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Abstract—Z-a -acylaminocinnamate esters were hydrogenated with neutral rhodium(I) complexes containing (1S,
2S)-trans-1,2-bis(diphenylphosphinomethyl)cyclohexane. Increasing the steric bulk of the alcohol moiety of the
ester function results in increased enantioface differentiation in favor of the re-si prochiral face to yield an excess
of the S-amino acid derivatives. In the series of N-acetylphenylalanine ester products (resulting from hydro-
genation of Z-a-acetamidocinnamate esters) the optical purity increased from 1% ee-(R) [Me]; 20% ce<(S) (Et];
47% ee(S) [i-Pr); to 58% ee<(S) [t-Bu). Increasing the steric bulk of the acyl function (NHCOR, where R is an alkyl
moiety) favors the reduction of the si-re prochiral face [in the methyl ester substrates] to yield an excess of the
R-amino acid derivatives. In the series of N-acylphenylalanine methyl ester products (resulting from hydrogenation
of Z-methyl a-acylaminocinnamates) the optical purity increased from 1% ee<(R) [Mc]; 13% ee-(R) {i-Pr]; to 15%
ee-(R) [t-Bu and 1-adamantyl). The a-formamido and a-benzamido substrates gave hydrogenation products having
22% ee<(R) [H] and 35% ee~(R) {Ph]. In the corresponding free acids, increasing the steric bulk of the acyl function
(NHCOR, where R is an alkyl moiety) results in almost no change in the optical purity of the reduction products. In
the series of N-acylphenyl-alanine products (resuiting from hydrogenation of Z-a-acylaminocinnamic acids) the
optical purity was 35% ee<S) [Me]; 31% ee<S) (i-Pr}; 33% ee<(S) {t-Bu); and 35% ee-(S) (1-adamantyl]. The
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a-benzamido substrate gave a hydrogenation product having 8% ece-(S).

The (IR, 2R) - trans - 12 - Dbis(diphenyl-
phosphinomethyl)cyclobutane (1) chiral chelating
diphosphine was recently investigated in rhodium(I)
complexes used for the asymmetric hydrogenation of
Z-a-acetamidocinnamate esters (2).' It was decided to
" continue this study using the analogous (1S, 2S)-trans-
1,2-bis(diphenylphosphinomethyl)cyclohexane (3). The
two above-mentioned chiral diphosphines are carbocy-
clic analogues of the heterocyclic 2,3-1soprogy||dene-2,3-
dihydroxy-1,4-bis(diphenylphosphino)butane’>  (DIOP)

(4) (Fig. 1).
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Neutral RI{I) catalysts were prepared in-sitx from
chloro(1,5-cyclooctadiene)rhodium(I) dimer (5) and the
chiral diphosphine in benzene. The homogeneous cata-
lysts were used in the asymmetric hydrogenation of
Z-a-acetamidocinnamate esters (2) to yield the cor-
responding N-acetylphenylalanine esters (6) (Scheme 1).
The results of these investigations (performed in abs
EtOH/benzene = 2.3) are reported in Table 1. Increasing
thestencbu[kofthealcoholmaetyoftheesterfuncnon
results in increased enantioface differentiation in favor
of the re-si prochiral face to yield more of an excess of
the S-amino ester derivatives. In the series of increasing
stzncbulkwnhmthealcoholmonetyoftbeestzr.thc
optical yield of the product changed dramatically: 1%
enantiomeric excess (ee)<R) [Me]; 20% ee<(S) [Et]; 47%
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ec(S) [i-Pr]; and 58% ee<(S) [t-Bu). The corresponding
free acid gave 35% ece<(S) under the same reaction
conditions.’

