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Figure 1. ORTEP representations of the diactate of 5E (top) and 5A 
(bottom) viewed down the biphenyl axis. Twist angle of the biphenyl is 
42°. Final R (£|F0 - FC|£F0) values were 0.092 and 0.080 for SE + 
6E and 5A + 6A, respectively. 

Table I. Kinetics of the Enzyme-Catalyzed Glucuronidation of the 
Six Stereoisomeric 
3,4,5,6-Tetramethyl-9,10-dihydroxy-9,1O-dihydrophenanthrenes" 

substrate 

4P 
4M 
5A 
6A 
5E 
6E 

Aedis,» M-1 

cm"1 

+ 143 
-143 
+ 144 
-143 
-120 
+ 116 

abs configc 

R,S,P 
R,S,M 
SXP 
R,R,M 
S,S,M 
R,R,P 

kc, s-' 

0.020* 
0.0058* 

<0.0005*< 
0.0069d 

0.41 ± 0.01 
0.20 ± 0.004 

* c / "mapp' 

M"' s"f 

980 ± 10( 
910 ± 60 

"Reactions were run as described in ref 2. * Circular dichroic ex
tinction coefficients for the dissymmetry transition at 233 (4M and 
4P), 232 (5A and 6A), and 230 nm (5E and 6E) were determined in 
2-propanol. c Designations R and 5 described absolute configuration of 
the carbinoi carbons. M and P designate the helicity of the biphenyl 
axis. ^Turnover numbers were estimated by using saturating 1.5-2.2 
mM substrate concentrations. Reactions were too slow for accurate 
determination of A:c/A"mapp due to lability of the enzyme at 25 0C. 'No 
product detected. 

resolved by synthesis and resolution of the diastereomeric 
mono[(-)-a-methoxy-a-(trifluoromethyl)phenylacetates]. All 
pairs of enantiomers gave mirror image CD spectra (supple
mentary material, Figures 2-4) with an intense dissymmetry 
transition at ~232 nm characteristic of the 2,2'-bridged biphenyl 
chromophore. Absolute configurations of the six stereoisomers 
were determined from the sign of this transition (Table I), which 
reports the helicity of the biphenyl axis.6'9 The conformers are 
quite stable at room temperature. For example the half-life for 
racemization of 4 is 2.0 years at 25 0C.3 

Enzyme-catalyzed reactions of the six conformationally locked 
substrates were monitored by reversed-phase HPLC.10 Three 

(9) (a) Mislow, K.; Glass, M. A. W.; O'Brien, R. E.; Rutkin, R.; Steinberg, 
D. H.; Weiss, J.; Djerassi, C. /. Am. Chem. Soc. 1962, 84, 1455. (b) Craig, 
J. C; Roy, S. K. Tetrahedron 1965, 21, 395. (c) Ringdahl, B.; Chan, R. P. 
K.; Craig, J. C; Cava, M. P.; Shamma, M. /. Nat. Prod. 1981, 44, 80. 

interesting observations can be made. First, only one product from 
each of the two ci's-antipodes is evident by HPLC even at long 
reaction times, suggesting that only one of the two topochemically 
distinct carbinoi groups of 4M or 4P is glucuronidated. Second, 
the trans diaxial stereoisomer 5A is not a substrate for the enzyme. 
Finally, the most interesting feature of the enzyme-catalyzed 
reaction is the striking kinetic discrimination between the six 
stereoisomers by UDPglucuronosyltransferase (Table I). In 
particular, the trans diequatorial isomers 5E and 6E are turned 
over 30 to >800 times more rapidly than their corresponding 
conformational diastereomers with axial hydroxyl groups. It 
therefore seems likely that the preferred conformation of kinetically 
labile ira«5-dihydro diols such as 2 or 3 in a productive en
zyme-substrate complex is that with diequatorial hydroxyl groups. 
In view of the conformer specificity of the enzyme toward the trans 
isomers it appears probable that only the equatorial hydroxyl group 
in 4M and 4P is recognized by the enzyme. This suggests that 
the two diasteromeric glucuronides formed from I2 arise via re
action of the equatorial hydroxyl groups of the two conformational 
enantiomers IM and IP in the enzyme-substrate complex. Work 
is in progress to clarify this point. 
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(10) Retention times (min) for substrates and products: 4M and 4P, 42.6; 
4M glucuronide, 36.0; 4P glucuronide, 36.5; 5A and 6A, 29.6; 6A glucuronide, 
17.6; SE and 6E, 45.0; SE glucuronide, 42.2; 6E glucuronide, 40.9, found by 
using a Rainin Microsorb C18 column (4.6 mm X 25 cm) eluted at 0.5 
mL/min with 50% CH3OH in 0.1 M acetic acid for 10 min then a gradient 
of 1%/min to 80% CH3OH. Products were identified by their CD spectra. 
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Isotopic probes of enzyme reactions provide a measure of the 
extent to which bond cleavage steps limit catalysis.'-7 Further, 
when the magnitude of the intrinsic isotope effect on isolated bond 
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Gandour, R., Schowen, R. L., Eds.; Plenum Press: New York, 1978; p 165. 
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Table I. Initial Rate Parameters and Isotope Effects Describing Eq 1 
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parameter isotope effect isotope effect, minus one 

k = 
k*k< 

(^3+ U( I + Cr + C) 
(2) 

