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Table II. Reaction of Aldehydes with Chiral 2-Haloallyl Boranes 11 
and 12 (S,S>Forms, at -78 0C in CH2Cl2 To Give Alcohols 13 and 
14, Respectively 

R ofRCHO 

C6H5 

C6H5 

(E)-C6H5CH=CH 
(£>C 6 H 5 CH=CH 
C-C6H1, 
C-C6H1, 
/1-C5H11 

"-C5H11 

reagent 

11 
12 
11 
12 
11 
12 
11 
12 

% yield of 
13 or 14 

73 
79 
79 
84 
75 
81 
71 
77 

% ee of 
13 or 14 

79 
84 
87 
92 
94 
99 
94 
99 

abs config 

5 
S 
S 
S 
S 
S 
R 
R 

Scheme I0 

HQ H 

Bu3Sn H PCH2OCH3 

.^k^-R 

JOC 

HQ H 

f H Q H c > d , C ] f XX, 
H 

.O.I..R - °*a-
H2C 

O H OCOC6H5 

c, d, g 

CH3OCH2Q H 

Me3Sj H OCH2OCH3 

"Transformations of 13, R = cyclohexyl, reagents and conditions: 
(a) 3.3 equiv of /-BuLi, Et2O, -78 0C, 2 h; H2O, 75%; (b) 2.5 equiv of 
/-BuOK, THF, O 0C, 1 h, 91%; (c) CH3OCH2Cl, /-Pr2NEt, CH2Cl2, 
23 0C, 1Oh, 95%; (d) 2.1 equiv of/-BuLi, THF,-78 0C, 2 h; (e) CO2, 
THF, O 0C, 1 h, 73%; (f) 4 N HCl, 15:1 H2O-THF, 60 0C, 2 h, 94%; 
(g) CH2O, THF, -10 0C, 1 h, 95%; (h) 2 equiv of Me3SiCl, THF, O 
0 C, 1 h, 87%; (i) C6H5COCl, pyridine, 23 0 C, 1 h, 95%; 2 equiv of 
Hg(OCOCF3)2, CH3NO2, 23 0C, 1 h; pH = 1, H2O-THF, 1 h, 89%; 
(j) 2 equiv of Hg(OCOCF3)2, CH3NO2, 23 0C, 1 h; 10 equiv of K2C-
O3, H2O-THF, 23 0C, 2.5 h, 91%; (k) (/!-Bu)3SnOTf, THF, -78 0C, 1 
h, 82%. 

The synthetic utility of the 2-haloallyl carbinols 13 and 14 is 
clear from a number of transformations which have been dem
onstrated for both. Scheme 1 summarizes several of these con
versions for the specific case of bromide 13, R = cyclohexyl; they 
proceed as well with the corresponding chloride 14, R = cyclo
hexyl. The combination of outstanding and predictable enan-
tioselectivity and the versatility of the adducts 13 and 14 suggests 
that this methodology will be widely useful. 

Although the scope of the new enantioselective chemistry de
scribed herein is still under investigation, the general pattern of 
results obtained thus far encourages optimism. The methallyl 
analogue of 11 or 12, which is not expected to be as favorable 
with regard to enantioselectivity, still affords with hexanal adduct 
15, X = CH3, R = "-C5H1, in 88% ee (79% isolated yield). The 

H Me 

16 R = C6H5, E-C6H5CH=CH, 
CyCIo-C6H11, H-C6H11 

/ra«5-crotyl analogue of 2 reacts in THF solution at -78 0C with 
the four aldehydes listed in Tables I and II to form mainly the 
anti adducts 16 in 74-82% yield with ee's in the range 91-95%. 
We believe that the enantioselective allylation of aldehydes, a 
process of clear synthetic potential, has advanced to a new level 
of practicality and predictability as a result of the present in
vestigation because of the efficacy and simplicity of the reaction 
and the ready availability and efficient recovery of the chiral 
controller.9 

Supplementary Material Available: An experimental procedure 
is given for the preparation of 1, 2, and 3,R = C6H5 (2 pages). 
Ordering information is given on any current masthead page. 

(8) The preparation of 2-bromoallyltri-n-butyltin was accomplished by the 
following sequence: (1) mesylation of 2-bromo-2-propen-l-ol with 1.1 equiv 
of methanesulfonyl chloride and 1.5 equiv of triethylamine in methylene 
chloride at O 0C for 1 h (91% after distillation); and (2) reaction of this 
mesylate at -78 0C to O 0C for 2.5 h with a reagent made from tri-n-butyl-
tinlithium (Still, W. C. J. Am. Chem. Soc. 1978, 100, 1481) and 1.0 equiv 
of cuprous bromide-dimethyl sulfide complex in THF at -78 0C for 2 h to 
form 2-bromoallyltri-«-butyltin in 89% yield. The corresponding 2-chloro-
allyltin reagent was prepared in the same way. 

