A\C\S

ARTICLES

Published on Web 06/10/2006

Nucleophilic Additions of Trimethylsilyl Cyanide to Cyclic
Oxocarbenium lons: Evidence for the Loss of
Stereoselectivity at the Limits of Diffusion Control

Siddhartha R. Shenoy, Deborah M. Smith, and K. A. Woerpel*

Contribution from the Department of Chemistry, ueisity of California,
Irvine, California 92697-2025

Received February 15, 2006; E-mail: kwoerpel@uci.edu

Abstract: The limitations of stereoelectronic models in assessing the stereoselective nucleophilic substitution
reactions of cyclic oxocarbenium ions at high reaction rates are discussed. Evidence is provided suggesting
that the diastereoselectivity of nucleophilic substitution reactions is attenuated at the limits of diffusion control.
The low diastereoselectivities observed in the reactions of trimethylsilyl cyanide with five- and six-membered
ring oxocarbenium ions are attributed to the high reactivity of the nucleophile and its reactions with these
electrophiles at diffusion control rates.

Introduction Nu—SiMe,
. . O._~OAc BF3*OEt, O._Nu O_.«Nu
Stereoelectronic models that explain the course of the 4/(/\[’1“ <ho U + 4/01 1)
nucleophilic substitution reactions of cyclic oxocarbenium and g,q _782 002 BnO! BnO
iminium ions have emerged as powerful tools in synthetic 1.4-cis 1,4-trans
organic chemistry-® Although these models are frequently 1 2a 2b
) . 1 i
employed in the planning of syntheses! product stereo Nu—Siie, 2a: 26" yield (%)

selectivities occasionally do not conform to predictiétid For -
example, the stereoelectronic model used to rationalize the 1,4- A SiMes 4:96 90
trans diastereoselectivity in the reaction of acetalwith
allyltrimethylsilane cannot account for the low diastereo-
selectivity observed for the reaction tfwith trimethylsilyl
cyanide (MgSIiCN, eq 1)t¢ Knowledge of the circumstances
under which stereoelectronic models fail to make accurate With cyclic oxocarbenium ions (such as in eq 1) can be attributed
stereochemical predictions would not only define the limitations 0 the high reactivity of the nucleophilic species involvédhe

of these models but also provide Strategies to mod|fy a reaction data are consistent with the formation of an anionic siliconate

N=C-SiMe; 32:68 76

#Measured by GC analysis of unpurified reaction
mixture. °Based on purified products.

to ensure the desired stereochemical outcome. that delivers a cyano group to the highly electrophilic oxocar-
In this paper, we provided evidence suggesting that the benium iori®° at the diffusion control limit (18-10%
modest diastereoselectivity observed in the reaction eBIMGN M~1s71).2021 At the diffusion control limit, nucleophilic addition
to both diastereotopic faces of a cationic intermediate will lead
8 gggﬂg g' \\//A (:Lge,cﬁéxv-l_"\,ﬂéégr& Clgegng- 93_%%279 101, 7032-7035. to product formation because every collision between reactants
(3) Deslongchamps, Rtereoelectronic Effects in Organic Chemisterga- leads to product? Because the facial selectivity is determined
@ fggr?mi{\t‘e)ﬁ",Yggfsysliggav__%%ﬁ?gf%}g_ Chem2001, 1169-1174. by the encounter of the nucleophile and the electrophile,
(5) Schmitt, A.: Reissig, H.-UEur. J. Org. Chem200Q 3893-3901. stereoelectronic effects cannot operate. The loss of stereo-
E% Bur, 3. . Marti, S, _Fgl%gLeét-zsoog 2'0?51432?5005 20, 5509 selectivity at the diffusion rate limit is predicated upon the work

of Mayr, who has examined the reactions of ambident nucleo-

5605.
® gzhé’fh' S. K. Hsung, R. P.; Liu, J. Am. Chem. So@005 127, 8260~ philes with cationic electrophile®- 25 The regioselectivities of

9) Sohn', J.-H.; Waizumi, N.; Zhong, H. M.; Rawal, V. Bl. Am. Chem. Soc.

