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Abstract: The mechanism of the dirhodium tetracarboxylate catalyzed cyclopropanation of alkenes with
both unsubstituted diazoacetates and vinyl- and phenyldiazoacetates was studied by a combination of 3C
kinetic isotope effects and density functional theory calculations. The cyclopropanation of styrene with methyl
phenyldiazoacetate catalyzed by Rhy(octanoate), exhibits a substantial *3C isotope effect (1.024) at the
terminal olefinic carbon and a smaller isotope effect (1.003—1.004) at the internal olefinic carbon. This is
consistent with a highly asynchronous cyclopropanation process. Very similar isotope effects were observed
in a bisrhodium tetrakis[(S)-N-(dodecylbenzenesulfonyl)prolinate] (Rh.(S-DOSP), catalyzed reaction,
suggesting that the chiral catalyst engages in a very similar cyclopropanation transition-state geometry.
Cyclopropanation with ethyl diazoacetate was concluded to involve an earlier transition state, based on a
smaller terminal olefinic isotope effect (1.012—1.015). Density functional theory calculations (B3LYP) predict
a reaction pathway involving complexation of the diazoesters to rhodium, loss of N, to afford a rhodium
carbenoid, and an asynchronous but concerted cyclopropanation transition state. The isotope effects
predicted for reaction of a phenyl-substituted rhodium carbenoid with styrene match within the error of the
experimental values, supporting the accuracy of the theoretical calculations and the rhodium carbenoid
mechanism. The accuracy of the calculations is additionally supported by excellent predictions of reaction
barriers, stereoselectivity, and reactivity trends. The nature of alkene selectivity and diastereoselectivity
effects in these reactions is discussed, and a new model for enantioselectivity in Rhy(S-DOSP),-catalyzed
cyclopropanations is presented.
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The rhodium-catalyzed cyclopropanation of alkenes with  Me0.C MeO,C MeO,C

o-diazocarbonyls is a powerful method for the synthesis of w
functionalized cyclopropanes. Most such cyclopropanations have = Rhp(O,CR), — AR k<fH

been carried out using simpte-diazocarbonyls such as diaz- Me;gz Ne Me;QZ Rha(0CR) MeO,C"

oacetates, but a common problem in these reactions is low, ) . . . .

selectivity! The presumed intermediate rhodium carbenoids " reactions involving vinyl-, aryl-, and alkynyldiazoacetates.
derived from diazoacetates are highly reactive and electrophilic, The “stabilized qarbgnmds denveld' fr(,)m these subst.rates
and we will describe them as “unstabilized carbenoids”. Except generally afford h_|gh dlastereoselectwl_ty |n_cyc_lopropanatlons.
for very bulky analogues, unstabilized carbenoids exhibit low ~EWer IS|de reactions alre ott))serveg; dkmerlz%t]lpn grodli)cts, fgr
diastereoselectivity.They also show low substrate selectivity example, are very rarely observed. The stabilized carbenoids

and are prone to dimerizaticriThe deveIOpment of cyclopro- (4) The only effective catalysts for highly enantioselective and diasteoselective

panations with diazoacetates that are both highly enantioselective cyfl?pr?p?:nations vvlith ethyl ((ﬁ;:lf\lqarc]:_etate h&veltbrv]eeg r'\ljlth:aniumt-baaed
. . . . catalysts. For examples, see: (a) Nishiyama, H.; Itoh, Y.; Matsumoto, H.;

and highly diastereoselective has proven to be a particular Park, S-B.. Itoh, K.J. Am. Chem. Socl994 116 2223-2224. (b)

challenge“, outside of intramolecular reactiofs. Frauenkron, M.; Berkessel, Aletrahedron Lett1997 38, 7175-7176.