*k5 + Cs + *KQ 

1 + Cvf + C ( * *«- ! ) 
(*&,-!) +CAT-I)C, 

l + c»f + C 
(4) 

^ca t /^m — 
/CjKg/Cj 

fc2fc4(i + Cf+ C) 
(3) (*cat /*m) 

U 5 + C + *ATCr 

1 + Cf + C 
f ^ c / A T J - l ] 

(»&,-!) + (**:-I)C, 

1 + C + C 
(5) 

cleavage step(s) is available, kinetic isotope effects can permit the 
calculation of microscopic rate and dissociation constants.8"10 

Recently, observed steady-state isotope effects on kat and kM/Km 

have been shown to provide substrate dissociation constants without 
the requirement for knowledge of the intrinsic isotope effect, 
provided that the equilibrium isotope effect on the chemical step 
is small relative to the kinetic isotope effect.10 In this paper, we 
show that this constraint is not a prerequisite for the calculation 
of Kd values, greatly expanding the scope of enzyme reactions that 
will permit direct calculation of Kd from steady-state data. 

Consider the single-substrate, two-product enzyme reaction, 
characterized by two preisotopic and one postisotopic enzyme 
complexes, eq 1, where ks and k6 are the isotopically sensitive steps. 

E + S: E-S: 
k5 k7 

E-S' ; = i E-P1-P2 — E-P1 + P, 

E + P1 (1) 

The expressions for the steady-state parameters, fcrat and kCM/Km, 
and isotope effects on these parameters, *&cat and *kCM/Km, are 
given in Table I, where *k5 and *K are the intrinsic kinetic and 
equilibrium isotope effects for the conversion of E-S' to E-P1-P2 

and Cf, Cvf, and C1. are the forward and reverse commitment 
factors as described by Cleland.5 As originally noted by Nor
throp,11 subtraction of one from both sides of the isotope effect 
equations allows reduction of these expressions, leading to eq 4 
and 5 in Table I. Note that this algebraic rearrangement yields 
equations that contain the same term in their numerators. Hence, 
division of(*kCit - 1) by [*(kC3t/Km) - 1] leads to cancellation 
of both the kinetic, *k$, and equilibrium, *K, effects. Combining 
eq 2-5 in Table I we obtain 

(•*«, 1) 1 + Cf + C 

[*(kcit/Km)-\] 1 + C + C 
- Km/Kd 

where 

ATd-
K2Zc4 

*i(*3 + kt) 

(6) 

(7) 

i.e., where Kd represents the dissociation constant of substrate from 
all preisotopic complexes. Where there is only one preisotopic 
E-S complex or where additional preisotopic complexes are present 
at low concentrations relative to E-S in the steady state, Kd = 
Ic2Zk1. 

The above expression is a general one and will apply to any 
enzyme reaction characterized by nonunitary values for *kai and 
*(&cal/ATm), with the exception of reactions in which more than 
one isotopically sensitive step occurs.13 As long as experimental 
error can be minimized, measurements of heavy atom and sec
ondary hydrogen isotope effects can yield Kd. However, as a 

(8) Miller, S.; Klinman, J. P. Methods Enzymol. 1982, 87, 711. 
(9) Ahn, N.; Klinman, J. P. Biochemistry 1983, 22, 3096. 
(10) Palcic, M.; Klinman, J. P. Biochemistry 1983, 22, 5957. 
(11) Northrop, D. B. Biochemistry 1975, 14, 2644. 
(12) Although a single-substrate enzyme reaction has been treated in this 

paper, the derivation of Kd will pertain to the isotopically labeled substrate 
in a ping pong bi bi mechanism or to the second bound substrate in both 
ordered and random sequential bi bi mechanisms. 

(13) It should be noted that exchange of the isotopically substituted atom 
with solvent prior to release of the first product may alter the form of eq 4 
and 5; however, eq 6 remains valid. 