2005 127, 7290-7291. (17) For examples of other nonstereoselective additions of trimethylsilylcyanide
(10) Berry, C. R.; Hsung, R. P.; Antoline, J. E.; Petersen, M. E.; Challeppan, to oxocarbenium ions, see: (a) Rychnovsky, S. D.; Dahanukar, \J. H.
R.; Nielson, J. AJ. Org. Chem2005 70, 4038-4042. Org. Chem.1996 61, 7648-7649. (b) de las Heras, F. G.; Fernandez-
(11) Colby, E. A.; O’'Brien, K. C.; Jamison, T. B. Am. Chem. So005 127, Resa, PJ. Chem. Soc., Perkin Trans.1B82 903—-907.
4297-4307. (18) Richard, J. P.; Amyes, T. L.; Toteva, M. Micc. Chem. Re001, 34,
(12) Utimoto, K.; Wakabayashi, Y.; Horiie, T.; Inoue, M.; Shishiyama, Y.; 981-988.
Obayashi, M.; Nozaki, HTetrahedron1983 39, 967—973. 19) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod.989 111, 7888-7900.
(13) Brown, D. S.; Bruno, M.; Davenport, R. J.; Ley, S.Retrahedron1989 (20) Bartl, J.; Steenken, S.; Mayr, H.; McClelland, R. A.Am. Chem. Soc.
45, 4293-4308. 199Q 112 6918-6928.
(14) Minehan, T. G.; Kishi, YTetrahedron Lett1997 38, 6815-6818. (21) Mayr, H.; Kempf, B.; Ofial, A. RAcc. Chem. Re003 36, 66—77.
(15) Lai, W.; Martin, O. R.Carbohydr. Res1993 250, 185-193. (22) A similar situation can also arise if nucleophilic addition to one diaste-

(16) The numbering used in this paper considers the carbocationic carbon as reotopic face of a cationic intermediate proceeds at the diffusion control
C-1 rate, whereas addition to the other face does not.
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these reactions do not adhere to conventional models used toScheme 2. Nucleophilic Addition to Five-Membered Ring

rationalize the reactivity of ambident nucleophifasecause they
occur at the diffusion rate limit. Similarly, the stereoelectronic

models employed to predict the course of nucleophilic substitu-

tion reactions of cyclic acetals in organic media will also fail

when assessing reactions proceeding at or near the rate of

diffusion??
Results and Discussion

The Relative Nucleophilicities of MgSICN and Allyltri-

methylsilane.We were curious to see whether the inconsistent
behavior observed between the reactions of allyltrimethylsilane

and MeSIiCN with acetall was a general phenomenon.
Experiments with the analogous five-membered ring acgtal

(eq 2) confirmed that the trend was general. Consistent with
the stereoelectronic model explaining nucleophilic additions to

five-membered ring oxocarbenium ioffstreatment of3 with
allyltrimethylsilane in the presence of a Lewis acid afforded
the allylated product with high 1,4-cis diastereoselecti#tJhe
reaction of acetaB with Me3;SiCN in the presence of a Lewis
acid, however, proceeded with poor stereoselectivity.

Nu—SiMe;,

Phat OJoac  SnBr,  PhalONLinu  Phat O iNu @

+

Q:ll CH.Cl \Q‘M \QM

Me ¢ -78°C Me € Me

1,4-cis 1,4-trans

3 4a 4b
Nu—SiMe, 4a:4b° yield (%)’

A~SiMe, 90: 10 87
N=C—SiMe, 50 : 50 81

@Measured by GC analysis of unpurified reaction
mixture. °Based on purified products.

The allylation reactions of acetals and 3 reflect the
stereoelectronically controlled additions of the nucleophile to
the low-energy conformations of the cyclic oxocarbenium ion
intermediates. The intermediate derived from acétptefer-
entially adopts the pseudoaxial conformatiex (Scheme 1)

due to the stabilizing electrostatic interactions between the
partially negatively charged atom of the substituent and the

positively charged carbon of the oxocarbenium 3&r#2 Nu-
cleophilic attack to5ax by a pathway proceeding through a

chairlike transition-state structure affords the observed 1,4-trans

product 2b.33-35 Similarly, the five-membered ring oxocar-
benium ion derived from acet8lpreferentially adopts the low-
energy diequatorial conformatiddeq over the sterically con-

gested conformatiofiax (Scheme 2). Nucleophilic addition to

Oxocarbenium lons

4a

6ax

6eq

The discrepancy between the high diastereoselectivity ob-
served for allylations and the low selectivity observed for
cyanations (egs 1 and 2) cannot be inferred from stereoelectronic
models. The relative ground-state populations of the oxocar-
benium ion conformer$ and 6 should be independent of the
type of nucleophile employed. Consequently, the loss of
diastereoselectivity observed for reactions involvingsS1EN
suggests a loss of facial preference for nucleophilic addition to
these cations.

The reactions of bicyclic acet@dldemonstrate that M8ICN
adds to oxocarbenium ions with no stereoelectronic preference.
Because the oxocarbenium ion derived from this acetal is
conformationally constrained, the facial selectivity reveals the
inherent stereoelectronic preference of the nucleophilhe
substitution reactions of acefatevealed a similar trend to that
observed for acetalkand3 (eqs 1 and 2): allylation proceeded
with high diastereoselectivity, but formation of the nitrile product
occurred with low selectivity (eq 3F

OA
° Nu—SiMe,
BF,*OEt,
[ (3)
CH,Cl,
-78°C
1,4-cis 1,4-trans
7 8a 8b
Nu—SiMe, 8a:8b? yield (%)
A~SiMe; 93:7 83
N=C—-SiMe; 54 :46 92

@Measured by GC analysis of unpurified reaction
mixture. °Based on purified products.

