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Table I. Percentage Distribution of 3H Label in the Methylene 
Group of the (2R)-2-Acetoxy-2-phenylethanoate Derivatives of the 
Samples Generated by M M P  
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Figure 1. )H NMR spectrum (320 MHz, ‘H decoupled) of the (2R)- 
2-acetoxy-2-phenylethanoate derivative of ethanol recovered from the 
incubation of (R)-[l-ZHI,1-3Hl]ethane with MMO: (1) (R)-[1-3Hl]- 
ethanol; (2) (R)-[1-2Hl,l-3Hl]ethanol; (3) (S)-[l-’HJethanol; (4) 
(S)-[ 1-2Hl,l-3Hl]ethanol; and ( 5 )  [2-ZHl,2-3Hl]ethanoL NMR signal 
assignments were made according to the method of Parker.*O 

The ethane samples were synthesized by reaction of camer-free 
LiEt3B3H (5.7 Ci per synthesis)16 with the known (R)- or (S ) -  
[l-ZHl]ethyl tosylate (>98 atom % zH, 88 and 96% ee, respec- 
tively) and incubated with the purified and reconstituted M M O  
system (hydroxylase specific activity = 870 nmol/min/mg under 
standard assay conditions4). 3H N M R  analysis of the resulting 
ethanol samples gave an intramolecular primary kinetic isotope 
effect for hydrogen abstraction from the labeled methyl group 
of kH/kD = 4.2 f 0.2.’’ The (2R)-2-acetoxy-2-phenylethanoate 
derivativesz0 of the ethanol samples showed well-resolved reso- 
nances corresponding to all four possible species carrying 3H in 
the methylenegroup (Figure 1, Table I). (R)-[1-ZHl,1-3HlJEthane 
gave predominantly (S)-[1-2Hl,1-3Hl]- and (R)-[l-3Hl]ethanol, 
and conversely, (S)-[ l-zHl,1-3Hl]ethane afforded predominantly 
(R)-[ 1-zHl,l-3Hl]- and (5‘)-[ l-3H,]ethanol. The results show that 
the hydroxylation of ethane proceeds with predominant retention 
of configuration, consistent with the mechanistic ~ i m i l a r i t y ~ . ~  to 
P450-catalyzed Almost identical results were 
obtained for the reaction catalyzed by the MMO hydroxylase 
component alone in the presence of H2O2 (data not shown). 

The overall retention of configuration of the MMO-catalyzed 
reaction is accompanied by approximately 35% inversion (Table 
I). On the basis of the amount of H3H0 observed in the 3H 
N M R  spectra of the products recovered from the individual in- 
cubations (about 10% of the total 3H), this does not represent 
racemization due to an exchange process. The relatively high 
degree of inversion observed thus must be due to “flipping” of a 
free substrate intermediate that has a sufficiently long lifetime 
to undergo configurational inversion with appreciable frequency. 
This intermediate is likely to be an ethyl radical, because an ethyl 
cation has an exceptionally high energetic barrier to direct for- 
mationz2 and is markedly unstable. These results thus support 
a radical-based mechanism as proposed by Fox et al!J1 and argue 
against mechanisms not involving a free substrate intermediate 
in the enzyme active site.14 They do not, however, give any 

(16) Andres, H.; Morimoto, H.; Williams, P. G. J .  Chem. SOC., Chem. 
Commun. 1990, 627. 

(17) This value is on the same order as that found with other substrates 
of MMO” as well as for cytochrome P45O;l8 its large magnitude suggests that 
the reaction may not be concerted.19 

Srructure, 
Mechanism and Biochemistry; Ortiz de Montellano, P. R., Ed.; Plenum Press: 
New York, 1986; pp 217-271. 

(18) Ortiz de Montellano, P. R. In Cytochrome P-450. 