(9) This research was assisted financially by grants from the National 
Science Foundation and the National Institutes of Health. 

The enantioselective addition of substituted allyl groups to 
aldehydes at -78 0C has been demonstrated in a number of cases. 
The 2-haloallyl reagents 11 and 12 were made by reaction of the 
(S.fO-enantiomer of 1 with the corresponding 2-haloallyltri-n-
butyltin8 at 0 0C initially and then 23 0C for 20 h. Table II 
summarizes the results. The absolute configuration of each 
product was established by dehalogenation to the corresponding 
allyl carbinols (ent-3) (reaction with 3.3 equiv of /e/7-butyllithium 
in ether at -78 0C for 2 h followed by quenching with aqueous 
acid) and measurement of optical rotation; ee values were de
termined by 500 MHz 1H NMR analysis of the MTPA esters. 
In each case the favored transition state for the reaction of al
dehydes with 11 or 12 is analogous to 4a/4b although it is apparent 
that the degree of enantioselectivity diminishes somewhat for the 
series of chiral borane reagents in the order allyl (2) > 2-chloroallyl 
(12) > 2-bromoallyl (11). 

C6Hs1 

ToISO2N1 
W 

I 

i 
X 

11 X = Br 
12 X = CI 

P6H5 

NSO2ToI 

CH2 

XX, 
13 X = Br 
14 X = CI 
15 X = CH3 
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The rates of electron self-exchange for redox couples of coor
dination complexes and organic compounds have often been de
termined directly by using isotope tracer methods and spectroscopic 
line-broadening methods and indirectly by measuring rates of 
electron transfer between related complexes and applying the cross 
relationship of Marcus theory.'-2 For main-group compounds, 
however, only indirect measurements have been used. In this way 
we now have estimates of the self-exchange rate constants for the 
following systems in aqueous solution: N02/N02~,3 C102/C102",4 

(1) Eberson, L. Electron Transfer Reactions in Organic Chemistry; 
Springer-Verlag: New York, 1987. 

(2) Marcus, R. A.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265-322. 
(3) Ram, M. S.; Stanbury, D. M. J. Am. Chem. Soc. 1984, 106, 

8136-8142. 
(4) Stanbury, D. M.; Lednicky, L. A. J. Am. Chem. Soc. 1984, /OrJ, 

2847-2853. 
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Table I. Rate Data for 15NO2" Solutions Bubbled with NO2" 

bubbling [15NO2-], Cl[NO3-]/ d[1 5N03"]/ A1
17V 

time 

40 
40 
60 
80 
80 
22^ 
80c 

31C 
31 5^ 

70 
90 
80 

mM 

1.2 
1.1 
1.3 
1.1 
1.1 
1.1 
1.1 
1.0 
1.1 
0.22 
3.1 
3.4 

dr 
1.3 X 10"7 

1.3 X 10"7 

1.3 X 10"7 

1.7 X 10"7 

1.8 X 10"7 

3.2 X 10"7 

1.4 X 10"7 

2.2 X 10"8 

2.3 X 10"8 

2.0 X 10"7 

2.2 X 10"7 

1.3 X 10"7 

dr 
1.2 X 10"8 

1.1 X 10"8 

1.2 X 10"8 

1.3 X 10"8 

1.4 X 10"8 

2.5 X 10"8 

1.6 X 10"8 

4.9 X 10"9 

5.9 X 10"' 
6.0 X 10"9 

3.3 X 10"8 

2.2 X 10"8 

ki 

16 
16 
17 
16 
15 
11 
11 
11 
10 
8 

18 
22 

"Bubbling time in minutes, rates in M s '. All reactions performed 
at 25 0C, in 4 mM NaOH, with 100 ppm NO2, and a gas flow rate of 
=0.8 L min"1. / t ,1 /2 /^ = [1 5NO2"]^, - 2R1YI1I(IR1). *Gas flow 
rate = 2.2 L min"1. ""Unrecrystallized Na15NO2 used. 1 ' l 7 p p m N 0 2 . 

S 0 2 / S 0 2 " , 5 N3/N3-,6 0 2 / 0 2 - , 7 SO3-/SO32- ,8I2 /I2",9 Br2/Br2-,10 

C12/C12',
10 I/I"," 0N(S03)2

2-/0N(S03)2
3",12 H 0 2 / H O f ,13 and 

C02/C02".14 The present work describes the first experimental 
measurement of electron self-exchange for a main-group system 
in aqueous solution, namely the N0 2 /N0 2 ~ system. 