The loss of diastereoselectivity in the cyanation of the
conformationally constrained acefatonfirmed that MgSiCN

(23) Loos, R.; Kobayashi, S.; Mayr, H. Am. Chem. So2003 125, 14126~
14132.

(24) Tishkov, A. A.; Mayr, H.Angew. Chem., Int. EQR004 44, 142-145.

(25) Tishkov, A. A.; Schmidhammer, U.; Roth, S.; Riedle, E.; MayrArdgew.
Chem., Int. Ed2005 44, 4623-4626.

(26) The reactivity of ambident nucleophiles has traditionally been rationalized
on the basis of the hard-soft acid-base principle: (a) Pearson, R.ABn.
Chem. Soc1963 85, 3533-3539. (b) Pearson, R. G.; Songstad].JAm.
Chem. Socl1967, 89, 1827-1836.

6eqby a pathway that proceeds through a staggered transition-(27) For examples of the loss of selectivity in the addition reactions of

state structure leads to the observed 1,4-cis substituted product

43, as described by Curtin-Hammett kinetfés4.35
Scheme 1. Nucleophilic Addition to Six-Membered Ring

Oxocarbenium lons
OBn

4
V16& - o
@ 1
i
N u®

5ax

—_
-

OBn

A1=§J
4

5eq 2b
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nucleophiles to highly reactive cationic intermediates at the rates of diffusion

in aqueous media, see: (a) Young, P. R.; Jencks, W. Rm. Chem. Soc.

1977, 99, 8238-8248. (b) Kemp, D. S.; Casey, M. I. Am. Chem. Soc.

1973 95, 6670-6680.

(28) Smith, D. M.; Tran, M. B.; Woerpel, K. Al. Am. Chem. So2003 125,
14149-14152.

(29) Smith, D. M.; Woerpel, K. AOrg. Lett.2004 6, 2063-2066.

(30) Woods, R. J.; Andrews, C. W.; Bowen, JJPAm. Chem. S0d992 114,
859-864.

(31) Milikovic, M.; Yeagley, D.; Deslongchamps, P.; Dory, Y.1.Org. Chem.
1997 62, 75877604.

(32) Chamberland, S.; Ziller, 3. W.; Woerpel, K. A. Am. Chem. SoQ005
127, 5322-5323.

(33) Romero, J. A. C.; Tabacco, S. A.; Woerpel, KJAAm. Chem. So2000Q
122 168-169.

(34) Seeman, J. IChem. Re. 1983 83, 83—134.

(35) Seeman, J. 0. Chem. Educl986 63, 42—48.
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Scheme 3. Nucleophilic Additions to Bicyclic Acetal 7 o Ph N=C—SiMe, o Ph
R Ph OH  BF,OFEt Ph s«CN
%, ,Nu 3 2 (5)
Nu 4P " CH,Cl, "M
® Kq Me © -78°C Me ©
- 12 93% 13
R Favored
95 : 5 stereoselectivity
9a 8a
of allyltrimethylsilane and MgSICN to oxocarbenium ions
lacking the stabilizing phenyl substituents may result from the
Kittusion R=H, Ph higher relative reactivity of MgSiCN#1 When acetal3 was
treated with 4 equiv each of allyltrimethylsilane and 8N
in the presence of a Lewis acid, the nitrile proddet was
formed as the major product (eq®)This competition experi-
® K ment is consistent with the hypothesis that;8i€N reacts with
- > acetal3 at a faster rate than allyltrimethylsilafe.
R Disfavored
Nu@ i
/\/SIMe:; _—
9% 8b o . o o
Phad O\1.OAc N=C-SiMe; Phad “\InCN Phad N1
. . . — > (6)
reacted without stereoelectronic preference for addition to one BF,-OEt, ot
diastereotopic face of the cationic intermediate. One explanation me Me CH,Cl, mé Me mg Ve
that is consistent with these observations would be if the rate —78°C 96% 4%
of nucleophilic addition to the top fac&, and the bottom face 3 14 15
(kp) of oxocarbenium iom is faster than the rate of diffusion 54 :45 92:8
stereoselectivity — stereoselectivity

of the nucleophile between the two diastereotopic fak@sdion,
Scheme 3). In this case, the diastereoselectivity is determined
by the relative rates of formation of the two nucleophile
electrophile complexe®9a and 9b, and not the relative rates
between the stereoelectronically favored and disfavored addi-
tions (ka Vs kp). The extremely high electrophilicity of oxo-
carbenium ions renders such a scenario pos&igfe3637

The correlation between reactivity and stereoselectivity can
explain the increase in diastereoselectivity observed in the
nucleophilic addition reactions of MBICN with less reactive
electrophiles. The reactions of N&CN with the C-1 phenyl-
substituted bicyclic acetdlO and the C-1 phenyl-substituted
five-membered ring acetdl2 proceeded with high diastereo-
selectivity (egs 4 and 5). A decrease in the ground-state energ
of the oxocarbenium ion intermediate due to resonance stabi-
lization from the C-1 phenyl substituent should decrease the
rates of nucleophilic addition to the oxocarbenium i@asand
9b (ka andky,, Scheme 3) but not affect the rate of nucleophile
diffusion between the two diastereotopic fadegsion, Scheme
3). Highly selective additions of MSICN to stabilized elec-
trophiles such adN-acyliminium ion$83° and other benzylic
oxocarbenium ions have also been obseffed.

