
1068 J. Org. Chem. 1991,56, 1068-1074 

Asymmetric Reductions of Prochiral Ketones with Lithium 
[2- [2- (Benzyloxy)ethyl]-6,6-dimet hy 1 bic yclo[ 3.1.1 1-3-nony ll-9- boratabicyclo- 

[3.3.l]nonane (Lithium NB-Enantride) and Its Derivatives 

M. Mark Midland,* Aleksander Kazubski, and Richard E. Woodling 

Department of Chemistry, University of California, Riverside, California 92521 -0403 

Received August IO, 1988 

NB-Enantride, prepared by hydroboration of nopyl benzyl ether with 9-borabicyclo[3.3.1]nonane (9-BBN) 
followed by treatment with tert-butyllithium, is an effective asymmetric reducing agent. Especially noteworthy 
is the fact that it can reduce aliphatic ketones such aa 2-octanone or 2-butanone in efficiencies approaching 80% 
enantiomeric excess. Several analogues have been tested in order to probe the structural features which contribute 
to making this reagent effective. The ether group evidently plays a role in obtaining high selectivity, since changing 
oxygen to nitrogen or sulfur causes a drop in selectivity. Moving the ether group by one atom in either direction 
or making it more hindered causes a drop in selectivity. However, replacing the OCH2C6H5 group with a methyl 
group also results in an effective reducing agent and suggests that steric factors play an important role. The 
lithium cation was also found to be very important. Whereas the lithium compound reduced acetophenone within 
minutes at -78 "C, the potassium analogue gave no reduction over an extended period. At higher temperatures 
(-65 "C) reduction did slowly occur with the potassium compound, but the selectivity was greatly reduced in 
comparison to the lithium compound. 

Introduction 
One of the potentially easiest methods for the prepa- 

ration of optically active alcohols is the asymmetric re- 
duction of prochiral ketones. Among other methods' this 
transformation may be achieved by the use of metal hy- 
drides in which chiral moieties are ligated to the metal. 
High asymmetric reductions have been reported in indi- 
vidual cases. Most of the effective reagents are derived 
from modifications of lithium aluminum hydrides.* The 
use of modified borohydrides has met with limited success 
with a few notable exceptions.'J This lack of enantiose- 
lectivity contrasts the very high stereoselectivity obtained 
with trialkylborohydrides such as L-Sele~t r ide .~ ,~  

We have observed that the lithium borohydride derived 
from hydroboration of nopyl benzyl ether (1) with 9-BBN 
and treatment with tert-butyllithium is a remarkably ef- 
fective asymmetric reducing agenta6 This reagent, NB- 
Enantride4 (3) was found to be especially effective for 
aliphatic methyl ketones such as 2-butanone and 2-octa- 
none. The results are especially surprising when one 
considers that the structurally very closely related Al- 
pine-hydride4 (derived from a-pinene) gives low enan- 

(1 )  Mosher, H. S.; Morrison, J. D. Science 1983, 221, 1013. For an 
extensive review of asymmetric synthesis, see: Asymmetric Synthesis; 
Morrison, J. D., Ed.; Academic Press: New York, 1983-1984; Vols. 1-4. 
(a) Sato, T.; Wollmann, T. A,; Kennedy, R. M.; Masamune, S. J. Am. 
Chem. SOC. 1986,108,7402. (b) Corey, E. J.; Bakshi, R. K.; Shibata, S. 
Ibid. 1987, 109,5551. (c) Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, 
C.-P.; Singh, V. K. Ibid. 1987, 109, 7925. (d) Corey, E. J.; Link, J. 0. 
Tetrahedron Lett. 1988, 30,6275. (e) Corey, E. J.; Bakshi, R. K. Ibid. 
1990,31,611. (0 Itsumo, S.; Nakano, M.; Miyazaki, K.; Masuda, H.; Ito, 
K.; Hirao, A,; Nakahama, S. J. Chem. Soc., Perkin Trans. 1 1985, 2039. 
(9)  Itsumo, S.; Nakano, M.; Ito, K.; Hirao, A,; Owa, M.; Kanda, N.; 
Nakahama, S. Ibid. 1985,215. (h) Brown, H. C.; Chandrasekharan, J.; 
Ramachandran, P. V. J. Am. Chem. SOC. 1988,110,1539. (i) Brown, H. 
C.; Cho, B. T.; Park, W. S. J. Org. Chem. 1988,53,1231 and references 
within these papers. For a comparison of relative effectiveness of various 
reducing agents, see: Brown, H. C.; Park, W. S.; Cho, B. T.; Ramachan- 
dian, P. V. J. Org. Chem. 1987, 52, 5406. 

(2) Grandbois, E. R.; Howard, S. I.; Morrison, J. D. Asymmetric 
Synthesis; Morrison, J. D., Ed.; Academic Press: New York, 1983; Vol. 
2, Chapter 3. 

(3) Midland, M. M. Asymmetric Synthesis; Morrison, J. D., Ed.; Ac- 
ademic Press: New York, 1983; Vol. 2, Chapter 2. 

(4) Trademark of Aldrich Chemical Co. 
( 5 )  (a) Brown, H. C.; Krishnamurthy, S. J. Am. Chem. SOC. 1972,94, 

7159. (b) Brown, C. A. Ibid. 1973, 95, 4100. (c) Brown, C. A. J. Org. 
Chem. 1974,39, 3913. 

(6) Midland, M. M.; Kazubski, A. J. Org. Chem. 1982,47, 2495. 
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tiomeric purities.' Likewise the compound with one less 
carbon in the ether side chain (derived from myrtenyl 
benzyl ether) gave 1-phenyl ethanol of only 15% ee. In 
order to ascertain the structural features which contribute 
to the high selectivity with NB-Enantride, a number of 
analogues have been prepared. The results are presented 
herein. 

Results and Discussion 
The reduction of a variety of ketones with NB-Enantride 

has been previously reported.6 The results are summarized 
in Table I. In general, all reductions provide the S en- 
antiomer except in the cases of a,a,a-trifluoroacetophenone 
and 4-heptyn-3-one in which the priorities of the large and 
small groups are reversed. The initial reductions were 
performed a t  -100 O C .  At -78 "C there is a slight loss in 
selectivity. 

One of the major drawbacks of most asymmetric re- 
ducing agents is that they are effective only for aromatic 
ketones. These results are to be expected in light of the 
proposed mechanism for asymmetric reductions which 
requires a dovetailing of large and small groups on the 
reducing agent and carbonyl.8 Since a methyl and a 
straight-chain alkyl group have virtually the same steric 
size, the two faces of the carbonyl are not adequately 
distinguished. Furthermore, the electronic differences 
between an aromatic group and an alkyl group may play 
an important role. For example, the s-cloud of an acety- 
lene group often makes an acetylene behave as an aromatic 

(7) Brown, H. C.; Krishnamurthy, S.; Vcgel, F. J.  Org. Chem. 1977,42, 

(8) Morrison, J. D.; Mosher, H. S. Asymmetric Organic Reactions; 
2534. 