(19) OFerrall, R. A. M. J .  Chem. Soc. B 1970, 785. 
(20) Parker, D. J .  Chem. Soc., Perkin Trans. 2 1983, 83. 
(21) Shapiro, S.; Piper, J. U.; Caspi, E. J. Am. Chem. SOC. 1982, 104, 

(22) Olah, G. A,; Sommer, J.; Namanworth, E. J .  Am. Chem. SOC. 1967, 
2301. 

89. 3576. 

27 7 52 14 

inversion*- 36 % retention - 64 % 
6) 

Inversion/retention data have been corrected for the enantiomeric 
purity of the substrates. * indicates configurational inversion is due to 
flipping of the intermediate radical. # indicates that the numbering 
scheme here corresponds with that in Figure 1. 

information on the proposed13 additional involvement of a car- 
bocation intermediate. 
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Significant progress has been made in the asymmetric reduction 
of ketones to alcohols.’*z The solutions for the analogous pro- 
duction of enantiopure amines from ketimines? while noteworthy, 
have been less successful. Herein we report our initial results on 
the use of a chiral titanium catalyst for the hydrogenation* of 
ketimines to enantioenriched amines. 

(1) For a review of asymmetric catalysis in organic synthesis, see: Ojima, 
I.; Clos, N.; Bastos, C. Tetrahedron 1989, 45, 6901. 

(2) Lead references: (a) Corey, E. J.; Link, J. 0. J.  Am. Chem. Soc. 1992, 
114, 1906 and references therein. (b) Nishiyama, H.; Kondo, M.; Nakamura, 
T.; Itoh, K. Organometallics 1991,10, 500 .  (c) Noyori, R.; Takaya, H. Acc. 
Chem. Res. 1990, 23, 345. 

(3) (a) Bakos, J.; Orosz, A.; Heil, B.; Laghmari, M.; Lhoste, P.; Sinou, D. 
J .  Chem. Soc., Chem. Commun. 1991, 1684 and references therein. (b) 
Spindler, F.; Pugin, B.; Blaser, H. U. Angew. Chem., In?. Ed. Engl. 1990, 29, 
558. (c) Chan, Y. N. C.; Osborn, J. A. J.  Am. Chem. SOC. 1990,112,9400. 
(d) Oppolzer, W.; Wills, M.; Starkemann, C.; Bernardinelli, G. Tetrahedron 
Lett. 1990, 31, 4117. (e) Kang, G. J.; Cullen, W. R.; Fryzuk, M. D.; James, 
B. R.; Kutney, J. P. J. Chem. SOC., Chem. Commun. 1988, 1466. Btcalski, 
A. G.; Cullen, W. R.; Fruzuk, M. D.; James, B. R.; Kang, G. J.; Rettig, S .  
J. Inorg. Chem. 1991,30, 5002. (f) Bectier, R.; Brunner, H.; Mahboobi, S.; 
Wiegrebe, W. Angew. Chem., Int. Ed. Engl. 1985, 24, 995. (9) Kagan, H. 
B.; Langlois, N.; Dang, T. P. J .  Organomet. Chem. 1975,90,353. (h) Burk, 
M. J.; Feaster, J. E. J .  Am. Chem. SOC. 1992, 114, 6266 and references 
therein. 

(4) Olefin hydrogenation (representative referenccs): (a) Halterman, R. 
L.; Vollhardt, K. P. C.; Welker, M. E.; BlBser, D.; Boese, R. J .  Am. Chem. 
SOC. 1987, 109, 8105. (b) Paquette, L. A.; McKinney, J. A.; McLaughlin, 
M. L.; Rheingold, A. L. Tetrahedron Lett. 1986, 27, 5599. (c) Cesarotti, E.; 
Ugo, R.; Vitiello, R. J.  Mol. Catal. 1981, 12, 63. 
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Scheme I Table I. Asymmetric Hydrogenation of Imines 

Entry imine Amine’ Yield (%) ee (%)b 

CHa uc, 
1 C H y d N h P h  CHydNbPh H 68 Sac 

Scheme I1 

We recently reported an efficient titanocene-based hydro- 
silylation catalyst system for the conversion of esters to primary 
 alcohol^.^ The success of this work led us to investigate the 
asymmetric reduction of ketones and imines using related enan- 
tiopure catalysts. Of the many chiral titanocene systems avail- 
able,4,6 our exper ien~e’~ ,~  with the ansa-metallocene system de- 
veloped by Brintzinger’ made it the obvious starting point. Initial 
studies focused on the development of an asymmetric catalyst for 
imine hydrosilylation, but we soon found that hydrogen was more 
effective as the stoichiometric reductant. 