Y

The correlation between nucleophilicity and loss of stereo-
selectivity has been noticed in related systems. Whereas cyclic
oxocarbenium ions react selectively with allyltrimethyl-
silane?®-33:43-46 gnd silyl enol ether§’~49 reactions with more
reactive nucleophiles such as silyl ketene aceétaldead to
products with low diastereoselectivity.1* The predominance
of the cyanide addudt4 in the competition experiment between
allyltrimethylsilane and MgSIiCN with acetaB also follows this
trend (eq 6)7

Other competition experiments between allyltrimethylsilane
and MeSiCN, however, demonstrated that understanding the
differences in reactivity between these two nucleophiles required
further analysis. When the competition experiment was repeated
with the bicyclic acetaV and the tetrahydropyran acefalthe
reactions were not selective for which nucleophile trapped the
oxocarbenium ions (egs 7 and“8)*2Both of these electrophiles
are considerably less hindered than the geminally substituted
acetal3, so the differences in the results for the competition
experiments might be the result of steric influences (vide infra).

The lack of consistency between the competition experiments
suggested that different mechanisms govern the nucleophilic
addition of allylsilanes and silyl cyanides to the cationic

11
95 : 5 stereoselectivity

10

A competition experiment demonstrated that the disparity
between the diastereoselectivities obtained from the additions

(36) Sinnott, M. L.; Jencks, W. B. Am. Chem. So0d.98Q 102 2026-2032.

(37) Banait, N. S.; Jencks, W. B. Am. Chem. Sod 991, 113 7951-7958.

(38) Meza-Leon, R. L.; Crich, D.; Bernes, S.; QuinteroJLOrg. Chem2004
69, 3976-3978.

(39) Schuch, C. M.; Pilli, R. ATetrahedron: Asymmetr2002 13, 1973~
1980.

(40) Nishiyama, Y.; Katoh, T.; Deguchi, K.; Morimoto, Y.; Itoh, K. Org.
Chem.1997 62, 9339-9341.

(41) Product ratios were determined by analysis of tHeNMR spectrum of
the unpurified reaction mixture. Product diastereoselectivities were deter-
mined by GC analysis of the unpurified reaction mixture.

(42) The diastereoselectivities of nucleophilic substitutions obtained from the
competition experiments were identical to those obtained from the individual
reactions.

(43) Kozikowski, A. P.; Sorgi, K. L.; Wang, B. C.; Xu, Zletrahedron Lett.
1983 24, 1563-1566.

(44) Hosomi, A.; Sakata, Y.; Sakurai, KCarbohydr. Res1987 171, 223—

232.

(45) Bear, T. J.; Shaw, J. T.; Woerpel, K. A. Org. Chem2002 67, 2056-

2064

(46) Ayala, L.; Lucero, C. G.; Romero, J. A. C.; Tabacco, S. A.; Woerpel, K.
A. J. Am. Chem. So@003 125 15521-15528.

(47) Stewart, A. O.; Williams, R. MJ. Am. Chem. Sod 985 107, 4289—
4296.

(48) Allevi, P.; Anastasia, M.; Ciuffreda, P.; Fiecchi, A.; Scala,JA.Chem.
Soc., Chem. Commumh987, 1245-1246.

(49) Holmes, C. P.; Bartlett, P. Al. Org. Chem1989 54, 98—108.

(50) Tokuyasu, T.; Mayr, HEur. J. Org. Chem2004 2791-2796.

(51) Mayr, H.; Patz, MAngew. Chem., Int. Ed. Engl994 33, 938-957.
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150AC__SiMe,

N=C-SiMe,
—_—

1 with tert-butyl isocyanidetBuNC) in the presence of a Lewis
acid provided the nitrile produd8 in low yield and with low
) diastereoselectivity (eq 93:5° The ability of t-BuNC to serve