. . . c) Bachmann, S.; Furler, M.; Mezzetti, ADrganometallics2001, 20,
Because of this problem, there has been considerable interest  Sioacorme (d) Werle. T Maas, GAGr. Synth. Catal2001 )

in the greater stereoselectivity and chemoselectivity exhibited 40. ) : .
(5) (a) Doyle, M. P.; Austin, R. E.; Bailey, A. S.; Dwyer, M. P.; Dyatkin, A.
B.; Kalinin, A. V.; Kwan, M. M. Y.; Liras, S.; Oalmann, C. J.; Pieters, R.

TTexas A&M University. J.; Protopopova, M. N.; Raab, C. E.; Roos, G. H. P.; Zhou, Q.-L.; Martin,
* State University of New York at Buffalo. S. F.J. Am. Chem. S0d.995 117, 5763-5775. (b) Doyle, M. P.; Zhou,
(1) Doyle, M. P.; Griffin, J. H.; Bagheri, V.; Dorow, R. lOrganometallics Q.-L.; Dyatkin, A. B.; Ruppar, D. ATetrahedron Lett1995 36, 7579~
1984 3, 53—61. 7582,
(2) Doyle, M. P.; Bagheri, V.; Wandless, T. J.; Harn, N. K.; Brinker, D. A.; (6) (a) Davies, H. M. L.; Clark, T. J.; Church, L. Aletrahedron Lett1989
Eagle, C. T.; Loh, K.-LJ. Am. Chem. S0d.99Q 112 1906-1912. 30, 5057-5060. (b) Davies, H. M. L.; Bruzinski, P. R.; Fall, M. J.
(3) Davies, H. M. L.; Hodges, L. M.; Matasi, J. J.; Hansen, T.; Stafford, D. G. Tetrahedron Lett1996 37, 4133-4136. (c) Davies, H. M. L.; Boebel, T.
Tetrahedron Lett1998 39, 4417-4420. A. Tetrahedron Lett200Q 41, 8189-8192.
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Figure 1. (a) Alkene approach at the top face of the carbenoid from a
sideways trajectory (least encumbered approach). (b) “Side-on” transition
state for cyclopropanation. (c) Cyclopropane formed with absolute stere-
ochemistry set.

are still reactive but behave as if they are much more sterically
demanding than the traditional carbenoids. Intermolecular
cyclopropanation of monosubstituted, 1,1-disubstituted,césmd
1,2-disubstituted alkenes is very favorable, lrtdans1,2-

disubstituted alkenes cannot be cyclopropanated by this class

of carbenoid€.This reactivity profile is very different from that

of the carbenoid derived from ethyl diazoacetate, which is
capable of cyclopropanation of even tetrasubstituted alkenes.
The stabilized carbenoids exhibit much greater kinetic selectivity
between alkenes and high regioselectivity in reactions with 1,3-

dienes. Cyclopropanations with vinyldiazoacetates have proven

particularly useful in the stereoselective synthesis of function-
alized five- and seven-membered rirfgs.

A highly advantageous characteristic of stabilized carbenoids
is that they undergo highly enantioselective cyclopropanations
when dirhodium tetraprolinates, such as bisrhodium tetr&jis[(
N-(dodecylbenzenesulfonyl)prolinate] (R8-DOSP)7° and
bisrhodium bis[(55'9-5,5-(1,3-phenylene)bidj-(2,4,6-triiso-
propylbenzenesulfonyl)-proline]] (Rh(&SbiTISP),!C are used
as catalysts. A useful predictive model for the stereochemical

outcome of these cyclopropanations has been developed and i)

outlined in Figure T.In this model the cyclopropanation is
considered to be concerted but asynchronous, and the alken
approaches the carbenoid with a “side-on” trajectory preferen-
tially over the ester group. The dirhodium tetraprolinate catalysts
are considered to adopt» symmetric arrangement. For Rh
(SDOSP), it is assumed that the, symmetric arrangement is
the preferred solution-phase conformatiomhile the bridging
ligands in RR(ShiTISP), lock this complex in @&, symmetric
arrangement? Due to the high symmetry of the catalysts, they
can be simply viewed as a catalyst wall with two blocking
groups, one in the front and one in the back of the catalyst.
This model comfortably explains why trans alkenes are par-
ticularly unreactive, along with the ultimate cis orientation of
the vinyl (or aryl) group and the alkene substituent in the product

cyclopropane. The side-on approach also predicts the absolutel-he

stereochemistry observed in these cyclopropanafions.
Even though this model has been a reliable predictive tool

for the cyclopropanation stereochemistry, as the chemistry has
evolved, certain inconsistencies have become apparent. For

example, RHS-DOSP) and Rh(SbiTISP) actually give

(7) Davies, H. M. L.; Bruzinski, P. R.; Lake, D. H.; Kong, N.; Fall, M. .
Am. Chem. Socl996 118 6897-6907.