Case I 

*<kcat/Km) = *kca)
 E 3 

Km = Kj 

Case g 

k 2 < k 5
 k 

* < k c a t / K J < * k c o , E j ^ / ' 

K m > K„ 

Casein 
k 5 < k 2 

* < k C o , / K m ) > * k „ , 

K m < K d 

Figure 1. Free energy profiles for a single-substrate, single-product 
enzyme reaction, illustrating the interplay between eq 6 and the nature 
of rate determining step(s) in an enzyme reaction. Under initial rate 
conditions, the loss of product is assumed to be irreversible, indicated by 
a break in free energy profiles. 

consequence of the small magnitude of these effects, they are 
frequently measured by competitive methods, which provide 
*(^cat/^m) but not *kat. Thus, it is expected that eq 6 will see 
greatest application in the measurement of primary hydrogen 
isotope effects in enzyme-catalyzed redox and proton abstraction 
reactions. 

While it is recognized that a kinetically obtained Km value will, 
in general, be different from the substrate dissociation constant, 
Km values continue to be used as estimates for Kd values in the 
literature. The large discrepancy that can be expected between 
Kd and Km can be estimated from eq 6. Only in the special 
instance that *kal = *(kCM/Km) will Km = Kd. The interplay 
between eq 6 and the rate determining step(s) in an enzyme 
reaction is illustrated in Figure 1 for a single-substrate, single-
product reaction, where Cr + Cvf = k4/ks + k2/k5 and C, + Q 
= k4/ks + k3/k2. Note that C1. is common to both expressions 
and the relationship of ATn, to Kd is determined by the partitioning 
ratios k3/ks and k3/k2 or, following cancellation of k}, k2/k}. 
Hence, with the exception of reactions in which the observed 
isotope effects approach the intrinsic value14 or unity,15 Km/Kd 

reflects the relative barrier heights for the conversion of central 
complexes to either E + S (k2) or E + P (k5). For a symmetrical 
enzyme reaction, i.e., one in which fc2 = k5, *&ca, = *(kcal/Km) 
and Km = Kd (case I, Figure 1). Deviations from this symmetry 
can lead to a marked increase (case II, Figure 1) or reduction 
(case III, Figure 1) in Km relative to Kd. 

In conclusion, we also note that the availability of substrate 
dissociation constants from steady-state data should facilitate an 
analysis of the energetics of substrate binding and the role of 
substrate binding energy in catalysis. For reversible reactions in 
which Kd values can be calculated for both the forward and reverse 
directions, the magnitude of the equilibrium constant associated 

(14) In this instance, the chemical step limits kcl 
mitment factors are zero and #m equals K&. 

and kcaJKm, all com-

(15) Very small isotope effects can result from kt/ks > 1 and hence 
obscure differences between k-, and ks. 
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with the isotopically sensitive step (Kint) can also now be evaluated 
readily.16 
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(16) Where multiple preisotopic complexes occur in a reversible reaction 
and contribute more significantly to the steady-state composition in one di
rection, the calculated value for KiM will deviate from a value measured 
directly. For example, in the mechanism described by eq 1 

JC1111(CaICd) = J W ( I + kt/k3) 
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Among the many transition-metal-mediated six-membered ring 
syntheses,2 the benzannulation of vinyl carbene complexes of 
chromium with alkynes is quite novel and still relatively unex
plored.3,4 This annulation involves the overall incorporation of 
an acetylene, a carbon monoxide ligand, the carbene carbon, and 
its vinyl substituent as indicated schematically by A. Depending 

O O 

,R 2 H R. M e 0 Il / • 
"»V * / R - \ -C' / 

Il III v ' I 
R- f \ V . \ 

R, \ D Kj 
MeO 

B 
A 

on the substitution pattern of the vinyl group in complex 1 the 
ultimate annulation products can be either cyclohexadienones or 
phenols30 and have recently been employed as intermediates in 
natural product synthesis.3 

We wish to describe the first examples of a new type of six-
membered annulation (indicated schematically by B) of transi
tion-metal carbene complexes which involves the incorporation 
of 2 equiv of an acetylene, a carbon monoxide ligand, and the 
carbene carbon. This new annulation is based upon the premise 

(1) This work was presented in preliminary form at the 186th National 
Meeting of the American Chemical Society, Washington, DC, Aug 28-Sept 
2, 1983. 

(2) Colquhoun, H. M.; Holton, J.; Thompson, D. J.; Twigg, M. V. "New 
Pathways for Organic Synthesis"; Plenum Press: New York, 1984; pp 
105-120. 

(3) (a) Wulff, W. D.; Yang, D. C. J. Am. Chem. Soc. 1984, 106, 
7565-7567. (b) Wulff, W. D.; Chan, K. S.; Tang, P. C. J. Org. Chem. 1984, 
49, 2293-2295. (c) Tang, P. C; Wulff, W. D. J. Am. Chem. Soc. 1984, 106, 
1132-1133. (d) Wulff, W. D.; Tang, P. C. J. Am. Chem. Soc. 1984, 106, 
434-436. (e) Dotz, K. H.; Kuhn, W. Angew. Chem., Int. Ed. Engl. 1983, 22, 
132. 