Prentice Hall: New York 1971; p 164. 
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Table I. Asymmetric Reductions of Ketones with 
NB-Enantride and Alpine-Hydride' 

ketone % ee' ketone % eea 
acetophenone 77 (8) (17) 3,3-dimethyl-2- 2 ( S )  (3) 
n,n,a-trifluoro- 50 (R)* butanone 

acetophenone 4-methyl-2- 30 (S) (16) 
butyrophenone 54 (8) pentanone 
0-' ionone 20 ( S )  3-methyl-2- 68 (S) (36) 
4-heptyn-%one 30 ( R )  butanone 
4-phenyl-3-butyn- 10 (8) 2-butanone 76 ( S )  (29) 

2-one 2-octanone 79 (S) 

Results for Alpine-Hydride are in parentheses and are based on 
rotations.' Results for NB-Enantride are detd. by NMR analysis 
using Eu(dcm), or Eu(hfc),. The absolute configuration was detd. 
by comparison of the sign of rotation to literature values. All 
NB-Enantride redns. were run at  -100 O C  except for the aceto- 
phenone case (-78 "C). All Alpine-Hydride results are at -78 "C. 
bThe enantiomeric excess was determined by HPLC using a Pirkle 
column: Pirkle, W. H.; Finn, J. M. J.  Org. Chem. 1981, 46, 2935. 

groupag Surprisingly, NB-Enantride is effective for ali- 
phatic ketones in which the two alkyl groups have rather 
similar sizes such as 2-butanone and 2-octanone. For ex- 
ample, 2-octanol is obtained in 79% ee, one of the highest 
obtained for a chemical reduction. However, it  is inef- 
fective when the alkyl groups are very different in size as 
in 3,3-dimethyl-2-butanone. 

A working model for the asymmetric reduction of ke- 
tones with NB-Enantride must accommodate the fact that 
the side chain plays an important role in obtaining high 
efficiency. We chose to start with a 10-membered ring 
model which complexes the lithium cation between the 
oxygen of the benzyl ether side chain and the oxygen of 
the ketone functionality. Although it is unlikely that this 
model resembles the transition state (vide infra), it may 
at  least be used as a mnemonic model for predicting the 
absolute configuration of the product. 

Molecular mechanics calculations by Still established 
that the lowest energy conformation of cyclodecane is the 
boat-chair-boat (BCB) conformation and that the A value 
for a methyl group at the 1- or 3-position can be very high 
(6.6 and 9.2 kcal/mol).10 Our own calculations on chair- 
chair-chair, chair-boat-chair and chair-chair-boat con- 
formations confirms the observation that the 1- and 3- 
positions have a high bias for an equatorial substituent 

In applying this information to the model for NB-En- 
antride, the ketone is placed in the 3-position of the cy- 
clodecane ring. The pinane ring is essentially conforma- 
tionally locked, and the ether side chain and borohydride 
substituent must be on opposite sides of the plane defined 
by the pinane ring (due to the stereochemistry of hydro- 
boration). The ketone is oriented such that the largest 
group is placed in the lowest energy position, i.e. the 
equatorial position. 

Probing the model of this reducing agent can be ac- 
complished in several different ways. The model predicts 
that the complexing ability of the lithium cation is im- 
portant in forming the 10-membered ring. Changing the 
metal atom of the cation to other metals with different 
complexing abilities should affect the transition state and 
observed selectivity. Along this line of reasoning, relocating 
or changing the benzyl ether oxygen atom to atoms with 

(9) Vigneron, J. P.; Bloy, V. Tetrahedron Lett .  1979, 2683. 
(10) Still, W. C.; Galynker, I. Tetrahedron 1981, 37, 3981. 

n 

Figure 1. A predictive model for asymmetric reductions with 
NB-Enantride. 

lower or no complexing abilities should also have drastic 
effects upon the reduction. The benzyl substituent of the 
ether group can also be changed to see if any effect upon 
selectivity is observed. Finally, disrupting the steric en- 
vironment at the ll-position of the nopyl group should also 
have a large effect on reductions with this reagent. 

Cation Effects upon Rate and Selectivity of Re- 
duction of Ketones with NB-Enantride. The metal 
cation can play an important role in hydride reductions. 
Early reports established a large difference between the 
reactivity of lithium borohydride and sodium borohydride. 
For example, sodium borohydride reduces esters very 
slowly, while lithium borohydride reduces esters much 
more readily." 

The cation is predicted to be a very important element 
in the proposed model for the reduction of ketones with 
NB-Enantride. In order to investigate this idea, a variety 
of reagents with various cations were prepared from the 
potassium borohydride reagent by exchange of the cation. 
The potassium (KNBE) reagent was readily prepared by 
treatment of the trialkylborane with potassium triiso- 
propoxyborohydride.12 Upon equilibration, no potassium 
triisopropoxyborohydride was present, as observed by llB 
NMR. Addition of metal salts to this solution resulted in 
the precipitation of potassium chloride and formation of 
the new metal borohydride as evidenced by the llB NMR. 

Several cation derivatives of NB-Enantride were used 
to reduce acetophenone, and the extent of asymmetric 
reduction and relative rate of reduction were measured. 
For the lithium NB-Enantride reduction of acetophenone, 
a half-life of less than 60 s was observed at  -78 "C. On 
the other hand, no reduction of acetophenone was ob- 
served with potassium NB-Enantride (KNBE), even after 
200 h. The reaction of KNBE and acetophenone did not 
occur until the temperature was raised to -65 "C. At this 
temperature, the reaction still took over 20 h for comple- 
tion. The half-life was observed to be 150 min. In addition 
to the decreased rate of reduction, KNBE was much less 
effective as an asymmetric reducing agent. The reagent 
was comparable to Alpine-hydride' in selectivity (21% ee 
at -65 "C). 

The decreased rate and enantioselectivity observed with 
KNBE is also seen with other metal ions (ZnC12, 44% ee; 
MgCl,, 19% ee; Ti(Oi-Pr)4, 15% ee; ZnCp2C12, 11% ee). 
Though some were slightly higher than the potassium ion, 
all were within a close proximity of each other. Further- 
more, none of the other metal borohydrides were observed 
to react with acetophenone below -65 OC. 

This large selectivity and rate difference, caused solely 
by metal ion changes, has never been reported for tri- 

(11) (a) Nystrom, R. F.; Chaikin, S. W.; Brown, W. G. J. Am. Chem. 
Soc. 1949, 71,3245. (b) Kollinitsch, J.; Fuchs, P.; Gabor, P. Nature 1955, 
175,346. (c) Brown, H. C.; Narasimhan, S.; Choi, Y. M. J. Am. Chem. 
SOC. 1982, 47, 4702. 