Our method uses competition kinetics between the following 
reactions 

2N02(aq) + H2O — NO2" + NO3- + 2H+ fc, (1) 

N02 ( a q ) + 15NO2- - NO2" + 15NO2 k2 (2) 

It owes much to a prior study of NO2 hydrolysis,15 in which 18O 
tracer experiments provided qualitative evidence that electron 
exchange occurs. 

Na15NO2 (99% 15N, CIL) as supplied contained about 7% 
NO3-. This level of contamination was reduced to 1.7% by re-
crystallization from 71% v/v ethanol/water. Reactant solutions 
were prepared with this Na15NO2 and sufficient NaOH-H2O 
("Ultrapure", Alfa) to ensure that the solutions remained alkaline 
at all times. Each 70-mL sample was divided into halves. One 
half was added to the reactor, a 25 °C water-jacketed 2 X 50 cm 
vertical tube having a sintered-glass frit at the bottom. A dilute 
mixture of NO2 in N2 was allowed to flow vigorously through the 
frit into the solution, and the solution was then analyzed for NO3" 
by ion chromatography (Wescan Ion Analyzer, conductivity de
tection). An aliquot of natural abundance NaNO3 (as internal 
standard) was added to the second half. Both halves were analyzed 
according to the method of Ligon and Dorn,16 by using nega
tive-ion FAB mass spectrometry on a VG-70EHF instrument. 
Ratios of 15NO3-Z

14NO3- were obtained by alternately focusing 
on the two ion signals. The isotope ratio for the second half showed 
the amount of 15NO3" introduced with the 15NO2". The amount 
of NO3" generated by bubbling was calculated as the amount 
determined by ion-chromatography minus the amount introduced 
with the 15NO2". The amount of 15NO3" generated by bubbling 
was determined from the isotope ratio, the total NO3" generated, 
and the amount introduced with the 15NO2" (15N deriving from 
natural abundance in the NO2 was neglected). The rates, R1 as 
d[N03"]/dr a n d ^2 as d[15N03"]/dr, were calculated by dividing 

(5) Simmons, C. A.; Bakac, A.; Espenson, J. H. lnorg. Chem. 1989, 28, 
581-584. 

(6) Ram, M. S.; Stanbury, D. M. J. Phys. Chem. 1986, 90, 3691-3696. 
(7) Zahir, K.; Espenson, J. H.; Bakac, A. J. Am. Chem. Soc. 1988, JJO, 

5059-5063. 
(8) Huie, R. E.; Neta, P. J. Phys. Chem. 1986, 90, 1193-1198. 
(9) Rudgewick-Brown, N.; Cannon, R. D. J. Chem. Soc, Daiton Trans. 

1984, 479-481. 
(10) Ige, J.; Ojo, J. F.; Olubuyide, O. Can. J. Chem. 1979, 57, 2065-2070. 
(11) Fairbank, M. G.; McAuley, A. Inorg. Chem. 1987, 26, 2844-2848. 
(12) Balasubramanian. P. N.; Gould, E. S. Inorg. Chem. 1983, 22, 

1100-1102. 
(13) Macartney, D. H. Can. J. Chem. 1985, 64, 1936-1942. 
(14) Schwarz, H. A.; Creutz, C; Sutin, N. Inorg. Chem. 1985, 24, 

433-439. 
(15) Anbar, M.; Taube, H. J. Am. Chem. Soc. 1955, 77, 2993-2994. 
(16) Ligon, W. V„ Jr.; Dorn, S. B. Anal. Chem. 1985, 57, 1993-1995. 
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the amounts generated by the bubbling times. 
From reactions 1 and 2 above, we have #1 = ^i[14N02(aq)]ss

2 

+ M 1 4 N0 2 ( a q ) U
1 5 N0 2 ( a q ) ] s s , and 2R2 = /C1[14NO2^]55-

[15N02(aq)]55 (neglecting the self reaction of 15N02(aq) and kinetic 
isotope effects), where the subscript ss designates the steady-state 
concentration. Thus ^ 1 - 2.R2 = ^i[14N02(aq)]ss

2, or [14N02(aq)]5S 

= ((_/?, - 2R2)Ik1YI1. Moreover the mechanism implies that 2R2 

= M14NO2(^]J15NO2-] (as long as [14NO2"] is low), so we obtain 
the final expression k^2/k2 = [15NO2I(Z?, - 2R2y'2/{2R2). The 
compounded random errors lead to an estimated uncertainty in 
this final ratio of a factor of 2, which is close to the observed 
fluctuations seen in Table I. 