Rh(I) complexes of the (1R, 2R)<cyclobutane diphos-
phine analogue (1) showed a relative lack of sensitivity to
the alcohol moiety bulk (in the asymmetric hydro-
genation of the same series of ester substrates): 44%
ee(R) [Me]; 42% ee-(R) [Et]; 41% ee-(R) [i-Pr]; 40%
ee-(R) [t-Bu); and 86% ece<(R) for the free acid.' A
somewhat similar lack of sensitivity was shown by Rh(l)
hydrogenation complexes of the heterocyclic diphos-
phine (2R, 3R)-DIOP (4): 69% ee<(R) [Me]; 72% ec-(R)
(Etl; 76% ee(R) [i-Pr]; 77% ee-(R) [t-Bu]; and 82%
ee-(R) for the free acid.* It can be seen that the carbo-
cyclic cyclohexyl diphosphine (3) behaves differently
than the carbocyclic cyclobutane analogue (1) and DIOP -
(4) in the RI(I) catalyzed hydrogenation of the un-
saturated esters (2). The carbocyclic cyclohexyl diphos-

cat*
(in-si1tu)
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phine (3) also behaved differently than the cyclopentyl,
cyclobutyl and DIOP diphosphines in the Ri(I) catalyzed
hydrogenation of N-acetyldehydroalanine: 72% ee(R)
{(JIR, 2R)<cyclobutane}; 72% ee-(R) [(IR, 2R)-cyclo-
pentane]; 40% ee~(S) [(1S, 2S)cyciohexane]; and 73%
ee-(R) [(2R, 3R)-DIOP}?

The relatively large dependence of the ester reduction
product (6) optical purity upon the alcohol steric bulk
{for the cyclohexyl analogue 3 compared to the cyclo-
butyl analogue 1 and to DIOP 4) can be interpreted as
resulting from a more flexible 7-membered chelating ring
that is 1,2-trans fused to the diphosphine cycle. Thus, an
increase in alcohol moiety steric bulk in the substrate
could increase the population of a particular chelate ring
chiral conformer. This reduction in conformational
possibilities could result in the reaction products having
higher optical purity. If the 7-membered chelate ring is
already fairly rigid and exists in mainly one chiral
conformation, then the series of unsaturated esters (2)
and the N-acetyldehydroalanine might show a different
type of behavior compared to the more flexible case.
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In addition, as in the case of the cyclobutane analogue
(1) and contrary to that with DIOP (4), there is a much
larger difference between the degree of enantioface
selectivity exhibited by the prochira! free acid compared
to the unsaturated methyl ester. It is likely that this is
indicative of differences in the polar character of the
ester moiety compared to that of the carboxyl group.

In a similar manner, a series of N-acylphenylalanine
free acids and methyl esters were produced via hydro-
genation of the corresponding unsaturated substrates.
From Table 2 it can be seen that increasing the steric
butk of the acylamino function (NHCOR, where R is an
alkyl moiety) favors the reduction of the si-re prochiral
face {in the methyl ester substrates] to yield an excess of
the R-amino acid derivatives. In the series of N-acyl-
phenylalanine methyl ester products (resulting from the
corresponding Z-methyl a-acylaminocinnamates) the
optical purity increased from 1% ee-(R) [Mel]; 13% ee(R)
[i-Pr]; to 15% ee<(R) {t-Bu and 1-adamantyl]. The a-
formamido and a-benzamido substrates gave hydro-
genation products having 22% ee-(R) [H] and 35% ee<(R)

Table 1. Asymmetric hydrogenation of Z-a-acetamidocinnamate esters [CH;CH=C(NHCOCH;)COOR] Catalyzed
by neutral chlororhodium{D)/(1S, 28)-trans-1,2-bis(diphenyiphosphinomethylcyciobexane complexes®

b
R fe12° % opt. purity® abs. config.
W v6.4d 35° 5
e . 1.2t 1® R
Et ar.sf 2t s
iy 635_?f 47 5
t-Bu vs3.4f s8] 5
Table 2. Asymmetric  hydrogenation of Z-a-xcylaminocinmamic acids and methyl  esters

[CH CHsC(NHCOR)ICOOH and C¢H;CHaC(NHCOR)YCOOCH;] catalyzed by neutral chlorohodium(D)i(1S, 28)-
_ trans- lz-bu(dlpbenylphosphmomcmﬂ)cydohem complexes®

frec acidsk nethyl csters

(a}?sb % opt. abs, [u]zsb s opt. :'zbs. )
R punty config. D purity config.
i . - - «21.8f 2! R
e +16.4% 35° s caaf 1® R
i-pr  s28.0f a" s st 13" R
epu e241f 33° s araf 15° %
teada 2267 3P s - a3t 157 R
P - 388 gt s 15,89 359 X