%E'glEtz as a nitrile donor supports the involvement of J8iNC as the
_782002 36% 64% nucleophile in solutions of MgSICN. Because so little silyl
7 16° 17 ° isonitrile is present in solutio?f,57.5%the reaction of MgSiCN
5347 93:7 through this species seemed unlikely, although its participation

stereoselectivity ~ stereoselectivity cannot be discounted:>9-61

t-BuN=C

SiMe =
_~_-SiMe; 0. ~OAc BF,-OEt, O._~CN
O_~OAC N=C-SiMe, O._~CN O ©)
1 — 1, 1 (8 BnO CH,Cl, BnO
4 BF4*OEt, 4 4 -78°C
BnO CH2C|2 BnO BnO 36% 18
-78°C 75% 25% 35 : 65 stereoselectivity
1 18 19
34: 66 4:96 To investigate the role of nucleophilic activation of the silyl

stereoselectivity - stereoselectivity nucleophile, we turned our attention to the sterically congested

cyanide donotert-butyldimethylsilyl cyanide ttBuMe,SiCN).
When acetall was treated with-BuMe&,SIiCN in the presence

of a Lewis acid, the nitrile product8 was isolated as a 32:68
mixture of diastereomers (eq 10), consistent with the reaction
of acetall with MesSiCN (eq 1). Although-BuMe,;SiCN is a
competent nucleophile under these reaction conditions, when a
competition experiment was conducted between allyltrimethyl-
silane andt-BuMe,SIiCN, only the allylated product9 was
isolated (eq 113142 This result contrasts with the competition
experiment between allyltrimethylsilane and 48e&CN, in which

both the allylated and cyanated products were observed (eq 8).
The low reactivity oft-BuMe,SICN and acetal in the presence

of allyltrimethylsilane suggests that a reaction at the silicon atom
may be required before the silyl cyanide can serve as a source
of nucleophilic cyanide. The more congesteBuMe,SiCN
would undergo such a reaction more slody.

intermediates. The observation of allylated produatand19
(egs 7 and 8) was not consistent with the hypothesis that
MesSICN reacts with cyclic oxocarbenium ions faster than
allyltrimethylsilane. Because the substitution reactions of allyl-
silanes with acetald, 3, and 7 are well understooép29.46.52
the erratic results obtained from these competition experiments
prompted our investigation into the mode of reactivity of silyl
cyanides. Although MsSIiCN is a common reagent utilized for
cyanationt” the mechanism of its reactivity remains uncle&p>
Understanding the Reactivity of Silyl Cyanides.Because
the reactivity of M@SIiCN appears to be highly substrate
dependent?-38-40 specific details of our experimental approach
to studying its reactivity deserve mention. We chose tetra-
hydropyran acetals bearing a single alkoxy substituent at the
C-4 position as the electrophiles to study the reactivity of this
nucleophile'® The reactions of these acetals are appealing

because of the simplicity of their reactivity with nucleo- 0. OAC t-BuMe,SIC=N 0. CN
philes30-3252Unlike the congested neopentyl center present in U BF ,+OEt, U (10)
the oxocarbenium derived from acetd| steric interactions BnO CHCh  Bno

between an approaching nucleophile and the C-4 ring substituent -78°C

of the tetrahydropyran oxocarbenium ion should be minimal. 1 94% 321.868

The _C-4 alkoxy s_ubsutuent _Would also allow for m_echanlstlc stersoselectivity
studies that provide unambiguous data about the involvement

of reactive intermediates (vide infra). _~_SiMe z

Because trimethylsilyl isocyanide (M®INC) is present in o
solutions of M@SiCN %675° we considered that the isocyanide

OAC t-BuMe,SIC=N 0._~CN O )
_—
was the reactive species. Silyl cyanides exist in an equilibrium Bno BnO BnO'

between the N-bound and C-bound isomers, with the equilibrium El;ngg <1% >99%
lying highly in the favor of the C-bound form~(0.05% 1 18 19
MesSiNC is present in neat M8ICN) 5759 Because it was not S,ereg’s;e?fcﬁv,ty
possible to study the reactivity of silyl isocyanides directly, we

turned our attention to their alkyl analogues. Treatment of acetal The requirement for activation of silyl cyanides to generate
a nucleophilic species also explains the results of the competition

experiment between allyltrimethylsilane and #8eCN with

(52) Shenoy, S. R.; Woerpel, K. £rg. Lett.2005 7, 1157-1160.

(53) Hertler, W. R.; Dixon, D. A.; Matthews, E. W.; Davidson, F.; Kitson, F.
G.J. Am. Chem. S0d.987, 109, 6532-6533.

(54) Amurrio, |.; Cadoba, R.; CS&y, A. G.; Plumet, JTetrahedror2004 60,
10521-10524.

(55) Ryu, D. H.; Corey, E. JJ. Am. Chem. So2004 126, 8106-8107.

