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Conversion of a Protein to a Homogeneous
Asymmetric [{ydrogenation Catalyst by Site-Specific
Modification with a Diphosphinerhodium(I) Moietyr

Sir.'

We wish to descr ibe an approach to the construct ion of
asymmetr ic hydrogenat ion catalysts based on embedding an
(ef fect ively)  achiral  d iphosphinerhodium(l)  moiety at  a spe-
cif ic site in a protein: the protein tertiary structure provides thc
chirality required for enantioselective hydrogenation. Although
i t  is  present ly di f f icul t  to predict  the enant ioselect iv i ty of  any
hydrogenat ion f rom knowledge of  the structures of  catalyst
and substratc,  phosphine-rhodium( l )  complexes having r ig id.
conformat ional ly homogeneous structures seem general ly to
be more ef fect ive catalysts than those which are conforma-
tionally mobile .2 A globular protein modified by introduction
of  a  ca ta ly t i ca l l y  ac t i ve  meta l  a t  an  appropr ia te  s i tc  cou ld ,  in
pr inciple,  provide an except ional ly wcl l -def ined ster ic envi-
ronment around that mctal .  and should do so for considerably
smaller effort than would be required to construct a synthetic
substancc of  compa rable stereochemical  complexi  ty.

Our in i t ia l  ef for ts have focused on avidin.  This wel l -char-
acter ized protein is composed of  four ide nt ical  subuni ts,  each
of which binds biot in and many of  i ts  dcr ivat ivcs suf f ic ient ly '
t ight ly that  associat ion is ef fect ively i r reversible (K.r  :
l0 - r2*10- rs  M) .1 'a  B io t in  was conver ted  to  a  che la t ing  d i -
phosph ine  and complexed w i th  rhod ium( l )  by  the  sequencc
out l ined in cq I  (NBD = norbornadiene, Tf  = t r i f late).5.6 The
i n term ed ia te N,I/- bi s ( 2-d i ph en y I phos prh i noet h 1,'l ) bi ot i n a m i dc
( l )  was  fu l l y  charac ter izcd :s  the  rhod ium complex  l .
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RhNBD+Tf- was prepzrred in situ r: : : i l i thout charac-
terization.6 The enantioselectivi ty of catalysis by complexes
of avidin with l .RhNBD+Tf- was tested by the reduction of
rr-acetamidoacrylic acid (2) to ,N-acctylalanine (3) (eq 2). This
reduct ion has been used f requent ly  in  est imat ing the enan-
t iose lect iv i ty  o f  o ther  asymmetr ic  hydrogenat ion cata lys ts .T

Table I.  Catalyt ic Reduction of a-Acetamidoacryl ic Acid (2) to
/V-Acety la lan ine (3)  us ing l .RhNBD+Tf-  (A lone and Mixed wi th
Protc ins)  as Cata lvs t "
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o Al l  hydrogenat ions were run wi th  0 . -50 pmol  o f  l .RhNBD+T|-
in  6 .0  mL of  watcr  (0 . I  M Na2HPO4 buf fer ,  pH 7.0)  a t  0  oC for  48
h under  1 .5-atm pressure o f  H2.  h  Molecu les o f  2  or  4  hydrogenated
pcr  rhodium atom.  '  A l l  exper iments  wcre run wi th  0 .25 mmol  o f  2
r rnd  0 .25  mmo l  o f  Na :HPOq.d  A l l  c xpc r imen ts  we re  run  w i t h  0 .25
mmol of al lyl  alcohol. ' '  The S enantiomer was in cxcess. /  Calculated
on the basis of the reported values for optical ly pure N-acetyl-(R)-
a lan ine: [ , r l ts ' r  +66. -5o (c  2 ,  HuO)(S.  M Bi rnbaum, L .  Lev i tow,  R.
B.  K ings ley,  and J .  P.  Greenste in ,  J .  B io l .  Chem.,  194,455 (  1952)) .
No rotat ions were observcd for values denoted (():  low turnover
numbers for CA and BSA led to the large experimental uncertainty.
s Thc quanti ty of avidin added was 125 U, and was suff icient to bind
0.50 pmol of biot in.8 I  This value represents complete hydrogenation:
these turnover  numbcrs arc  thus lou 'er  l imi ts .  '  The av id in  was incu-
bated with a I 0/n exccss of biotin (0.55 rrmol, 0. l 3 mg) before exposure
to thc solut ion containing l .RhN BD+. The excess oi biot in precluded
polar imetr ic  assay.  I  Thc av id in  was incubated wi th  a  10- fo ld  cxccss
of biot in ( L2 mg). A The avidin and bovine scrum albumin werc mixed
before adding to  the so lu t ion o f  l -RhNBD+.

A represcntat ivc  hydrogcnat ion was conducted as fo l lows.

r r -Ace tam idoac ry l i c  ac id  (32  m9 ,0 .25  mmo l )  and  Na2HPOa
(36 mg,  0 .25 mmol)  were dcgassed in  a  20-mL pressure reac-

t ion bot t le  ( t -ab Glass)  wi th  argon,  and 5 mL of  aqueous 0.1
M Na:HPO+ buf fcr  (pH 7.0)  was added.  The so lu t ion was
cooled to  0  oC and 1.0  mL of  a  s imi lar ly  buf fered so lu t ion o f
av id in  ( -10 mg,  I  25 U,  b inds 0.50 pmol  o f  b io t ins)  was added.