“[Rh] = 30mmoll",[d!phowhm0:]/[llh]-ll [mbmﬂc]l[llh]-ls [abs. EtOH]I[benzene]-Z.J total volume
10ml; tatm. Hy; 25°C; and ~100% conversion (unless stated otherwise). *107' x [a] = degree g™’ em’. “%
enantiomeric excess, + 1%. “(C 1.0, 95% EtOH). Baudnron -acetyl(S)-phenyialanine: [cb”+46.5’((21095%
EtOH), Ref. &; lit.” [a}o® +46.8° (C 1.06, 95% EtO H). (€ 1.0, CHCY). #Based upon N-acetyl{S)-phenylalanine
methyl ester: {alp™ +101.3° (C 1.0, CHCh), Ref. 4. *Based upon N-acetyl(S)-pheaylalanine ethyl ester: {a}p®™
+859’(CIO CHCl), Ref. 4. 'Based upon N-acetyl{(S)-phenylalanine i-propyl ester: [alp® +76.1° (C 1.0, CHCY,),
Ref. 4. 'Based upon N-acetyl(S)-phenylaianine t-batyl ester: [alo® +74.4° (C 1.0, CHC), Ref. 4. *Free acid
reduction products converted to methyl esters via diazomethane prior to determination of optical purity (with the
execpnonofR-Me) 'BueduponN-(omyl-(S)-phenyhhm methyl ester: [a}p™ +99.0° (C 1.0, CHCh), Ref. 6.

~40%mvum.opmlramonnotdaumm *Based upon N-isobutyryl-(S)-phenylalanaine methyl ester:
[a]o® +90.8° (C1.0, CHCly), Ref. 6. °Based upon N-pivaloyl-(S)-phenyialanine methyl ester: [alp™ +73.2* (C 1.0,
CHCh). "Based upon N-sdamantyl-l-carbonyl-(S)-phenylalanine methyl ester: [als® +63.9" (C 1.0, CHCh).
*Based upon N-benzoyi<(S)-phenylalanine methyl ester: falp™ —45.3° (C 1.3, 95% EtOH), Ref. 17.
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[Ph]. RiI) complexes of (28, 3S)-DIOP gave a similar
increase in the amount of attack on the si-re prochiral
face upon increase in the steric bulk of the alkyl group
within the acylamino function.® Thus, in this case the
corre ing reduction products showed 69% ee<(S)
[Me]; 15% ee<(S) [i-Pr); to 0% ee [t-Bu and 1-adaman-
tyl]l® The a-formamido and a-benzamido substrates
gave hydrogenation products having 58% ee~(S) [H] and
36% ec-(S) [Ph] using DIOP.® A comparison between the
Rh(I) complexes containing DIOP and the cyclohexyl
analogue (3) show that in both catalytic systems the
formamide shows increased attack on the re-si prochiral
face [less (S)product] relative to the acetamide
analogue.

It is clear that the formamido group is smaller in steric
size than the acetamido group. Yet, inspection of the
optical purity data for the N-acylphenylalanine methyl
esters (produced by Rh(I) complexes containing either
DIOP or the cyclohexyl analogue) show that steric
considerations alone cannot explain the results of the
formamido substrate vis-d-vis the rest of the series. By
'H NMR it has been shown that in CDCl;, the
formamide substrate exists in both trans and cis-amide
conformations, while the acetamido substrate only ex-
hibits signals corresponding to the trans-amide confor-
mer.” One must be cautioned with regard to the
significance of the '"H NMR data since it has yet to be
shown that the optical purity of the reduction product
may be effected by the existence of cis/trans-amide
conformational equilibria within the a-acylamino moiety
of the olefinic substrate. This point is currently under
active investigation,

Another reason for special behavior of the formamides
may well be the difference in the electronic nature of the
substituent adjacent to the CO carbon within the a-
acylamino group of the olefin. This appears to be
reasonable since the trifluoromethyl group [in «-
trifluoroacetamido substrates] exerts a very definite
electronic influence upon the optical purity of the reduc-
tion product.** When the a-triffuoroacetamido analogue
(both the methy! ester and the free acid) is reduced with
Rh(I)-DIOP complexes, there is a considerably greater
reduction of the si-re prochiral face than is comensurate
with the steric size of the triffuoromethyl group alone.**
In this particular case the steric size effect can be
efficiently estimated since the Van der Waals diameter of
CF; is intermediate between that of Me and t-Bu.’® It is
reasonable to state that C atom substituents adjacent to
the CO carbon atom of the a-acylamino group are more
efficient in their ability to push electrons towards the
partially positive carbon center than either the
trifivoromethy! group or the proton moiety.