(60) Treatment of acetdl with trimethylacetonitrile did not afford the nitrile
product18, suggesting that M&ICN by itself is not the nucleophile.
(61) A competition experiment was performed by a reverse-addition of dcetal

(56) M&SICN and MgSiNC interconvert rapidly on thtH NMR time scale in
CH,Cl, due to either solvent participation or impurities. The equilibrium
between the two isomers strongly favors J8&CN: Arnold, D. E. J.;
Cradock, S.; Ebsworth, E. A. V.; Murdoch, J. D.; Rankin, D. W. H.; Skea,
D. C. J.; Harris, R. K.; Kimber, B. J1. Chem. Soc., Dalton Tran%981,
1349-1351.

(57) Durig, J. R.; George, W. O.; Li, Y. S.; Carter, R. ©.Mol. Struct.1973
16, 47-51.

(58) Georgiou, K.; Legon, A. CJ. Mol. Struct.1982 78, 257—263.

(59) Seckar, J. A.; Thayer, J. $iorg. Chem.1976 15, 501-504.

8674 J. AM. CHEM. SOC. = VOL. 128, NO. 26, 2006

to a solution of allyltrimethylsilane and M8ICN, with the rate of addition
such that the concentration of M&NC (based on concentrations given in
ref 59) and allyltrimethylsilane was maintained at 100 times the concentra-
tion of the acetal. The product ratios obtained from this experiment were
identical to those obtained from the competition experiment depicted in eq
8. This experiment is inconsistent with BBNC serving as the nucleophile.

(62) tert-Butyldimethylsilyl ethers are considerably more stable towards nu-

cleophilic attack than their trimethylsilyl analogues: Davies, J. S.;
Higginbotham, C. L.; Tremeer, E. J.; Brown, C.; Treadgold, R1.CChem.
Soc., Perkin Trans. 1992 3043-3048.
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acetal 3, in which the nitrile productl4 was produced Scheme 4. Mechanisms Involving the Activation of Silyl Cyanides
predominantly (eq 6). When the competition experiment was (a) Free Cyanide:
repeated usingBuMe,SiCN instead of MgSiCN, the reaction

. ) . M
was not selective for which nucleophile trapped the oxocar- R @ll\lu _\ ®
benium ion (eq 12}142The ggminal §ubstitution onthe acetal Rajic=y NuM R—sigR > NE% ?A_E> E—C=N
3 should decrease the reactivity of its resultant oxocarbenium R/ N\
ion 6 toward nucleophilic attack, allowing time for the activation ¢ R5SiNu
of MesSiCN. When the sterically congested reageBuMe,- 20 21 22 23

SIiCN was employed as the source of nucleophilic cyanide, this
activation step becomes slow compared to the nucleophilic (b) Pentacoordinate Siliconate:
addition of allyltrimethylsilane to the oxocarbenium ion inter-

mediate. Because this congested neopentyl center of &dstal R _\M
not present in the oxocarbenium ions derived from acetals ’s| o=N M/L R_@S|I WR _E» E_C=N
and 7, nucleophilic addition of allyltrimethylsilane to the / | ~R
oxocarbenium ion intermediate occurs faster than activation of < N
MesSICN. 20 o ”
0.3 OAc t/BlEe/:ZeL Phe O H CN Ph Two mechanisms integrating the requirements of activation
= + of the silyl cyanides and the formation of a charged nucleophile
\%Z/;Ae %F'_:;'glaz \(M—Z:Ae are presgpted in Scheme 4 The first mechanism (@) involves
_782002 nucleophilic attack on the silicon group of the silyl cyank
45% generating the pentacoordinate siliconate intermedRite
3 551.,445 Subsequent elimination of the cyanide ligand would form free

stereoselectivity  stereoselectivity cyanide ion22. A second mechanism (b) involves the penta-
coordinate siliconate intermediat®l serving as the actual
The effects of polar solvents on the selectivity of additions nucleophile?®

of MesSICN to oxocarbenium ions indicate that activation A three-phase test was used to probe the involvement of free
provides an anionic nucleophile (eq 13). In polar solvents, cyanide (Scheme 4a). This experiment follows the work of
anionic nucleophiles should be solvated and thus rendered lesfkebek and co-workers, who demonstrated the use of solid-
nucleophilic. This effect is analogous to the decreased nucleo-supported reagents to detect free reaction intermedia$€she
philicity of anions in protic medi&364 The increase in dia-  technique involves sequestering the nucleophilic and electro-
stereoselectivity with increase in solvent polarity observed in philic reagents to different polymeric supports. Because func-
the nucleophilic substitution reaction of N&CN and acetal tional groups bound to one solid support cannot interact with
(eq 13) is consistent with a solvent-mediated decrease in thethe functional groups bound to another solid support, any
reactivity of an anionic nucleophile. Because reactions betweenproducts arising from the reaction of two solid-supported
cations and anions will occur at much faster rates in nonpolar reactants must involve free intermediaté&
media?! the lower diastereoselectivities observed for the  The three-phase test provided definitive evidence indicating
substitution reactions of M8ICN in nonpolar solvents is  that free cyanide is not involved in the nucleophilicity of
consistent with the involvement of a highly reactive anionic MesSiCN (Scheme 4a). Commercially available surface-modi-
nucleophile. The sensitivity of MSICN to solvent polarities fied polystyrene diethylsilane (PS-DES) was used to prepare
indicates that decreasing reactivity increases selectivity, which the solid-supported cyanidt and solid-supported tetrahydro-
is consistent with the hypothesis that these reactions proceed apyran acetal27 for use in the three-phase t€%t’! Control
or near the diffusion limit> Neutral nucleophiles such as experiments using each of these solid-supported reagents with
allyltrimethylsilane show no such dependence on solvent their respective solution-phase counterparts demonstrated their