The l,l’-binaphth-2,2’-diolate deri~ative?~ 1, serves as a useful 
precatalyst (Scheme I). Sequential treatment of 1 (2-10 mol 
%) in THF with 2 equiv of n-BuLi and 2.5 equiv of phenylsilanelO 
(both relative to 1) provides the active catalyst. The hydrogenation 
reactions are then run at 65 OC with a hydrogen pressure of 2000 
psig for 8-48 h.12 

Our initial results for the asymmetric reduction of imines are 
shown in Table I. As can be seen, a wide range of structural 
types can be accommodated. While the reduction of acyclic 
N-benzyl imines (entries 1-3) proceeds with moderate to good 
enantioselectivity, cyclic imines (entries 4-7) are transformed to 
the corresponding amines with excellent enantioselectivity.’la The 
observed ee of -98% at  65 O C  for these latter cases corresponds 
to AAG’ = 3.1 kcal/mol between the diastereomeric transition 

(5) Berk, S. C.; Kreutzer, K. A.; Buchwald, S .  L. J.  Am. Chem. Soc. 1991, 
113, 5093. 

(6) (a) Colletti, S. L.; Halterman, R. L. Tetrahedron Lett. 1992, 27, 1005. 
(b) Colletti, S. L.; Halterman, R. L. Organometallics 1991, 10, 3438 and 
references therein. (c) Chen, Z.; Eriks, K.; Halterman, R. L. Organometallics 
1991, I O ,  3449 and references therein. (d) Burger, P.; Hortmann, K.; Diebold, 
J.; Brintzinger, H. H. J .  Organomet. Chem. 1991, 417, 9 and references 
therein. (e) Erickson, M. S.; Fronczek, F. R.; McLaughlin, M. L. J. Orga- 
nomet. Chem. 1991, 415, 75. ( f )  Moriarty, K. J.; Rogers, R. D.; Paquette, 
L. A. Organometallics 1989, 8, 1512. (9) Zhang, Y.; Hu, Z. Tetrahedron 
Lett. 1988, 29, 41 13. 

(7) (a) Grossman, R. B.; Doyle, R. A.; Buchwald, S. L. Organometallics 
1991,lO. 1501. (b) Grossman, R. B.; Davis, W. M.; Buchwald, S. L. J .  Am. 
Chem. SOC. 1991, 113, 2321. Others have used this system for asymmetric 
catalysis: (c) Knight, K. S.; Waymouth, R. J .  Am. Chem. SOC. 1991, 113, 
6270. (d) Waymouth, R.; Pino, P. J .  Am. Chem. Soc. 1990,112, 491 1. (e) 
Kaminsky, W.; Ahlers, A.; MGller-Lindenhof, N. Angew. Chem., Int. Ed. 
Engl. 1989, 28, 1216. 

(8) Wild, F. R. W. P.; Zsolnai, J.; Huttner, G.; Brintzinger, H. H. J .  
Organomet. Chem. 1982, 232, 233. 

(9) (a) Collins, S.; Kuntz, B. A.; Hong, Y. J. Org. Chem. 1989, 54, 4154. 
(b) Collins, S.; Kuntz, B. A.; Taylor, N. J.; Ward, D. G. J. Organomet. Chem. 
1988, 342, 21. 

