Ti(Oi-Pr), 20 50 31(R)
7 AlMe, 10 60 80 (9
8 AlMe; 20 3 0

9 Cl,AIMe 10 20 26 (S

@ Enantioselectivity determined by HPLC analysis.
b Silylated ligand was isol ated.
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Table2 Optimization of the Cyanosilylation of Benzaldehyde in
Presence of the Aluminum Catalyst ([M] = AlMe;).

Table3 Asymmetric TMSCN Addition to Aromatic Aldehydes
Catalyzed by (S9-1

Entry X AlIMe; Solvent Temp Yield of 3a ee Entry ArCHO Prod- Yieldof 3 ee
(%) (°0) (%) (%) uct (%) (%)

1 10 CH,Cl, 4 60 80 1 Benzaldehyde 3a 76 86
2 10 CH,Cl, 25 42 58 2 3-Tolualdehyde 3b 72 80
3 10 CH,Cl, 25 79 55 3 3,5-Dimethylbenzaldehyde 3c 68 57°
4 10 CHCl, 4 60 27 4 3-Chlorobenzaldehyde 3d 80 86
5 10 PhCI 4 76 86 5 3-Bromobenzaldehyde 3e 76 82
6 10 Toluene 4 50 33 6 3,5-Dichlorobenzaldehyde 3f 78 80°
7 10 THF 4 38 0 7 3,5-Dibromobenzal dehyde 3g 74 85P
8 10 MeCN 4 59 5 8 3-(Hex-1-ynyl)benzaldehyde  3h 74 82b
9 70 PhCl 4 70 77 9 4-Tolualdehyde 3i 54 77
2 Enantiosel ectivity determined by HPL C analysis.8® 10 4-Anisaldehyde 3] 68 62
b7.8mol% of 1.

11 Biphenyl-4-carboxaldehyde 3k 56 60
The addition of TMSCN to benzaldehyde in presence of 12~ 2-Naphthaldehyde 3l 73 84
the aluminum catalyst (generated at r.t.) was then opti- 13 1-Naphthaldehyde 3m 68 73
mized (Scheme 1, Table 2). First, it was observed that any
change in the temperature of reaction produced lower ee 14~ 2-Furddehyde sn %0 60°
(see entries 1-3). On the other hand, the choice of solvent 15 3-Furaldehyde 30 66 71
influenced the degree of enantioselectivity (entries 4-8). _

16 3-Thienylcarboxaldehyde 3p 75 84

Chlorobenzene was the most effective solvent, generating
the product in high yield and 86% ee (entry 5). Finally, a
lower catalyst loading was also tested, but poorer ee was
observed (entry 9).

The scope of the reaction was then investigated with dif-
ferent aldehydes using the optimized conditions (11 mol%
catalyst generated at r.t., 4 °C, chlorobenzene).” Aromatic
aldehydes gave better results, with high yields and up to
86% ee, as shown in Scheme 2 and Table 3. In general,
alkyl, akynyl and halogen groups at the meta-position of
the aromatic ring weretolerated well (entries 2-8), where-
as substituents at the para-position gave slightly lower ee
(entries 9-11). Among the heterocyclic aldehydes studied
(entries 14-16) 3-thienylcarboxaldehyde performed best,
forming the silylated cyanohydrin in 75% yield and 84%
ee (entry 16).

1, 11 mol% OTMS
AlMes, 10 mol% k
Ar” "H  TMscN,Phcl ArT TCN
4°C,24h
2a-p (S)-3a—p
Scheme 2

An aiphatic aldehyde was aso studied (Scheme 3). Cy-
clohexanecarboxal dehyde reacted well with TMSCN in
presence of our aluminum catalyst, leading to the silylated
cyanohydrin in 70% yield and moderate ee. The absolute
configuration of the products was determined by compar-
ison of optical rotationsto known products® and by analo-
gy in the other cases.®
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@ Enantiosel ectivity determined by HPLC analysis. Absolute configu-
ration assigned as Shy comparison to known compounds unless
otherwise indicated.

b Absolute configuration assigned by analogy.

¢ R-isomer as aresult of achangein the priority of the substituents.

(0] 1, 11 mol% OTMS
AlMej, 10 mol% k
H N CN
O)J\ TMSCN, PhCI O
4°C,24h

2q (S)-3q
70% yield, 54% ee

Scheme 3

In order to examine the structure of the catalyst, we stirred
an equimolecular amount of ligand 1 and trimethylalu-
minum in deuterated methylene chloride (distilled from
calcium hydride) for 30 minutes and obtained a*H NMR.
Based on this spectrum, we suggest that the precatalyst
could have the structure | represented in Scheme 4. There
isapeak at & =—1.18 ppm assigned to amethyl group still
remaining on the auminum atom. In addition, two aro-
matic protons at 6 = 6.24 and 6.33 ppm, and two AB sys-
tems at 6 = 341 (1 H, d, J=12.3 Hz), 2.96 (1 H, d,
J=129Hz),285(1H,d, J=129Hz) and 2.23 (1 H, d,
J=12.3 Hz), corresponding to the diastereotopic methyl-
ene groups, suggest anon-symmetrical structure. The real
nature of the active catalyst awaits further investigation.
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Tentatively, we propose an initial reaction of TMSCN to
the aluminum alkoxide followed by hydrogen bonding of
the aldehyde to the free hydroxy group, leading to struc-
turell (Scheme 4). Aninternal delivery of the cyanide to
the re face of the adehyde to adduct |11, followed by
silylation of the alkoxy group would lead to the fina
product.