polarity 28 competence under the reaction conditions used in the cyanation
y
N=C—SiMe;, (63) Carey, F. A.; Sundberg, R.Advanced Organic Chemistryith ed.; Kluwer
o) OAc BF3*OEt, \\CN Academic/Plenum: New York, 2000; pp 23941.
1 I " (13) (64) Reichardt, CAngew. Chem., Int. Ed. Engl979 18, 98—110.
4 solven (65) Mayr, H.; Ofial, A. R.Angew. Chem., Int. EQ006G 45, 1844-1854.
BnO! -78°C BnO BnO (66) Another plausible mechanism for the reaction o, SIEN with oxocar-
1.4-cis 1.4-trans benium ions involves the initial formation of an isonitrile, which can be
1 :I8 ’ 18b converted to the nitrile through a subsequent isomerization. Although the
a interconversion between alkyl isocyanides and alkyl cyanides has been
- N reported, this process requires high temperatures. See, for example: (a)
solvent 18a:18b%  E30)° yield (%)° Richardt, C.; Meier, M.; Haaf, K.; Pakusch, J.; Wolber, E. K. A.*IMy
PhMe 40 : 60 345 = B. Angew. Chem., Int. Ed. Endl991, 30, 893-901. (b) Boullanger, P.;
’ ’ Marmet, D.; Descotes, @.etrahedronl979 35, 163-167. (c) Schneider,
CH,Cl, 32:68 411 - F. W.; Rabinovitch, B. SJ. Am. Chem. S0d.963 85, 2365-2370.
) (67) Rebek, J., JiTetrahedron1979 35, 723-731.
MeNO, 14:86 46.3 - (68) Rebek, J., Jr.; Gavina, B. Am. Chem. S0d975 97, 3453-3456.
H.CN 10 46.7 7 (69) Hu, Y.; Porco, J. A, Jr.; Labadie, J. W.; Gooding, O. W.; Trost, B. M.
CHsC 0:%0 6 8 J. Org. Chem199§ 63, 4518-4521. . .
3Measured by GC analysis of unpurified reaction mixture. >E(30) (70) g/!'StS'OH A.I; '\é@rcmozrgb C?Fg?'hg'; Panunzio, M.; Selva, S.; Seneci, P.
is a measure of empirical solvent polarity (ref 64). “Reported yields (71) Dlooi e-IE:_. g%g.;ikilol\sl'.’]'gYam%da’H.' Takéhashi T.: Porco, J. A Tatrahedron
based on purified products. Lett. 1999 40, 21412144, n ’
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of cyclic oxocarbenium ions (eqs 14 and 15). When the two philic addition, competition experiments between allyltrimethyl-

solid-supported reageng! and 27 were combined with each

other in the presence of a Lewis acid, no cyanide transfer was
observed, even after stirring the reaction mixture at room
temperature for 4 days (eq 16). The three-phase test confirmed o
that the source of nucleophilic cyanide remains associated to
the silicon, suggesting that upon activation, the silyl cyanide
reacts through the pentacoordinate siliconate intermediate

(Scheme 4b).

O._CN

C=N 0._~OMe BF,-OEt,
Et—Si-Et * U CH,Cl, U "
O Et,SiO 789G 10 29 0¢ ELSIO
2h
24 25 26
O »OMe  N=c-SiMe,
? TChCl, Qs U (15)
Et—Si—Et ~78°C 1022 °C i=
2h
27 28
O._~OMe
C=N U BF,°OEt,
o+ O —————> No Reaction (16)
Et—Si—Et CH.CI
Qi 2v12
Et—Si—Et —78°C to 22 °C
4 days
24 27

To study the nucleophilicity of siliconate intermediates, we
focused our attention on biscyanosiliconate sZlfEreatment
of MesSiCN with one molar equivalent of tetrabutylammonium
cyanide (BYNCN) is known to form tetrabutylammonium
dicyanotrimethylsiliconat@9 as an isolable salf To examine