(12) Brown, C. A.; Krishnamuirthy, S. J. Organomet. Chem. 1978,156, 
111. 
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Table 11. Reduction of Acetophenone with Ether 
Derivatives of NB-Enantride, at -78 O C  

ether group % ee" ether group % ee" 
benzyl 77 THP 46 
Me 72 CHZOME 27 
TBDMS 57 

" All products of S absolute configuration. Enantiomeric excess 
detd. using Eu(hf& 

alkylborohydrides. All reports to date have shown only 
slightly changes in observed selectivity caused by changing 
the metal ion. In the case of L-Selectride, very little 
difference in selectivity is observed in the reduction of 
unsubstituted  cyclohexanone^.^ Furthermore, no differ- 
ence in rate of reduction is reported. Very similar results 
are observed with LS-Selectride4 and KS-Sele~tride.~.~ 

Homologues of NB-Enantride. The structure of the 
side chain appears to be of critical importance in achieving 
high selectivity with NB-enantride. In the original dis- 
closure of this reducing agent it was mentioned that the 
one carbon smaller homologue of NB-Enantride (prepared 
from myrtenol) reduced acetophenone in only 15% ee. In 
order to grasp a better understanding of the importance 
of the positioning of the oxygen atom, a homologue of 
NB-Enantride with one more carbon atom in the side 
chain (6,f3-dimethylbicyclo[3.1.l]hept-2-ene-2-(3'-propanol), 
homonopol) was synthesized. The homologue was pre- 
pared from nopol by conversion via the bromide to the 
Grignard and addition to formaldehyde, and subsequent 
transformation to the benzyl ether and then to the cor- 
responding lithium trialkylborohydride. 

A moderate enantioselectivity of 45% ee was observed 
in the reduction of acetophenone with this homologue of 
NB-Enantride. The product was of the same absolute 
stereochemistry, S,  as that observed in the NB-Enantride 
reduction of this ketone. This result is intermediate be- 
tween the one carbon smaller homologue synthesized from 
myrentol and NB-Enantride. 

Effect of Oxygen Protecting Group. A variety of 
ether protecting groups can be accommodated in the 
reagent. The results of reduction of acetophenone with 
the corresponding trialkylborohydrides are presented in 
Table 11. The results of the benzyl ether are included for 
comparison. 

There appears to be very little correlation between the 
size of the ether group and the enantioselectivity. This 
can be seen if one compares the methyl-substituted ether 
to the tert-butyldimethylsilyl (TBDMS) ether. In general, 
all selectivities but the last entry in Table I1 are within 
a close proximity of one another. In the case of the last 
two entries, there are two possible sites for coordination 
of the lithium atom. The lower results with the last two 
entries are in agreement with potential complexation of 
lithium a t  the 13-position, as in the homologue derivative 
described above. 

Heteroatom Analogues. With the above results in- 
dicating a large importance for the oxygen atom, the next 
step was to place a different atom in this position. The 
premise is based upon the fact that other heteroatoms 
should complex differently to the lithium atom and thus 
change the selectivity observed by the reagent. 

The aza and thia analogues of NB-Enantride were syn- 
thesized from nopyl tosylate and hydroborated with 9- 
BBN. The hydroboration occurred with no remarkable 
differences from nopyl benzyl ether. The llB NMR 
chemical shifts of the trialkylboranes and borohydrides are 
summarized in Table 111. The llB NMR spectrum of the 
phenylthia intermediate showed the trialkylborane at  77.7 
ppm. This chemical shift is significant in that it shows 

Table 111. Reduction of Acetophenone with 
11-Heterosubstituted NB-Enantride Derivatives 

~~ ~ ~ 

% ee of 
substrate "B R,B l*B LiIR,BHl alcohol" . "  - 

nopyl benzyl ether 86.0 -8.0 (d, J = 45 Hz) 77 
benzyl nopyl 77.7 -5.56 (d, J = 58 Hz) 37 

sulfide 

amine 

"All products are of the S absolute configuration. Enantiomeric 

nopylphenylethyl- 82.51 -5.76 (d, J = 78 Hz) 54 

N-nopylpyrrolidine 81.0 -5.98 (d, J = 69.9 Hz) 39 

excess determined using Eu(hf&. 

slight, if any, upfield shifting, which would be caused by 
complexation of the sulfur atom to the boron. Likewise 
the pyrrolidine (81.0 ppm) and phenylethylamine (82.5 
ppm) derivatives showed very slight upfield shifting. A 
typical trialkylborane, such as Alpine Borane, produces a 
signal at  82.0-86.0 ppm. Usual chemical shifts from 
strongly complexed trialkylboranes are in the region of 0.0 
to -10.0 ppm (trimethy1borane:methylamine -5.5 ppm13). 
Treatment of the trialkylborane with tert-butyllithium 
produced the corresponding trialkylborohydride. This 
again showed no chemical shift differences which could be 
attributed to heteroatom interaction with the boron atom. 

The results of the reduction of acetophenone with these 
derivatives are presented in Table 111. In all cases, the 
reduction of acetophenone is slightly less selective than 
with NB-Enantride. 

The ability of lithium to form complexes with oxygen, 
sulfur, and nitrogen has been reported in other systems.14 
In some instances, cyclic transition states containing the 
heteroatom and lithium cation have been envoked to ex- 
plain the observed ~e1ectivity.l~ The strength of these 
complexes can be explained using hard-soft acid-base 
(HSAB) theory. The ability of lithium to complex to the 
ether, amine, and thioether bases decreases on going from 
oxygen and nitrogen to ~u1fur. l~ 

The 11-Substituted Derivatives of NB-Enantride. 
The 11(R)-methylnopol 4 was prepared by reaction of 
(-)-@-pinene with acetaldehyde using a 50% excess of 
diethylaluminum chloride as catalyst.16 A single diaste- 
reomer was formed according to HPLC and NMR analysis. 
The ene adduct was then converted to the benzyl ether and 
then to the lithium trialkylborohydride. 

The 11(S)-methylnopol was prepared using a thermal 
ene reaction of (-)+-pinene with chloral" to produce 11- 
(R)-(trichloromethy1)nopol. (Anhydrous chloral failed to 
give product until 1 mol % water was added.) The 11- 
(R)-(trichloromethy1)nopol was converted to the 11(S)- 
methylnopol by treatment with a 10-fold excess of lithium 
aluminum hydride. The product was an 81:19 mixture of 
diastereomers, in close agreement with the reported 83:17 
diastereomeric mixture reported for the chloral reaction." 
Stereochemical assignments are based on the X-ray 
structure of the chloral adduct.'Ib 

The 11,ll-dimethylnopol derivative was synthesized by 
a Lewis acid catalyzed ene reaction between (-)-@-pinene 

(13) Noth, H.; Wrackmeyer, B. Chem. Ber. 1974,107, 3070. 
(14) (a) Pierre, J. L.; Handel, H.; Perraud, R. Tetrahedron 1975,31, 

2795. (b) Anh, N. T.; Eisenstein, 0. Nouo. J. Chim. 1977, 1, 61 and 
references contained within. 

(15) (a) Irving, H.; Williams, R. J. P. Nature 1948, 162, 746. (b) 
Pearson, R. C. J. Am. Chem. SOC. 1963, 85, 3533. (c) Pearson, R. G.; 
Songstand, J. J.  Am. Chem. SOC. 1967,89,1827. (d) Ho, T.-L. Chem. Rev. 
1976. 75. 1. - - - - ,  - .  ~ 

(16) Snider, B. B.; Rodini, P. J. Tetrahedron Lett. 1980, 21, 1815. 
(17) (a) Gill, G .  B.; Wallace, B. J. Chem. Soc., Chem. Commun. 1977, 

380,382. (b) Gill, G. B.; Begley, M. S.; Wallace, B. J.  Chem. SOC., Perkin 
Trans. 1 1978,93. 
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and acetone. The product was obtained in very high yields, 
which is contrary to the poor yields (15-20%) obtained in 
the intramolecular version of this reaction.'* The product 
was then converted to the benzyl ether using conditions 
similar to the other methyl derivatives. 