(10) Silane appears to be required to stabilize the active catalyst. 
( 1  1) (a) Burgess, L. E.; Meyers, A. I. J. Org. Chem. 1992.57, 1656. (b) 

For a biocatalytic route to enantiomerically pure amines, see: Stirling, D. I.; 
Zeitlir, A.; Matcham, G. W. US. Patent 4,950,606, 1990. 

(12) Preliminary studies show that lower pressures, in general, give lower 
ee’s. 
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uReactions were run using 5 mol 7% 1 as the (R,R,R) diastereomer 
unless otherwise noted. All compounds were characterized by IH 
NMR,  ”C NMR,  and IR spectroscopy. Amines in entries 9 and 10 
gave satisfactory elemental analyses, all others are  known. 

Enantiomeric excesses were determined by HPLC analysis using a 
Chiralcel O D  HPLC column. CWith 10 mol % 1. ”Determined by 
optical rotation to be the (R) enantiomer. CDetermined by optical ro- 
tation to be the (S) enantiomer. /Determined by GLC analysis of the 
(S)-Mosher amides using a cyclodex B GC column. gee of product 
ranged from 65 to 87% for several experiments. hWith 2 mol % 1. 

states. N-Benzyl imines derived from aryl ketones (entries 8- 
10)llb are also reduced with moderate to very good enantiose- 
lectivity, but these reactions are more variable in their selectivity. 
For example, the N-benzyl imine of acetophenone (as a mixture 
of geometric isomers, approximately identical in each run) has 
been reduced to the corresponding amine with ee’s ranging from 
65 to 87% under standard reaction conditions. The reason for 
this variability is as yet unclear. 

Our view of how the reaction proceeds is shown in Scheme 11. 
Activation with n-BuLi can occur to form the titanium(II1) hy- 
dride 2, as surmised in our ester reduction s y ~ t e m . ~  The four 
diastereomeric transition states for the reaction of 2 with the anti 
and syn isomers of a ketimine are shown. For the anti ketimine, 
the single interaction of Rs with the ligand in A should make it 
lower in energy than B, in which severe interactions between the 
ligand and both the nitrogen substituent and RL are apparent. 
The absolute configurations of the products in entries 4 and 8 are 
consistent with this model. When the substrate is a syn imine, 
as in entry 6, we believe that transition state C should be lower 
in energy than D. The absolute configuration of the product is 
consistent with this formulation. For acyclic imines, which consist 
mainly of the anti diastereomers, small amounts of the syn isomers 
may serve to lower the observed ee’s by proceeding through C 
(producing amine products of opposite configurations) instead of 
A. 

In summary, we have developed the first early transition metal 
catalyst for the asymmetric reduction of ketimines to enan- 
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tioenriched amines. Our results are comparable or superior to 
those reported using other metal  catalyst^.^ 
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We report the first example of the direct nucleophilic addition 
of OH- ion on a nonoxidized porphyrin ring, which affords a 
meso-saturated adduct having the same electronic structure as 
phlorin. 

Porphyrin derivatives containing saturated meso carbon(s) are 
important intermediates not only in the biosynthesis1 and the 
metabolism2 of natural porphyrins but also in the redox chemistry 
and the synthesis3 of various artificial porphyrins. "Phlorinn4 and 
"isoporphyrin",s which have one saturated meso carbon, are two 
typical types of such derivatives and are clearly classified into 
group I and I1 as shown in Figure 1.6 In redox reactions of the 
porphyrins, the phlorin and the isoporphyrin are formed through 
a a-dianion (Figure la) and a a-dication (Figure lb), respectively. 
On the other hand, similar derivatives can be obtained by alter- 
native synthetic procedures without the redox process. For in- 
stance, meso-saturated porphyrin derivatives classified into group 
I1 have been directly synthesized by electrophilic addition to the 
porphyrin ring (Figure ld).' In this case, the electrophilic adducts 
obtained have the same electronic structure as the isoporphyrin. 
However, direct nucleophilic addition to the nonoxidized porphyrin 
ring has not been reported except for reduction with BH,-.* The 
lack of nucleophilic addition is ascribed to the poor electrophilicity 
of the conventional metalloporphyrins used so far. With this in 
mind, direct nucleophilic addition is accomplished by use of 
gold(II1) porphyrins, which are strong electrophiles. The obtained 