®
BuyN

29

the contribution of siliconate29 to the nucleophilicity of
MesSICN, the tetrahydropyran acethland the bicyclic acetal
7 were treated with 4 equiv each of allyltrimethylsilane,
MesSICN, and BYNCN (eqgs 17 and 18). In both cases, the
nitrile productsl8 and16 were produced as the major products

of the reaction. Furthermore, the diastereoselectivity of the nitrile
products formed in these reactions was comparable to the

analogous competition experiments that lacked thgNBIN
additive (egs 7 and 8).*2The results of the previous competi-

tion experiments (eqs 6, 7, and 8) can be understood when

considering that MgSiCN operates under a different mechanism
than allyltrimethylsilane: MgSICN must be activated to gener-

ate a nucleophilic species, whereas allyltrimethylsilane does not.
When the activation of the silyl cyanide is faster than nucleo-

(72) Dixon, D. A.; Hertler, W. R.; Chase, D. B.; Farnham, W. B.; Davidson, F.
Inorg. Chem.1988 27, 4012-4018.

(73) Sassaman, M. B.; Prakash, G. K. S.; Olah, GJA0rg. Chem199Q 55,
2016-2018.
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silane and MgSIiCN predominantly afford nitrile products.

/\/SIMe3
N=C-SiMe;
Bu4NCN

BF3‘OEt2

OAc

e
BnO

—78 °C 100% <1%
1 18 19

/\/SiMe3
N=C-SiMe;

BuyNCN
_—

BF3'OE(2
CH20|2
-78°C

98%
7 16 17

2%

Control experiments determined that JBICN does not
participate in these reactions as a source of nucleophilic cyanide.
Treatment of acetdl with BusNCN in the presence of a Lewis
acid led to the recovery of starting material (eq 19). Furthermore,
treatment of acetal with allyltrimethylsilane in the presence
of BuyNCN and Lewis acid did not affect the yield or
diastereoselectivity of allylation (eq 20). When the three-phase
tesf”-®8was repeated with the addition of BNCN, no cyanide
transfer was detected (eq 21). This negative three-phase test
confirmed that the reactions of silyl cyanides do not involve
free cyanide ion.

0._.OAc BUuNCN 0._.OAc
BF,*OEt,
—_— 5 (19)
BnO CH,Cl, o
-78°C
1 94% reisolated
_~_-SiMe; _
0. .OAc BUMNCN Ou
Y Y
BnO CH,Cl, BnO
_78°
1 88702 19
96:4 stereoselectivity
0-_+OMe
— Bu,NCN
G=N BF;*OEt,
Et-Si-Et * ¢ —cnc NoReacton (21)
—Qj— 2vi2
Et—Si—£t —78°C t0 22 °C
2 days
24 27

Taken together, the results of our investigation into the
nucleophilic addition reactions of M8ICN with cyclic oxo-
carbenium ions are consistent with the proposal that the bond-
forming step of these reactions proceeds at or near the rate of
diffusion. As reaction rates approach the diffusion limit,
selectivity should deviate from the constant-selectivity relation-
ship and become dependent upon reacti/if§}:5°Results with
oxocarbenium ions stabilized by C-1 phenyl substituents (eqs
4 and 5) indicate that decreasing the reactivity of these
electrophiles restores stereoelectronic control of their reactions
with Me3sSiCN. The strong influence of solvent polarity on
stereoselectivity, which is not the case with neutral nucleophiles,
indicates a correlation between reactivity and selectivity. This
correlation would be expected as reaction rates approach the
diffusion limit.51.65
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The addition of MgSiCN to an oxocarbenium ion involves to form a pentacoordinate siliconate ion that transfers the cyano
an anionic nucleophile and a cationic electrophile, which differs group. This activation step is slow relative to nucleophilic
from the addition of neutral nucleophiles such as allyltri- addition, as demonstrated through the competition experiments
methylsilane to the cationic intermediate. The reaction of ionic with the weakly nucleophilic allyltrimethylsilane. Once formed,
intermediates necessitates the consideration of initially formed however, the siliconate ion reacts with the electrophile at rates
ion pair 32 (eq 22), which should be more stable than the at or near the rate of diffusion. When reactions approach the
dissociated ion80 and 31.7* There could be a barrier for the  diffusion rate limit, stereoelectronic effects cannot control the
nucleophilic addition that forms nitril@3, but our data indicate ~ reaction outcome, because the stereochemistry-determining step
that nucleophilic capture through ion p&2 is fast relative to occurs before bond formation. Stereoelectronic control over
its dissociation Kny > k-1). Therefore, the selectivity for the these reactions can be re-established by either stabilizing the
formation of diastereomeric producd8 is dependent on the  charged intermediates (both the nucleophile and electrophile)

rate formation of the diastereomeric ion pa®2 (k;), not the in polar media or by structurally attenuating the electrophilicity
rates of nucleophilic capturé), consistent with our hypothesis  of the oxocarbenium ion intermediate (eqs 4 and 5). These
(vide supra, Scheme 3). studies indicate that consideration of the reactivities of both the
nucleophile and the electrophile is essential to using stereo-
K ) electronic models to predict reaction outcomes.
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