With these methyl derivatives of nopyl benzyl ether in 
hand, the next step was to accomplish the formation of the 
trialkylboranes and borohydrides. The 11(R)-methylnopyl 
benzyl ether was treated with 9-BBN, 0.5 M in THF, 
followed by reflux for 12 h. Analysis of the mixture at this 
point showed that complete hydroboration had occurred. 
Upon cooling to -78 "C, and treatment with tert-butyl- 
lithium, the trialkylborohydride was observed to be the 
only boron-containing species in the l'B NMR. Thus, no 
difference in reactivity is observed between the formation 
of this reagent and NB-Enantride. 

On the other hand, the 11(S)-methylnopyl benzyl ether 
showed a significant difference in reactivity. In order to 
accomplish complete hydroboration, it was necessary to 
reflux the alkene with 9-BBN for a period of 32 h. At  this 
time complete hydroboration was observed, though de- 
composition products of 9-BBN were found during the l'B 
NMR analysis. These amounted to 10% of the total bo- 
ron-containing species. Reaction of this organoborane with 
tert-butyllithium was also observed to be somewhat slower 
than with NB-Enantrane. 

With the 11,ll-dimethylnopyl benzyl ether, a much 
greater difference in reactivity was observed. Upon 
treatment of this compound with 9-BBN, at  reflux for up 
to 50 h, no hydroboration was observed. This was repeated 
several times to confirm the lack of reactivity. In all cases, 
the only boron-containing species observed by l'B NMR 
was a dialkylborane (93%) identified as 9-BBN. 

The difference in reactivity between the monomethyl 
derivatives was explored using PCMODELl' to model the 
transition state of the hydroboration reaction. These 
calculations suggest the 11R diastereomer should be more 
readily hydroborated with 9-BBN than the 11s diaste- 
reomer. In the transition state of the 11R diastereomer, 
one of the lowest energy conformers is one in which the 
hydrogen atom at the 11-position is pointing toward the 
incoming hydroboration reagent. The 11-methyl substit- 
uent is pointing away from both the incoming 9-BBN and 
the bridgehead of the pinene system. With the 11s dia- 
stereomer, one of the lowest energy conformers has the 
11-methyl group pointing toward the bridgehead of the 
pinene system. The interaction of the methyl substituent 
with the bridgehead atoms raises the energy barrier of the 
transition state 0.6 kcal/mol higher than with the 11R 
diastereomer. Thus, a somewhat slower hydroboration 
reaction rate would be anticipated. 

The 11(R)-methyl-NB-Enantride produced (S)-phen- 
ethyl alcohol in a 32% ee. The product is of the same 
absolute configuration as that observed with NB-Enan- 
tride, though much poorer selectivity is seen. With the 
11 (S)-methyl-NB-Enantride, an even lower selectivity of 
11% ee is observed in the reduction of acetophenone. 
When corrected for the 17% of the 11(R)-methyl-NB-en- 
entride present, the selectivity drops to about 7% ee. The 
reduced selectivity observed with the 11s and 11R deriv- 
atives may be accounted for by the fact that each contains 
a more hindered ether substituent. Steric factors could 
thus lead to lower selectivities. 

Hydrocarbon Analogues. The above results indicate 
that the oxygen is important for high selectivity. This 

(18) Snider, B. B. Acc. Chem. Res. 1980, 13, 426. 
(19) Available from Serene Software, Box 3076, Bloomington, IN 

47402. 
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could be attributed to a complexation to the lithium or to 
a steric effect. In order to explore this idea, two hydro- 
carbon analogues of pinene, 2-benzylapopinene (5) and 
2-ethylapopinene (6), were tested." Hydroboration with 

5 6 

9-BBN and treatment with t-BuLi provided the corre- 
sponding lithium trialkylborohydride. The borohydride 
from 5 reduced acetophenone to 1-phenylethanol of 34% 
ee. The compound from 6 on the other hand gave 1- 
phenylethanol of 57% ee (5). Reduction of 2-octanone 
with this reagent provided (S)-2-octanol in 75% ee. The 
results are essentially the same as for NB-Enantride and 
suggest that the selectivity is due to a steric effect rather 
than a complexation of lithium to the ether oxygen. Sim- 
ilar results have been recently reported by Brown.21 

Conclusions 
During the course of the studies directed at  grasping a 

better understanding of how NB-enantride achieves high 
enantioselectivity, several important facts have been 
learned. The first of these is that the lithium cation is vital 
to high selectivity and to enhance the rate of reduction. 
Changing the cation to any other species leads to a reagent 
which yields much poorer selectivity and a much slower 
reducing agent. 

The size of the ether alkyl group of NB-Enantride ap- 
pears to be modestly important in the selectivity observed 
with this reagent. Changing it to substituents with a va- 
riety of different steric environments does not sharply 
decrease the selectivity as was anticipated. If another 
coordination site is contained in the ether group, lower 
selectivity is observed. 

The position of the oxygen atom in the side chain plays 
an important role in the selectivity observed during the 
course of a reduction. This selectivity is greatly diminished 
if the side chain is decreased by one carbon atom and is 
slightly diminished if the side chain is increased by one 
carbon. The heteroatom contained in the side chain is 
important in achieving high selectivity. When this atom 
is changed from oxygen to nitrogen or sulfur, a drop in 
enantioselectivity is observed. However, the hydrocarbon 
analogue derived from 2-ethylapopinene (6) is of essentially 
the same selectivity of NB-Enantride. 

Substitution at  the 11-position also drops the enan- 
tioselectivity of the reagent drastically. The product 
prepared from the 11R diastereomer does show an en- 
hanced selectivity over the 11s diastereomer, but it is still 
much less selective than the parent reagent. The selec- 
tivity seems to be controlled by subtle changes in steric 
factors in the side chain rather than the ability of the 
oxygen to complex a metal since the hydrocarbon analog 
is also effective. I t  is highly unlikely that the transition 
state resembles the 10-membered ring depicted in Figure 
1. However, this model may be used to predict the con- 
figuration of the product. 

In conclusion, the exact nature of the mechanism which 
is responsible for the high selectivity observed with the 
asymmetric reducing agent NB-enantride is still unknown. 

(20) Brown, H. C.; Randad, R. S.; Bhat, K. S.; Zaidlewicz, M.; Weiss- 
man, S. A.; Jadhav, P. K.; Perumal, P. T. J .  Org. Chem. 1988,53,5513. 