Ph 0 H30Ph

c
H g'\h TMSCN + RCHO
™™g
TMS H o
>—R H

Scheme4 Mechanism rationale

In summary, we have developed a novel aluminum
catalyst based on our chiral ligand 1, which letsusto carry
out the enantiosel ective addition of TMSCN to aldehydes
with reasonable yields and enantioselectivity. More
experiments to determine the nature of the active catalyst
and the mechanism of the reaction are currently under-

way.
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Typical Procedure

Catalysis Generation: A 2 M solution of trimethylalu-
minum in toluene (25 pL, 0.05 mmol) was added dropwise
to asolution of ligand 1 (36 mg, 0.056 mmol) in 1.0 mL of
chlorobenzene at r.t. After stirring for 30 min at the same
temperature, the resulting solution was cooled to 4 °C to be
used as catalyst.

TMSCN Addition: Aldehyde 2 (0.5 mmol) was added in
one portion to the catalyst solution at 4 °C and after 10 min
TMSCN (73 pL, 0.55 mmol) was added over 2 min. The
reaction mixture was stirred at the same temperature for 24
h. Then the reaction was quenched with 2.0 mL of pH 7
buffer phosphate solution (Na,HPO,/NaH,PO,) and
extracted with EtOAc (3 x 5 mL). The combined organic
layers were washed with brine (5 mL), dried over MgSO,
and concentrated to give a colorless dil. The crude was
purified by flash chromatography on silica gel (petroleum
ether—EtOAC, 5:1) to yield the corresponding silylated
cyanohydrins.
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Characterization of the New Compounds:

Compound 3c: *H NMR (300 MHz, CDCl,): 6§ =7.32 (s, 2
H), 7.26 (s, 1 H), 5.66 (s, 1 H), 2.59 (s, 3H), 0.48 (s, 9 H)
ppm. 3C NMR (300 MHz, CDCl,): § = 138.8, 136.2, 131.0,
124.2, 119.5, 63.8, 21.3, -0.1 ppm. IR (neat): 2960, 2921,
1612, 1464, 1255, 1159, 1101, 846, 754, 692 cm*. Anal.
Calcdfor Ci3H,gNOSI: C, 66.90; H, 8.21; N, 6.00. Found: C,
66.67; H, 7.95; N, 5.95. Enantiomer separation by HPLC
(Daicel Chiralpak AD, A = 250 nm, heptane—i-PrOH =
99.95:0.05; 1.0 mL/min; 57% ee): tz = 6.83 (major) and 7.98
min. [o], —16.28 (c 2.12, CHCl,).

Compound 3f: *H NMR (300 MHz, CDCl,): 6 =7.36 (m, 3
H), 5.43 (s, 1 H), 0.27 (s, 9 H) ppm. *C NMR (300 MHz,
CDCl;): 8 =139.5, 135.7, 129.6, 124.8, 118.3, 62.4, -0.2
ppm. IR (neat): 3083, 2961, 2901, 1592, 1574, 1435, 1259,
1202, 1119, 872, 805, 754 cmi ™. Anal. Calcd for
C;;H15Cl,NOSI: C, 48.18; H, 4.78; N, 5.11. Found: C, 48.61;
H, 5.17; N, 5.03. Enantiomer separation by HPLC (Daicel
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Chiralpak AD, A = 235 nm, heptane—i-PrOH = 99.5:0.5; 0.6

mL/min; 80% ee): t; = 9.80 and 10.48 (major) min.
[a]p —12.52 (c 2.91, CHCl,).

Compound 3g: *H NMR (300 MHz, CDCl,): § =7.69 (m, 1
H), 7.55(m, 2H), 5.43 (s, 1 H), 0.27 (s, 9 H) ppm. *C NMR
(300 MHz, CDCl,): 8 = 139.9, 135.1, 128.1, 123.5, 118.2,
62.2, 0.2 ppm. IR (neat): 3076, 2959, 1589, 1562, 1427,
1256, 1193, 1118, 1095, 848, 742 cmt. Anal. Calcd for
C,;H.3Br,NOSi: C, 36.38; H, 3.61; N, 3.86. Found: C, 36.01;
H, 2.99; N, 3.94. Enantiomer separation by HPLC (Daicel
Chiralcel OD, A = 235 nm, heptane-i-PrOH = 99.8:0.2, 1.0

mL/min; 85% ee): t; = 11.69 (major) and 16.01 min.
[a]p —9.39 (c 2.53, CHCl,).

Synlett 2005, No. 4, 627-630 © Thieme Stuttgart - New York

Compound 3h: *H NMR (300 MHz, CDCl,): § =7.49 (s, 1
H), 7.39-7.32 (m, 3H), 5.45(s, 1 H), 2.44 (t, J=6.9 Hz, 2
H), 1.60-1.47 (m, 4 H), 0.98 (t, J = 6.9 Hz, 3 H) ppm. *3C
NMR (300 MHz, CDCl,): 8 = 136.4, 132.5, 129.5, 128.9,
125.4, 125.0, 119.0, 91.6, 79.9, 63.4, 30.8, 22.1, 19.1, 13.7,
—0.2 ppm. IR (neat): 2959, 2934, 2873, 2230, 1603, 1482,
1431, 1330, 1256, 1108, 1082, 860, 848 cm . Anal. Cacd
for C;;H,3NOSI: C, 71.53; H, 8.12; N, 4.91. Found: C,
70.98; H, 8.51; N, 5.05. Enantiomer separation by HPLC
(Daicel Chiracel OD, A = 250 nm, heptane—i-PrOH =
99.7:0.3; 1.0mL/min; 82% ee): t; = 18.16 (mgjor) and 30.05
min. [a]p —9.11 (c 0.26, CHCI).

Downloaded by: University of North Carolina - Chapel Hill. Copyrighted material.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