'Present address: National Chemical Laboratory for Industry, Tsukuba, 

(1) Battersby, A. R.; McDonald, E. Porphyrins and Metalloporphyrins; 

(2) Ocarra, P. Porphyrins and Metalloporphyrins; Smith, K. M., Ed.; 

(3) Fuhrhop, J.-H. Porphyrins and Metalloporphyrins; Smith, K. M., Ed.; 

(4) Closs, G. L.; Closs, L. E. J .  Am. Chem. SOC. 1963, 85, 818-819. 
(5) Dolphin, D.; Felton, R. H.; Borg, D. C.; Fajer, J. J .  Am. Chem. SOC. 

1970, 92, 743-745. 
(6) The phlorin formed through an electrophilic attack at a meso carbon 

of a porphyrin dianion (Figure la)  has two more electrons in the porphyrin 
moiety than the isoporphyrin formed through a nucleophilic attack at a meso 
carbon of a porphyrin dication (Figure lb). 

(7) (a) Grigg, R.; Sweeney, A.; Johnson, A. W. J .  Chem. SOC., Chem. 
Commun. 1970, 1237-1238. (b) Guzinski, J. A,; Felton, R. H. J .  Chem. Soc., 
Chem. Commun. 1973, 715-716. (c) Gold, A,; Ivey, W.; Toney, G. E.; 
Sangaiah, R. Inorg. Chem. 1984, 23, 2932-2935. 

Ibaraki 305, Japan. 

Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; Chapter 3. 

Elsevier: Amsterdam, 1975, Chapter 4. 

Elsevier: Amsterdam, 1975; Chapters 14 and 15. 

(8) Sugimoto, H. J .  Chem. SOC., Dalton Trans. 1982, 1169-1171. 
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Figure 1. Schematic representation of orbital interactions of porphyrins 
with nucleophile or electrophile. 
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Figure 2. Absorption spectra of [Au"'(TPP)]*Cl- (- - -), nucleophilic 
adduct [Au"'(TPP-OH)] (1) (-), and phlorin [Au"'(TPP-H)] (2) (- 
. - e - )  in DMSO. 
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products are novel nucleophilic adducts, namely, "hydroxyphlorin", 
classified into group I. 

Tetra-n-butylammonium hydroxide (TBAOH) 10% methanol 
solution or NaOH aqueous solution was used as a source of OH- 
ion. Dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) 
were used as solvents. Gold(II1) porphyrins ( [Au"'(TPP)]+Cl-, 
[ AulI1( TSPP) ] +C1-, [ AulI1( TCPP) ] +C1-, and [ Ad1'( TqrP)] 'Cl-) 
and the other metalloporphyrins (Pd"(TPP), Cu"(TPP), Cd"- 
(TPP), and [Mn"'(TPP)]+Cl-) were synthesized and purified by 
the reported p r o c e d u r e ~ . ~ J ~  

(9) (a) Jamin, M. E.; Iwamoto, R. T. Inorg. Chim. Acta 1978, 27, 
135-143. (b) Shimidzu, T.; Segawa, H.; Iyoda, T.; Honda, K. J .  Chem. Soc., 
Faraday Trans. 2 1987,83,2191-2200. (c) Buchler, J. W. Porphyrins and 
Metalloporphyrins; Smith, K. M., Ed.; Elsevier: Amsterdam, 1975; Chapter 
5 and references therein. 

(10) TPP, meso-tetraphenylporphyrin; TSPP, meso-tetrakis(4-sulfonat~ 
pheny1)porphyrin; TCPP, meso-tetrakis(4-carboxypheny1)porphyrin; TPyP, 
meso-tetrakis(4-pyridy1)porphyrin. 
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