(21) Ramachandran, P. V.; Brown, H. C.; Swaminathan, S., submitted 
for publication. 
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We have gained some information, but some questions still 
remain. The side chain plays a very impor tan t  role in  
achieving high enantioselectivity during the reduction. 
Li thium appears to be the cation of choice to achieve 
maximum selectivity and fast reaction rates. The absolute 
configuration of the product may be predicted using the 
mnemonic model in Figure 1. 

Experimental Section 
Ceneral Comments. All air- and moisture-sensitive materials 

were handled following standard procedures.P All reactions were 
carried out in a standard reaction vessel which consisted of an 
oven-dried, round-bottom, septum-capped, side-arm flask of the 
appropriate size containing a magnetic stirring bar, connected 
to a mercury bubbler and purged with argon. Tetrahydrofuran 
(THF) was freshly distilled from benzophenone-potassium ketyl. 
lH and 13C NMR spectra were recorded on a JEOL FX200 (200 
MHz) in CDCl,. llB NMR were recorded on Nicolet 3M-MHz 
wide-bore NMR (at 96.272 923 MHz) with BF3.Et20 as external 
standard (0.00 ppm). Commercially available potassium triiso- 
propoxyborohydride was purified as described in the literature.B 
Standardization of 9-BBN was accomplished using a 5050 solution 
of methanol and THF at  35 "C. Standardization of tert-butyl- 
lithium was accomplished following the method of Watson and 
E a ~ t h a m . ~ ~  Enantiomeric excesses were determined using Eu- 
( h f ~ ) ~  or E ~ ( d c m ) ~  as the chiral shift reagents following standard 
procedures.% Organic solutions were dried over anhydrous sodium 
sulfate unless indicated otherwise. Nopol (Aldrich) was distilled 
prior to use (bp 54-55 "C at 0.005 Torr, [ a I z 6 ~  -37.45" (neat, d 
= 0.96)). High purity nopol may be prepared by recrystallization 
of the (-)-n-methylbenzylamine salt of the half phthalate ester.6 
This results in slightly higher enantiomeric purities. Nopol benzyl 
ether was prepared by standard techniques.6 

Preparat ion of a Stock Solution of Lithium NB-Enan- 
tride. To a 34.1-mL (15-mmol) aliquot of 0.44 M 9-BBN (freshly 
titrated) in THF was added 3.84 g (15 mmol) of nopyl benzyl ether 
via syringe. The mixture was stirred and heated at reflux for 12 
h. An aliquot was transferred to  an argon-purged NMR tube, 
analyzed by llB NMR (86.7 ppm, br s), and returned to the 
reaction vessel. The mixture was cooled to -78 "C (dry ice/acetone 
bath) while maintaining a positive argon pressure. Then, 5.77 
mL of 2.6 M tert-butyllithium (15 mmol) was added dropwise 
while pausing for the yellow color to disappear between drops. 
The mixture was stirred for 0.5 h. An aliquot was analyzed by 
llB NMR (-8.0 ppm, d, J = 45 Hz). This solution was titrated 
for active hydride concentration using a 30% methanol solution 
in THF, and a value of 0.34 M was found (theory 0.357 M). 

Lithium NB-Enantride Reduction of Acetophenone at -78 
"C. At 14.6-mL (5-mmol) aliquot of lithium NB-Enantride stock 
solution was stirred and cooled a t  -78 "C (dry ice/acetone bath). 
A precooled (-78 "C) solution of 0.54 g (4.5 mmol) of acetophenone 
in 10.0 mL of THF was added dropwise over 1 min. Aliquots were 
analyzed by gas chromatography (GC) and 'H NMR spectroscopy. 
Upon completion, the reaction mixture was quenched with 95% 
ethanol precooled to -78 "C. The solution was warmed to 35 "C. 
Oxidation was accomplished by the addition of 1.9 mL of 3 N 
sodium hydroxide solution followed by dropwise addition of an 
equal volume of 30% H202. The aqueous layer was saturated with 
K2C03, and the organic layer was evaporated a t  aspirator pressure. 
The residue was triturated with hexane to precipitate the cy- 
clooctanediol. The mixture was filtered by gravity, and the solvent 
was removed. The residue, weighing 2.1 g, was then bulb-to-bulb 
distilled at 0.025 Torr and 47-60 "C yielding 0.41 g, 75%, of 
1-phenethyl alcohol, along with an unidentified minor (<5%) 
impurity. Final purification was accomplished by preparative 
GC on a 10 X 1/4 in. 10% FFAP on Chromosorb W DCMS, a t  

(22) Brown, H. C.; Kramer, G. W.; Levy, A. B.; Miland, M. M. Organic 

(23) Brown, H .  C.; Nazer, B.; Sikorski, J. A. Organometallics 1983,2, 

(24) Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967,9, 165. 
(25) McCreary, M. D.; Lewis, D. W.; Wernich, D. L.; Whitesides, G. 

Synthesis via Boranes; Wiley: New York, 1975; Chapter 9. 

634. 

M. J .  Am. Chem. SOC. 1974,96, 1038. 

an oven temperature of 175 "C. Analysis of the purified material 
using Eu(hf& revealed a 77% enantiomeric excess of the (SI- 
alcohol. 

Preparat ion of a Stock Solution of Potassium NB-En- 
antride. A solution of 5.13 g (20 mmol) of nopyl benzyl ether 
and 40.0 mL (20 mmol) of 0.5 M 9-BBN solution in T H F  was 
stirred and heated at reflux for 10 h. The mixture was then cooled 
to room temperature under argon and 20.0 mL of 1.0 M potassium 
triisopropoxyborohydride (20 mmol) was added; the mixture was 
stirred at room temperature for 1 h and was analyzed by llB NMR: 
-6.0 ppm, (d, J = 69.9 Hz). Titration for active hydride using 
30% methanol in THF indicated a concentration of 0.30 M (theory 
0.307 M). 

Reduction of Acetophenone with Potassium NB-Enan- 
t r ide at -65 "C. A reaction vessel charged with 16.6 mL of 0.3 
M potassium NB-Enantride stock solution (5.0 mmol) was cooled 
to -65 "C using a closed system refrigeration unit with an ethanol 
bath. After temperature equilibration, a 5.0-mL aliquot of 1.0 
M acetophenone (5.0 mmol) in T H F  precooled to -65 "C was 
added dropwise over 60 s via syringe. Reaction progress was 
followed by GC analysis as previously described. Upon com- 
pletion, the reaction mixture was quenched by addition of 2.0 mL 
of 30% ethanol in THF precooled to -65 "C and the product was 
isolated as in the lithium case. Analysis of the purified material 
using Eu(hfc), revealed a 21% enantiomeric excess of the (SI- 
alcohol. 

Preparat ion of Zinc NB-Enantride a n d  Reduction of 
Acetophenone at -65 "C. A 16.5-mL (5 mmol) aliquot of the 
potassium NB-Enantride stock solution was cooled to  0 "C (ice 
bath) as 5.56 mL (5 mmol) of a 0.9 M solution of ZnClz in THF 
was added. The mixture was cooled to  -65 "C and stirred for 30 
min. During this time a white precipitation (KCl) formed. Next, 
5.0 mL (5 mmol) of a 1.0 M solution of acetophenone in THF, 
precooled to -65 "C, was added dropwise over a 60-s period. 
Aliquots were drawn and analyzed as previously described. Upon 
completion of reduction, the mixture was quenched by the ad- 
dition of 30% ethanol in THF and the product isolated as pre- 
viously described. Analysis of the purified material using Eu(hfc)3 
revealed a 44% enantiomeric excess of the (S)-alcohol. 