If we look at the optical purity of the N-acylphenyl-
alanine methyl esters in which the acylamino moiety
contains an alkyl group adjacent to the CO, it is seen that
there is a larger difference in the values for the
acetamide vs the isobutyramide than there is for the
isobutyramide vs the pivalylamide (A% ee =12 and 2,
respectively). Similar results were also found when the
diphosphine used in the catalyst was the cyclobutane
analogue (1) of DIOP.® This can be interpreted more in
terms of a masking of the polar character of the acyl-
amino function rather than just a steric effect alone. In
addition, simple steric considerations also seem
insufficient to explain the relatively high optical purity of
35% ce-(R) shown by the N-benzamidophenylalanine
methy! ester. Polar factors effecting the CO are most
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likely at work here, perhaps even some type of -
interaction with the pheny! rings of the catalyst itself.
This point is under current investigation.

The series of N-acylphenylaline free acids gives
interesting results in Table 2. The size of the alkyl group
in the a-acylamino function of the unsaturated substrate
appears not to effect the optical purity of the reduction
product. The importance of the carboxylic acid function
is indicated by these results. Again, it is evident that the
relatively low value of 8% ee<(R) for the benzamido
analogue compared to the 31-35% ec<(R) for the
acetamido-pivalylamido substrates cannot be explained
on the basis of steric effects alone.

The above experiments with a-acylaminocinnamic
acids and methyl esters are most indicative of the im-
portance of polar effects upon the enantioface differen-
tiation step in the asymmetric hydrogenation of dehy-
droamino acid derivatives. Further investigations are in
progress on this subject.

EXPERIMENTAL

Hydrogenations were carried out in a glass atmospheric pres-
sure apparatus at 25.0+0.5° according to the method described in
Ref. 4, 10. Neutral rhodium(I) complexes were prepared from
chloro(1,5-cyclooctadiene)rhodium(I) {dimer purchased from
Strem Chemicals Inc.] according to the method described in Ref.
4, 10. All mg pts are uncorrected. Microanalyses were performed
at the Hebrew University of Jerusalem.

(18, 2S) - Trans - 1.2 - Bis(diphenylphosphinomethyl)cyclo-
hexane. Racemic trans-1,2-cyclobexanedicarboxylic acid, m.p.
220-221° (lit."" 227-229%), was prepared from cis-1,2-cyclo-
hexanedicarboxylic anhydride (Aldrich Chemical Co.) via the
method of Applequist and Werner." (1S, ZS)-rmns 1,2cyclo-

hexanedicarboxylic acid, m.p. 173-175° and [a]p +20.3° (¢ 2.0,
acetone) [lit. m.p. 183.5-1850° and [a]p® +22.3° (¢ 5.3,
acetone),’’ m.p. 179-180° and [alm +22.4° (¢ 0.214, acetone),
ref. 12; m.p. 182-185° and [a)p®* +20.8° (¢ 5.0, acctone),"
[alo® +20.9° (c 3.5, acetone,'), was obtained via resolution with
cinchonidine according to the method of Armarego and Kobay-
ashi.”? Conversion to the methyl di-ester via reaction with
diazomethane was followed by reduction with LAH to vield (1S,
2S)-trans-1,2-bis(hydroxymethyl)cyclohexane, m.p. 66-67° and
[a]o® —19.8° (2, benzene) [lit. m.p. 63-64° and [a]p®* —20.2° (¢
4.0, benzene), ref. 12; m.p. 61-62° and [a]p®* +21.4° (c 4.0,
benzene) for the (IR, 2R)-enantiomer.”” Reaction with p-
toluenesulfonyl chloride in pyridine afforded the (1S, 2S)-trans-1,
2-bts(hydroxymcth¥’)cyclohexane di-p-toluenesulfonate, m.p.
112-113° and [a]p?'® +24.2° (c 4.0, benzene) [lit. m.p. 109-109.7°
and [a]o® +25.0° (c 5.0, benzene)," m.p. 109-110° and [a)o?"
-24.8° (c S, benzene) for the (IR, 2R)-enantiomer.’” Finally,
reaction with lithium diphenylphosphide according to the method
of Aguiar et al.'® gave a solid which was recrystallized from
MeOH to yield (18, 2S)-trans-1,2-bis(diphenyl-
pbosphinomethyl)cyclobexane hydrate as a crystalline solid, m.p.
55-56° and [a]p> +52.7° (¢ 1.0, benzene). The IR spectrum (KBr
pellet) sbowed absorptions at 3280cm™' (broad w) O-H stretch;
2940cm™’ (s) C-H stretch; 1545 cm™' (w) C=C stretch; 1455 cm™
(s) C-H bending; 1405cm™ (s) P-phenyl stretch; 705 and
690cm™' (s) monosubstituted benzene ring. The 'H NMR
100 MHz spectrum in CDCl,/TMS showed a multiplet at 7.20
0.10 8, m}l.mmﬁc protons; a crude doublet at 2.34 8, ] ~