There are various possible sources of systematic error. (1) As 
14NO2" accumulates, exchange will diminish [l5N02(aq)]S5; cor
rection for this effect is difficult, but it is not expected to be 
significant except possibly in the experiments at low NO2 partial 
pressures. (2) A central assumption is that the distribution of 
NO2 is homogeneous in solution, i.e., that its hydrolysis does not 
occur immediately in the regions close to the bubbles. This 
problem has been examined for N0 2 /N 2 mixtures.17 Our reactor 
has been designed to generate conditions of homogeneous dis
tribution, and experiments with variable flow rates and variable 
NO2 partial pressures show that the assumption is good. However, 
the mild dependence of kx^

2/k2 on [15NO2"] may reflect some 
degree of breakdown in the assumption of homogeneous distri
bution. (3) Another assumption is that [N02(aq)]55 is constant 
during the experiment. NO2 is very reactive, for example, oxi
dizing uric acid (pH 7.5, phosphate buffer) with great efficiency 
in our reactor, so impurities may scavenge NO2 during the initial 
period of bubbling. The experiments with variable periods of 
bubbling show that this is not a major problem. (4) Carbonate 
in the sample may perturb the isotopic ratio; however, blank runs 
have shown that this too is not a problem. (5) Direct exchange 
between NO2" and NO3" has been shown to occur only in acidic 
media;18 we have found that our samples are isotopically stable 
for periods of two months. 

Another potential complication is that the reaction 
14N02(aq) + 15NO2" ^ 15NO3- + 14NO(aq) kz, A_„ K1 (3) 

is our source of 15NO3-. If this were to occur, its reverse would 
lead to the reaction 

2NO(aq) + NO3" + 2OH" — 3NO2- + H2O K4 (4) 

with the rate-limiting step being k_}. Solutions containing 0.5 
M NaNO3 and 4 mM NaOH, when prepared anaerobically and 
then saturated with NO, after 5.7 days yield <0.5 mM NO2" 
(Wescan, amperometry). From standard thermochemical data19 

the value of K61 is 1.1 X 1020 M"2, and thus reaction 4 should 
proceed to completion. Since [NO(aq)] is 1.9 mM,20 the upper 
limit for k_3 is 3.6 X 10"7 M"1 s"\ which is consistent with prior 
studies.21 Established thermochemical data19'22,23 give a value 
of 4.7 X 105 for K2, which then yields an upper limit of 0.17 M"1 

s"1 for k-j. Since the electron-exchange rate constant derived below 
exceeds this value considerably, it can be concluded that the 
isotopic incorporation occurs by electron transfer rather than atom 
transfer. 

From the results in Table I the ratio k^2jk2 has the value 14 
± 4 M1/2 s1/2. The literature value of A1 is 6.5 X 107 M"1 s"\ but 
it has an uncertainty of a factor of 2.20 Thus a value of k2 = 580 
M"1 s"1 (within a factor of 3) is obtained for the self-exchange 
rate constant for the N02 ( a q ) /N02" couple. The value of k2 may 

(17) Lee, Y.-N.; Schwartz, S. E. J. Phys. Chem. 1981, 85, 840-848. 
(18) Akhtar M. J.; Axente, D.; Bonner, F. T. J. Chem. Phys. 1979, 71, 

3570-3572. 
(19) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; 

Halow, L; Bailey, S. M.; Churney, K. I..; Nuttall, R. L. J. Phys. Chem. Ref. 
Data 1982, 11, Supplement no. 2. 

(20) Schwartz, S. E.; White, W. H. In Trace Atmospheric Constituents: 
Properties, Transformations, & Fates; Schwartz, S. E., Ed.; Wiley: New 
York, 1983; pp 1-116. 

(21) Jordan, S.; Bonner, F. T. Inorg. Chem. 1973, 12, 1369-1373. 
(22) Park, J.-Y.; Lee, Y.-N. J. Phys. Chem. 1988, 92, 6294-6302. 
(23) Stanbury, D. M. Adv. Inorg. Chem. 1989, in press. 
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be contrasted with the value of 2 X 10~2 M"1 s"1 obtained from 
studies using the Marcus cross-relationship.3 Apparently the direct 
self-exchange reaction occurs by a pathway that is more efficient 
than the outer-sphere mechanism implicit in Marcus theory. 
Presumably the transition state has substantial bonding between 
N02 ( a q) and NO2". As noted in our study of the reaction between 
ClO2 and NO2", strong overlap in the transition state may be a 
general property of main-group electron-transfer reactions.24 

Acknowledgment. This research was supported by the N S F , 
Grant CHE-8716929. Dr R. Smith is thanked for his contribu
tions with the uric acid experiments. 