11(R)-Methylnopol. A solution of 20.4 g (23.8 mL, 150 mmol) 
of (-)-@-pinene and 250 mL of anhydrous CHzClz was stirred and 
cooled a t  0 "C while 4.41 g (5.6 mL, 100 mmol) of acetaldehyde 
followed by 150 mL (150 "01) of 1.0 M diethylaluminum chloride 
in hexane, were added dropwise via a syringe. During the addition, 
care was taken not to  allow the reaction mixture temperature to 
rise above 0 "C. The reaction mixture was warmed to room 
temperature, stirred for 12 h, and cooled again to 0 "C. The 
mixture was quenched by cautious addition of 30.0 mL of pH 4.0 
phosphate buffer solution. After gas evolution ceased, the organic 
layer was decanted from the solid aluminum salts, washed three 
times with 10 mL of water, and dried. The organic layer was 
filtered, and the solvent was removed by rotary evaporation at 
aspirator pressure. Evaporation and bulb-to-bulb distillation of 
the residue (19.2 g) a t  53-55 "C (0.025 mm) gave 14.4 g (80%) 
of 11(R)-methylnopol. HPLC analysis of a silica column eluting 
with 5% EtOAc in hexane revealed that only one diastereomer 
was formed. ["ID -41" (neat); 'H NMR 6 0.84 (s, 3 H), 1.18 (d, 
J = 8 Hz, 3 H), 1.28 (s, 3 H), 1.8-2.5 (m, 8 H), 3.78 (m, 1 H), 5.35 
(br s, 1 H); I3C NMR b 21.05,23.85,26.16,30.17,31.45,37.83,40.57, 
45.62, 47.26, 64.12, 120.48, 145.47. 

1 l(R)-Methylnopyl Benzyl Ether. A 2.74-g (68.5-"01) 
portion of 60% sodium hydride/mineral oil dispersion was washed 
three times with hexanes followed by removal of the liquid layer 
and dried under a stream of nitrogen. The oil-free NaH was 
suspended in 50 mL of THF and stirred while 9.5 g (52.7 mmol) 
of 11(R)-methylnopol in 10 mL of THF was added. After gas 
evolution ceased, 9.07 g (6.3 mL 53 mmol) of benzyl bromide in 
10 mL of THF was added dropwise. The reaction mixture was 
stirred and heated a t  reflux for 10 h after which 5.0 mL of 95% 
ethanol and 50 mL of water were added in succession. The organic 
layer was separated and washed three times with water and once 
with 10 mL of saturated NaCl. The organic layer was dried, 
filtered, and evaporated under aspirator pressure. Bulb-to-bulb 
distillation of the residue (9.4 g) a t  87 "C (0.18 mm) gave 8.1 g 
(57%) of Il(R)-methylnopyl benzyl ether: [ff]D -54" (neat); 'H 
NMR 8 0.83 (s, 3 H), 1.17 (d, J 7 Hz, 2 H), 1.27 (s, 3 H), 1.7-2.3 
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(m, 6 H), 3.50 (m, 1 H), 4.47 (s, 2 H), 5.23 (br s, 1 H), 7.33 (m, 
5 H); 13C NMR 6 19.64, 21.00, 26.25, 31.31, 31.70, 37.88, 40.65, 
44.30,45.96, 70.09,73.64, 118.59, 127.11,127.30, 128.08, 138.98, 
145.15. 

Preparation of 1 l(R)-(Trichloromethy1)nopol. To 29.48 
g (19.65 mL, 200 mmol) of chloral was added (-)-&pinene (27.29 
g, 31.7 mL, 200 mmol), and the mixture was stirred while adding 
0.01 mL of H20. The mixture was then heated for 4 h a t  reflux 
with stirring, cooled to room temperature, dissolved in 50 mL of 
diethyl ether, and washed three times with 10 mL of HzO. The 
organic layer was dried and filtered, and the solvent was removed 
by rotary evaporation a t  aspirator pressure. The reside was 
bulb-to-bulb distilled at 65 "C and 0.02 Torr to yield 48.1 g (85%) 
of 11(R)-(trichloromethy1)nopol. 'H and 13C NMR are consistent 
with reported values:= [n]D -4.6' (c 0.54, CHCl,); exact mass calcd 
for ClzH170C13 282.0344, found 282.0343. 

Preparation of 11(S)-Methylnopol. A solution of 37.9 g 
(IO00 mmol) of lithium aluminum hydride in 200 mL of THF was 
stirred and cooled with an ice bath, as the reaction vessel was 
purged with nitrogen and a 50:50 mixture of 28.3 g (100 mmol) 
of 11(R)-(trichloromethy1)nopyl in T H F  was added. When gas 
evolution ceased, the mixture was heated to reflux and stirred 
for 92 h. The mixture was then cooled to 0 'C, and the excess 
hydride was quenched by dropwise addition of 10 mL of ethyl 
acetate. Further quenching was accomplished by the addition 
of 20 mL of 50% ethanol in THF. The organic layer was filtered 
and washed three times with 30 mL of HzO. The organic layer 
was then dried and filtered, and solvent was removed by rotary 
evaporation under aspirator pressure. The residue was bulb- 
to-bulb distilled a t  50 "C and 0.02 Torr to yield 4.5 g (25%) of 
ll(S)-methylnopol, Analysis of this material by HPLC on a silica 
column eluting with 5% EtOAc in hexane revealed an 82:18 
diastereomeric ratio, with the 11s isomer eluting before the 11R 
isomer: [ u ] D  -29.8' (neat); 'H NMR (major isomer) 6 0.86, (s, 
3 H), 1.15 (d, J = 6 Hz, 3 H), 1.28 (s, 3 H), 1.5-2.5 (m, 6 H), 3.76 
(sextet, J = y Hz, 1 H), 5.31 (br s, 1 H); 13C NMR 6 21.05,22.63, 
23.85, 26.16, 30.17,31.21, 31.45,31.87, 37.83,40.57,45.62, 47.26, 
64.77, 119.8, 120.48, 145.47; exact mass calcd for C12Hm0 180.1514, 
found 180.1497. 

Preparation of 11(R)- and  ll(S)-Methyl-NB-Enantride 
and Reduction of Acetophenone. A solution of 1.35 g (5 mmol) 
of 11(R)- or 11(S)-methylnopyl benzyl ether in 10.0 mL (5 mmol) 
of 0.5 M 9-BBN in THF solution was stirred at reflux for a period 
of 12 h (32 h for the S isomer) to provide the trialkylborane ("B 
NMR 86.0 ppm). The trialkylborohydride was prepared using 
the standard procedure (I'B NMR -7.9 ppm (d, J = 79.0 Hz) for 
the R isomer; -8.0 ppm (J = 72.0 Hz) for the S isomer). Aceto- 
phenone was then reduced using the standard procedure. Analysis 
of the purified material using Eu(hfc), revealed a 32% enan- 
tiomeric excess of the (S)-alcohol from the R isomer and 11% ee 
from the S isomer. 