The bott lc was swept with dihydrogen (welding grade) and the
pressure ad justcd to  L-5 a tm wi th  d ihydrogcn.  A so lu t ion o f
l .RhNBD+Tf -  i n  THF  (25  r rL  o f  a  20  mM so lu t i on ,  0 .50
pmol)  was in jec ted:  the resu l t ing so lu t ions were pa le  ye l low

and homogencous. The reaction was st irred for 48 h (0 oC, 1.5
atm of  Hz) .  The react ion was worked up by ad just ing the pH

to 2 .0  wi th  2 .0  N aqueous HCI  so lu t ion and f i l te red through
Cel i te  to  remove any prec ip i ta ted I  and through an Amicon

Diaf ' lo PM l0 ultraf i l trat ion membrane ( l0 000 mol wt cutoff)
to  separate  av id in  and av id in . l  complexes f rom 2 and 3.  The
opt ica l  ro ta t ion o f  the resu l t ing c lear  co lor less f i l t ra te  was

combined wi th  an NMR measurement  o f  the extent  o f  con-
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version of 2 to 3 to give one estimate of the enantiomeric excess
for 3. Turnover numbers for the reduction (molecules of 2 re-
duced per atom of rhodium in 48 h) were also calculated from
thesc conversions. The mixture of 2, 3, and bulfer was con-
centrated to a paste. The 2 and 3 were extracted into methanol,
and converted to methyl  esters wi th diazomethane. Exami-
nat ion of  the NMR spectrum of th is mixture in the presence
of the chiral  europium shi f t  reagent Eu(hfc)re provided a
second estimate of thc enantiomcric excess for 3. Values from
opt ical  rotat ion and NMR were in good agreement.  Hydro-
genat ions carr ied out in the absence of  avidin,  and in the
presence of other proteins, were conducted and assayed by
analogous procedures. Results are summarized in Table I. For
comparison, th is table also l is ts turnover numbers for  conver-
s ion of  the less hindered substrate al ly l  a lcohol  (a)  to 1-pro-
pano l  (5 ) .

Compound l -RhNBD+Tf-,  by i tsel f ,  was a moderatcly
active hydrogenation catalyst which shows no enantioselecti-
vity in production of 3. The presence of lysozyme, bovine serum
albumin (BSA), and carbonic anhydrase (CA) in solutions of
l .RhNBD+Tf- had no signi f icant inf luence on enant ioselec-
tivity, although BSA and CA markedly lowered the activity
of  the catalyst  (CA by approximately a factor of  10).  The
presence of I equiv of avidin in solution (assuming each avidin
subunit to be associated with I equiv of l) resulted in a definite
increase in activity, and in the production of 3 with -40o/o S
enant iomeric excess. When the abi l i ty  of  avidin to bind I  was
blocked by prior exposure to ether a l0o/o excess or a tenfold
excess of biotin, the enantioselectivity of the reduction was
el iminated. Unexpectedly,  solut ions containing 1.0 equiv of
l .RhNBD* p. .  avidin subuni t  showed signi f icant ly higher
enantioselectivity than those containing 0.5 equiv. The origin
of this difference is not evident, but may reflect interaction
between the biotin binding sites in different subunits.3'4 The
reduction in enantioselectivity observed on addition of l.
RhNBD+ to a mixture of avidin and BSA may indicate either
slow dissociation of l.Rh+ from a complex with BSA or in-
teract ion between BSA and avidin. l .Rh+.

The observations summarized in Table I are compatible with
the hypothesis that the active catalyst in solutions of l.
RhNBD+Tf- and avidin is a complex in which I is associated
with the protein at the biotin-binding site. The observation that
the turnover numbers for 2 - 3 and 4 - 5 are roughly parallel
suggests l itt le gross structure sensitivity to the system. The
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catalyst system composed of l 'Rh(l) bound to avidin is not a
practical asymmetric catalyst: although avidin is commercially
avai lable,  i t  is  cxpensive by the standards of  t ransi t ion metal
catalysis;  the enant ioselect iv i ty displayed_by avidin '1 'Rh( l )
in hydrogenation of 2 to 3 is only modest.T Nonetheless, the
experiments summarized here establish two principles. First,
it is possible to carry out homogeneous hydrogenation using
a diphosphinerhodium(l)  catalyst  associated with a protein:
neither the aqueous solution nor interactions between the metal
and the protein necessarily deactivate the catalyst. Second, the
chiral i ty of  the protein is capable of  inducing signi f icant en-
antioselectivity in the reduction. It may be possible to apply
these principles to the development of other combinations of
proteins and transition metals capable of effecting practical
lnantio- or regioselective hydrogenation'10 Further' the
techniques developed to bind transition metals to specific sites
in proteins may find uses in biological and clinical chemistry
unrelated to asymmetric synthesis. We wil l describe further
studies in this area in subsequent publications.
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