(4) For reviews, see: (a) Dotz, K. H.; Fischer, H.; Hofmann, P.; Kreissl, 
F. R.; Schubert, U.; Weiss, K. "Transition Metal Carbene Complexes"; Verlag 
Chemie International: Deerfield Beach, FL, 1984. (b) Wulff, W. D.; Tang, 
P. C; Chan, K. S.; McCallum, J. S.; Yang, D. C; Gilbertson, S. R. Tetra
hedron in press, (c) Dotz, K. H. Pure Appl. Chem. 1983, 55,1689. (d) Casey, 
C. P. React. Intermed. 1981, 2. (e) Brown, F. J. Prog. Inorg. Chem. 1980, 
27, 1. 
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that the in situ generated tetracarbonyl vinyl carbene complex 
8 (Scheme I) will react with an acetylene in the same manner 
as the pentacarbonyl vinyl carbene complex 1 and give the cy-
clohexadienone 10. On the basis of the proposed4d's mechanism 
for the annulation of the pentacarbonyl vinyl carbene complexes 
1, the coordinatively unsaturated vinyl carbene complex 8 is en
visioned to form from the methyl complex 4 via dissociation of 
a carbon monoxide ligand, followed by reaction with an alkyne 
to give the metallacyclobutene 7 and electrocyclic ring opening. 
On this same basis, the vinyl carbene complex 8 could be expected 
to react with an acetylene to give the annulated product 10 that 
is a result of the overall reaction of 4 with 2 equiv of the acety-
lene.6a 

The reactions of the chromium methyl methoxy carbene com
plex 47 with 1-pentyne and propyne proceed as expected with the 
incorporation of two equivalents of the alkyne. The ultimate 
products are, however, the phenols 15,8 the formation of which 
can be attributed to an in situ reduction of 10 via a chromium(O) 
species (vide infra).6b The reaction of complex 4 with phenyl-
acetylene has previously been reported to give as the sole product 
a 12% yield of the naphthol 16 as its chromium tricarbonyl 
complex.10 However, we have found that this reaction in fact 
gives primarily the two-alkyne annulated phenol 15c (28%) along 
with the naphthol 16 as the minor product in 8% yield. The 
formation of these two different types of annulated products may 
be attributed to the fact that two different isomeric forms of 
intermediate l ie (Scheme II) are possible. 

The addition of the second equivalent of alkyne to the inter
mediate 8 is apparently disfavored for more sterically hindered 
acetylenes. It has been observed11 that the reaction of complex 
4 with diphenylacetylene produces the cyclobutenone 13 in 28% 
yield and we have been unable to find any two-alkyne annulated 
products from this reaction. The reaction of the corresponding 

(5) Fischer, H.; Muhlemeier, J.; Markl, R.; Dotz, K. H. Chem. Ber. 1982, 
115, 1355. 

(6) (a) We recently observed the reaction of a vinyl carbene complex that 
gave a low yield of a two-alkyne annulated product along with the normal 
"monoalkyne" annulated product.3' (b) An alternative mechanism for for
mation of the phenols of 15 (or 22) involves insertion of a carbon monoxide 
into 8 to give a vinyl ketene complex4 that subsequently reacts with the second 
equivalent of alkyne. 

(7) For preparation of these complexes, see: Wulff, W.; Gilbertson, S. R. 
/ . Am. Chem. Soc. 1985, 107, 503. 

(8) Despite the low yield, the phenols 15a and 15b were the major products 
and small amounts of unidentified products were obtained. The substitution 
pattern of these phenols is that expected from the known regiochemistry of 
acetylene incorporation9'3b and is confirmed in the case of 15b by comparisons 
of its spectral data with that of an authentic sample (see supplementary 
material). The reactions of complex 4 with propyne and 1-pentyne were run 
at 0.07 M in carbene complex, whereas the reaction with phenylacetylene was 
carried out exactly as described in ref 10 (0.53 M). 

(9) (a) Wulff, W. D.; Tang, P. C; McCallum, J. S. J. Am. Chem. Soc. 
1981, 103, 7677. (b) Dotz, K. H.; Muhlemeier, J.; Schubert, U.; Orama, O. 
/ . Organomet. Chem. 1983, 247, 187. 

(10) D6tz, K. H.; Dietz, R. E.; Neugebauer, D. Nouv. J. Chim. 1978, 2, 
59. 

(11) Dotz, K. H.; Dietz, R. J. Organomet. Chem. 1978, 157, C55. 
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