Nopyl Tosylate. To a solution of 4.49 g (27 mmol) of nopol 
in 7.0 mL of dry pyridine was added 5.91 g (31 mmol) of p -  
toluenesulfonyl chloride. The flash was swirled and then stored 
in a refrigerator for 20 h. The resulting mixture was then poured 
into 20 mL of 50% HCl. This mixture was then extracted with 
diethyl ether and dried (K2C03), and the solvent was removed 
by rotary evaporation, yielding 7.15 g (83%) of nopol tosylate: 
[ cY]*~D -25.7' (C 5.25, CHCl3); 'H NMR 6 0.77 (6, 3 H), 1.07 (d, 
J = 9.0 Hz, 1 H), 1.23 (9, 3 H), 2.44 (s, 3 H), 4.03 (t, J = 7.0 Hz, 
2 H), 5.24 (br s, 1 H), 7.34 (d, J = 8 Hz, 2 H), 7.78 (d, J = 8 Hz, 
2 H); 13C NMR 6 20.99, 21.54, 26.10, 31.21, 31.45, 36.01, 37.90, 
40.51,45.50, 68.48,85.33, 119.56, 127.72, 129.66, 142.55, 144.56; 
exact mass calcd for CI8H2,O3S 320.1446, found 320.1446. 

Preparation of Benzyl Nopyl Sulfide. Benzyl mercaptan 
(2.98 g, 24 mmol) was added to a vigorously stirred suspension 
of 1.35 g (24 mmol) of powdered KOH in 10 mL of dry dimethyl 
sulfoxide (DMSO). After being stirred for 0.5 h, the reaction 
mixture was transferred dropwise to a solution of 6.40 g (20 mmol) 
of noyl tosylate in 20 mL of dry DMSO. This solution was stirred 
for 24 h at room temperature. The reaction was quenched by 
pouring the mixture into 100 mL of cold water. This mixture was 
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(26) (a) Benner, J. P.; Gill, G. B.; Parrott, S. J.; Wallace, B. J .  Chem. 
SOC., Perkin Trans. 1 1984, 291. (b) Pellegata, R.; Dosi, I.; Villa, M.; 
Lesma, G.; Palmisano, G. Tetrahedron 1985,41, 5607. 

then extraded with three portions of 25 mL of diethyl ether. The 
ethereal layers were combined, followed by washing with 10 mL 
of 10% NaOH. The organic layer was dried (K2C03) and filtered, 
and the solvent was removed by rotary evaporation under aspirator 
pressure. Vacuum distillation gave 4.2 g (77%) of benzyl nopyl 
sulfide (bp 130-132 'c at 0.0% mm): [(Y]=D -30.4" (c 5.14, CHClJ; 
'H NMR 6 0.78 ( 8 ,  3 H), 1.13 (d, J = 9.0 Hz, 1 H), 1.24 (9, 3 H), 
3.69 (9, 2 H), 5.18 (br s, 1 H), 7.27 (m, 5 H); 13C NMR 6 20.99, 
26.04, 29.02, 30.97, 31.39, 36.01, 36.44,37.66,40.51, 45.38, 116.95, 
126.50,128.08,128.57,138.29,146.26; exact mass calcd for C l~HuS 
272.1598, found 272.1591. 

Preparation of Ethylnopylphenylamine. A solution of 6.40 
g (20 mmol) of nopyl tosylate, 9.7 g (10 mL, 80 mmol) of N- 
ethylaniline, and 10 mL of THF was stirred and heated at reflux 
for 48 h. The THF was removed under reduced pressure. Next, 
17 mL of a 1.5 M NaOH solution was added, and the mixture was 
stirred for 0.5 h. The mixture was extracted three times with 20 
mL of diethyl ether. The combined ethereal layers were washed 
with 20 mL of 10% NaOH solution, 10 mL of water, and then 
10 mL of a saturated NaCl solution. The organic layer was then 
dried and filtered, and the solvent was removed by rotary evap  
oration a t  aspirator pressure. The residue was distilled a t  0.025 
Torr, and the distillate was collected a t  131-133 "C yielding 4.2 
g (78%) of ethylphenylnopylamine: [ct]%D -19.1' (c 4.99, CHC13); 
IH NMR 6 0.86 (9, 3 H), 1.13 (t,  J = 7.0 Hz, 3 H), 1.18 (d, J = 
8 Hz, 1 H), 1.29 (s, 3 H), 3.29 (m, 4 H), 5.28 (br s, 1 H), 6.65-7.19 
(m, 5 H); 13C NMR 6 12.42,21.24,26.28, 31.33,31.70,34.49, 37.96, 
40.76,44.59, 46.05,48.85, 111.78, 115.37, 117.44, 129.12, 145.96, 
147.66; exact mass calcd for ClsHz7N 269.2143, found 269.2141. 

Preparation of N-Nopylpyrrolidine. A solution of 8.9 g (28 
mmol) of nopyl tosylate, 3.98 g (56 mmol) of freshly distilled 
pyrrolidine, and 30 mL of THF was stirred and heated a t  reflux 
for 10 h. All volatile compounds were then removed under 
vacuum. The residue was dissolved in diethyl ether, washed with 
10 mL of water, and dried (KzCO3). The organic layer was 
evaporated a t  aspirator pressure. The residue was distilled a t  
0.025 Torr, and the distillate was collected from 70 to 72 'C to 
yield 5.35 g (87%) of N-nopylpyrrolidine: [a]25D -34.3' (c 4.82, 
CHC1,); 'H NMR 6 0.82 (s, 3 H), 1.15 (d, J = 8.0 Hz, 1 H), 1.26 
(s, 3 H), 1.63-2.53 (m, 17 H), 5.22 (br s, 1 H); 13C NMR 6 20.93, 
23.18,26.04,31.03,31.39,36.44,37.66,40.51,45.74,53.83, 54.38, 
116.41, 146.32; exact mass calcd for C15H25N 219.1987, found 
219.1995. 

Preparation of Lithium Trialkylborohydrides from 11- 
Heterosubstituted NB-Enantrides and  Reduction of Ace- 
tophenone (General Procedure). To 10.6 mL (5 mmol) of a 
0.47 M 9-BBN solution in THF was added 5.5 mmol of the ap- 
propriate starting material in 5.0 mL of THF. The mixture was 
stirred while heating to reflux for 15-96 h. The mixture was cooled 
to -78 'C (dry ice/acetone slurry), and 2.80 mL (5 mmol) of 
tert-butyllithium, 1.8 M in pentane was added dropwise. This 
mixture was stirred at this temperature for 0.5 h. Next, 4.5 mL 
of a 1.0 M solution of acetophenone in THF, cooled to -78 'C, 
was added dropwise. The reaction mixture was stirred a t  this 
temperature until the reduction was complete (average of 2 h) 
and then quenched by the addition of 2.0 mL of 95% ethanol, 
precooled to -78 OC. After gas evolution ceased, the reaction 
mixture was warmed to room temperature, and the standard 
workup provided the 1-phenylethanol. Analysis of the purified 
material using Eu(hfd3 revealed the enantiomeric excesses of the 
(S)-alcohol. 