(24) Stanbury, D. M.; Martinez, R.; Tseng, E.; Miller, C. E. lnorg. Chem. 
1988, 27, 4277-4280. 
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The biosynthesis of orsellinie acid (1 , Scheme I) involves the 
assembly of one molecule of acetyl-CoA and three molecules of 
malonyl-CoA into a tetraketide which then cyclizes, connecting 
carbons 2 and 7, and enolizes to the final structure. The enzyme 
catalyzing this process has been isolated from Penicillium madriti 
and some of its properties have been reported.1 

Following the elucidation of the steric course of fatty acid 
formation by Cornforth and his colleagues,2 various aspects of 
the stereochemistry of polyketide biosynthesis have been studied 
in different systems.3 However, except in a few cases, e.g., 
6-methylsalicylic acid and rubrofusarin formation,4 no information 
has been obtained on the stereospecificity of hydrogen removal 
from the polyketide precursor, by enolization or dehydration, 
during the transformation into aromatic products. The recent 
synthesis of the two enantiomers of chirally labeled malonate5 and 

* The University of Tokyo, Bunkyo-ku. 
'The University of Tokyo, Meguro-ku. 
§ Purdue University. 
xThe Ohio State University. 
11 University of Washington. 
(1) Gaucher, G. M.; Shepherd, M. G. Diochem. Biophys. Res. Commun. 

1968, 32, 664. 
(2) (a) Sedgwick, B.; Cornforth, J. W. Eur. J. Biochem. 1977, 75, 465. (b) 

Sedgwick, B.; Cornforth, J. W.; French, S. J.; Gray, R. T.; Kelstrup, E.; 
Willadsen, P. Eur. J. Biochem. 1977, 75, 481. (c) Sedgwick, B.; Morris, D.; 
French, S. J. J. Chem. Soc, Chem. Commun. 1978, 193. 

(3) For example: (a) Abell, C; Staunton, J. J. Chem. Soc, Chem. Com
mun. 1981, 856. (b) Hutchinson, C. R.; Kurobane, I.; Cane, D. E.; Hasler, 
H.; Mclnnes, A. G. J. Am. Chem. Soc. 1981, 103, 2477. (c) Hutchinson, C. 
R.; Sherman, M. M.; Mclnnes, A. G.; Walter, J. A.; Vederas, J. C. J. Am. 
Chem. Soc 1981, 103, 5956. (d) Moore, R. N.; Bigam, G.; Chan, J. K.; 
Hogg, A. M.; Nakeshima, T. T.; Vederas, J. C. J. Am. Chem. Soc 1985, 107, 
3694. (e) Cane, D. E.; Liang, T.-C; Taylor, P. B.; Chang, C; Yang, C-C. 
J. Am. Chem. Soc. 1986, 108, 4957. 

(4) (a) Abell, C; Staunton, J. /. Chem. Soc, Chem. Commun. 1984, 1005. 
(b) Leeper, F. J.; Staunton, J. J. Chem. Soc, Perkin Trans. I 1984, 2919. 
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Figure 1. A: GC-mass spectrum of unlabeled dimethyl orsellinate; B, 
C: molecular ion region of the mass spectra of dimethyl orsellinate from 
(A) fl-[l,2-13C2,

2H,]malonate and (B) S - I U - ' ^ ^ H J m a l o n a t e . 

the availability of orsellinie acid synthase6 enabled us to examine 
this question. 

S- and 7?-[l,2-1 3C2 ,2-2H1]malonate were prepared from 
(2S,3#H2,3- ,3C2,3-2H,]malate and (2S,3S)-[2,3-13C2,2,3-
2H2]malate, respectively, by oxidation with an equimolar amount 
of KMnO4 at pH 9.5 for 15 or 40 min,5a respectively, at room 
temperature. Without isolation, these samples were used directly 
in enzyme incubations containing 6 milliunits of orsellinie acid 
synthase from Penicillium cyclopium6 and 3.75 units7 of succi-

(5) (a) Huang, S.; Beale, J. M.; Keller, P. J.; Floss, H. G. / . Am. Chem. 
Soc 1986, 108, 1100. (b) Jordan, P. M.; Spencer, J. B.; Corina, D. L. J. 
Chem. Soc, Chem. Commun. 1986, 911. 

(6) Woo, E.-R.; Fujii, I.; Ebizuka, Y.; Sankawa, U., unpublished work. 
(7) As defined with succinate and acetoacetyl-CoA as substrates; the ac

tivity of the enzyme with malonate as substrate is 42 times lower. 
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