12Hz. 2H CCH.P; 8 crude doublet at 1.9 8, ]~ 12Hz, 2H,
CCHP; and a multiplet at 1.30£0.50 8, 10H, cyclohexyl protons.
(Found: C, 77.36; H, 7.12. Calcd. for C5,HyP,-H,0: C, 77.09; H,
7.28%).

The synthesis of the Z-a-acetamidocinnamate esters and ap-
propriate N-acctylpbenylalanme ester optically-pure standards
has been described previously.* The synthesis of the Z-a-acyl-
aminocinnamic acids and methyl esters as well as the appropriate
N-acylphenylalanine methyl ester optically-pure standards will
be described clsewhere.® All new compounds exhibited satis-
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factory elemental analyses, and their proposed structures were
all in agreement with the observed IR and 'H NMR spectra.

All reactions were terminated after 24 hr. After evaporation of
the solvent in vacuo, the percent conversion was determined by
'H NMR using a Varian XL-100 spectrometer. The percent
conversion of esters was also determined by analysis on a Varian
model 2100 gas chromatograph using a column of 6% Carbowax
20-M coated on Chromosorb W AW/DMCS (60-70 mesh), 1.0m
length, and 1/4-in. o.d. glass tubing. The operating conditions
were: column temp. 180°, injector and detector temp. 250°, and a
N; carrier gas flow rate of 75 mi/min.

Residues of crude product mixtures (from the free acid sub-
strates) were directly treated with diazomethane in ether. The
resulting methyl esters were analyzed by gas chromatography to
determine the percent conversion. All the crude esters (including
those prepared via diazomethane) were taken up in a minimum
quantity of CHCl,, and chromatographed on a silica-gel column
(prepared in petroleum-ether 60-80°-cluted with an increasing
gradient of EtOAc in petroleum-cther 60-80°). The purified N-
acylphenylalanine ester products were stored in a desiccator in
vacuo over P,Os prior to determination of the optical rotation in
a Perkin-Elmer MC-141 polarimeter. The rotation was measured
at three wavelengths: 589 (Na-D), 434.75 and 334.15 nm; 25° and
a concentration of 1.0x 10" 2gm!™" in CHCl; (unless otherwise
noted). Each experiment was performed at least twice, and the
optical rotation of at least two samples from each experiment
were determined.

Validity of diazomethane treatment of crude free acid raction
product mixtures. Z-a-acetamidocinnamic acid yields N-acetyl-
phenylalanine [82% eeS)] when hydrogenated in abs
EtOH/benzene 2.3:1 using a neutral chiororhodium(I)/(2S, 3S)-
DIOP compiex.’# The determination of free acid product optical
purity was performed via polarimetry after the crude product
mixture hed been chromatographed on a silica-gel column* A
sample of the crude free acid product mixture wus treated with
diazomethane in ether and then chromatographed on a silica-gel
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column. The purified N-acetylphenylalanine methyl ester gave
[a]o™ +84.3° (¢ 1.0, CHCLy) for 83% ee(S), based npon [a)p?
+101.3° (¢ 1.0, CHCl;) for the pure (S)enantiomer.
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