Nopyl Bromide. To a suspension of 38.8 g (377 mmol) of NaBr 
in 150 mL of dry DMSO was added a solution of 40.8 g (127 mmol) 
of crude nopyl tosylate in 100 mL of DMSO, and the suspension 
was stirred for 5 h a t  70 'C. The reaction was then quenched 
with water and extracted with hexane. The combined organic 
layers were washed with water and saturated NaCl andthen dried 
(MgS04). After evaporation of solvent the residue was distilled 
in vacuo to give 21.4 g (74%) of nopyl bromide (bp 51-51 'C a t  

3 H), 1.17 (d, J = 8 Hz, 1 H), 1.27 (8 ,  3 H), 3.35 (t, J = 7 Hz, 2 
H), 5.32 (br s, 1 H); 13C NMR 6 21.12,26.10, 30.36, 31.15, 31.51, 
37.84, 40.27, 40.51, 45.32, 118.89, 144.99; exact mass calcd for 
CllH1,Br 228.0513, found 228.0502. 

6,6-Dimethylbicyclo[ 3.1.11 hept-2-ene-2- (3-propanol) (Ho- 
monopol). To a well-stirred mixture of 2.77 g (114 mmol) of 

0.25 mmHg): [ c t I 2 ' ~  -31.0' (C 4.98, CHCl3); 'H NMR 6 0.84 (s, 
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magnesium turnings in 5 mL of THF was added a crystal of iodine 
together with a few drops of a neat nopyl bromide. After initiation 
of a reaction, an additional 15 mL of T H F  was added. Then a 
solution of 21.4 g (93.5 mmol) of nopyl bromide in 30 mL of THF 
was added dropwise, at a rate to maintain a mild reflux. The whole 
mixture was refluxed for 1 h and cooled, and a stream of gaseous 
formaldehyde formed from 8.4 g of paraformaldehyde was passed 
into the solution. Finally the reaction was quenched with about 
11 mL of saturated NH4Cl solution and left ovemight. The organic 
layer was removed from a solid cake by filtration and dried 
(MgSO,). After evaporation of solvent, the residue was distilled 
under reduced pressure to give 11.59 g (69%) of homonopol (bp 
66-69 'C at 0.25 Torr): [CX]=D -40.7' (c 5.135, CHC1,); 'H NMR 
6 0.83 (s, 3 H), 1.27 (s, 3 H), 1.15 (d, J = 9 Hz, 1 H), 3.64 (t, J 
= 6 Hz, 2 H), 5.22 (br s, 1 H); '% NMR 6 20.94,26.10,29.93,31.03, 
31.39, 32.85, 37.66, 40.64, 45.56, 62.10, 115.74, 147.60; exact mass 
calcd for CI2Hz00 180.1514, found 180.1511. 
6,6-Dimethylbicyclo[3.1.l]hept-2-ene-2-(3'-propanoI) 

Benzyl Ether. A solution of 5.34 g (29.6 mmol) of homonopol 
in 10 mL of THF was added dropwise to a vigorously stirred 
suspension of 1.185 g (39.5 mmol) of 80% NaH in 40 mL of dry 
THF. The mixture was then refluxed overnight, cooled to room 

temperature, treated with 6.32 g (37 mmol, 4.4 mL) of benzyl 
bromide, and refluxed for an additional 5 h. After cooling, the 
unreacted NaH was destroyed with 3 mL of methanol and the 
THF was removed under reduced pressure. The residue was 
diluted with water and extracted with ether. The combined 
organic extracts were washed with saturated NaCl solution and 
dried (K2C03). After evaporation of ether, the residue was distilled 
in vacuo to give 3.55 g (44%) of homonopyl benzyl ether (bp 
102-104 'C a t  0.025 mmHg): -26.3' (c 4.12, CHCl,); *H 
NMR 6 0.81 (s, 3 H), 1.12 (d, J = 8 Hz, 1 H), 1.26 (s, 3 H), 3.46 
(t, J = 7 Hz, 2 H), 4.49 (s, 2 H), 5.18 (br s, 1 H), 7.33 (m, 5 H); 
13C NMR 6 21.06, 26.22, 27.32, 31.15, 31.51, 33.22, 37.72, 40.76, 
45.62, 69.95, 72.68, 115.92, 127.23, 127.35, 128.08, 138.54, 147.66; 
exact mass calcd for Cl9HZ60 270.1983, found 270.1991. 

Reduction of Acetophenone wi th  Homo-NB-Enantride. 
A solution of 1.688 g (6.24 mmol) of homonopyl benzyl ether was 
refluxed for 60 h with 11.2 mL (5.58 mmol) of 0.499 M 9-BBN 
solution in THF. Formation of the trialkylborohydride and 
workup followed the standard procedure. 
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A revised cesium ion pair acidity scale relative to fluorene a t  pK, = 22.90 is presented. The range of the scale 
is extended 3 pK units by including more acidic indicators and now encompasses pK,s from 15.62 to 38.73. The 
accuracy of the scale has been improved by multiple equilibria among indicators. Uncertainties between close 
lying indicators is generally less than AO.01 pK unit. Bransted plots are constructed for series of fluorenyl and 
arylmethyl hydrocarbons. From these plots, the acidity value for toluene in T H F  was extrapolated (pK, = 40.9). 
Comparisons are drawn to ionic acidities in dimethyl sulfoxide. 

Introduction 
We have recently presented a scale of cesium ion pair 

pKs in tetrahydrofuran (THF) for various indicators.' 
This scale was a revision of earlier scales2 with updated 
values and with the reference system chosen as the pK of 
fluorene in dimethyl sulfoxide This type of 
reference is required because absolute acidities in THF are 
not available. The cesium ion pair pKs of other com- 
pounds are defined by the equilibrium constant of eq 1, 
where R = 9-fluorenyl. 

R-Cs+ + R'H RH + R'-Cs+ (1) 
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In the present work we have added new indicators to 
provide independent determinations of individual pKs and 
to fill large gaps in the previous scale. We have also im- 
proved methods for determining the content of any in- 
terfering impurities in the indicators. The lower end of 
the scale has been extended by 3 pK units. 

Results and Discussion 
Equilibrium Measurements. Several new indicators 

have been added to the scale at  the lower pK,s and to fill 
in between adjacent indicators on the ion pair scale that 
have large differences in acidity. These new indicators are 
7-phenyl-7H-benzo [ c ]  fluorene (Ph-3,4-BF) ,495 9-p-bi- 
phenylylfluorene (9-BpF1),6 ll-phenyl-11H-benzo[a]- 
fluorene (Ph- 1,2-BF) ,' 9- ( p -  (dimethy1amino)phenyl)- 
fluorene @-DMAPhF1),5 1l-phenyl-llH-benzo[b]fluorene 
(Ph-2,3-BF), 9-isopropylidenefluorene (IPF),* 1,3-di- 
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