(8) (a) Davies, H. M. L.; Hu, BJ. Org. Chem.1992 57, 4309-4312. (b)
Davies, H. M. L.; Hu, BJ. Org. Chem1992 57, 3186-3190. (c) Davies,
H. M. L,; Clark, T. J.; Smith, H. DJ. Org. Chem1991, 56, 3817-3824.
(d) Davies, H. M. L.; Stafford, D. G.; Doan, B. D.; Houser, J. HAm.
Chem. Soc1998 120, 3326-3331.

(9) (a) Davies, H. M. L.; Hutcheson, D. Rietrahedron Lett1993 34, 7243~
7246. (b) Davies, H. M. L.; Townsend, R.J1.0rg. Chem2001, 66, 6595~
6603.

(10) Davies, H. M. L.; Panaro, S. Aletrahedron Lett1999 40, 5287-5290.

e A0S | »
S O;st"‘ .
NAr A \o Ar = 2,4,6-tri-i-PrCgHy
Ar = 4-(C12H5)CeHs
Rh,(DOSP), Rhy(S-biTISP),

opposite asymmetric induction in the cyclopropanation chem-
istry, although this effect can be rationalized by assuming that
the carbenoids bind in a different staggered conformation in
these catalyst¥. A more perplexing result is the highly
enantioselective 3 2 cycloaddition between vinylcarbenoids
and certain vinyl ethers, which appears to be a concerted
process that would require the vinyl ether to approach over the
vinyl group, yet the absolute stereochemistry is opposite to that
predicted by such an approach of the vinyl ether. A further
concern is the lack of a good rationalization why the side-on
approach over the ester group should be so strongly preferred
compared to the approach over the electron-donating group.
Any such qualitative model built on experimental observations
may be supplanted as more physical information becomes
available, and a physically accurate model is likely to perform
superiorly in the understanding and prediction of new chemistry.
We therefore sought to define an accurate trajectory of approach
of the alkene to the carbenoid. We describe here a combined
experimental and theoretical study of the rhodium-catalyzed
cyclopropanation of alkenes with both simple diazoacetates and
vinyl- and aryldiazoacetates. The results delineate the mecha-
istic differences between cyclopropanations with unstabilized
versus stabilized carbenoids, providing a clear picture of the

Sactors influencing selectivity in these reactions. Finally, the

experimentally supported transition-state geometries, in which
the alkene approaches the carbenoid in an “end-on” rather than
a side-on fashion, lead to new explanations for both diastereo-
selectivity and enantioselectivity in these reactions.

Results and Discussion

Experimental Isotope Effects.As a typical example of an
intermolecular cyclopropanation with an aryldiazoacetate, the
cyclopropanation of styrene with methyl phenyldiazoacethte (
catalyzed by Rf{octanoateywas chosen for study. This reaction
is highly diastereoselective and affords the cyclopropanation
product cleanly without observable side reactions of the styrene.
13C kinetic isotope effects (KIES) for this reaction were
measured at natural abundance by NMR methodolégy.

0 Ph
X ph Rhz(Octanoate), mCO,Me
+ MeO
N, pentane
1 (96% de)

A challenge was to carry out the reaction under the constraints
necessary for the measurement of KIEs, including the require-

(11) Davies, H. M. L.; Xiang, B.; Kong, N.; Stafford, D. @. Am. Chem. Soc.
2001, 123 7461-7462.

(12) Singleton, D. A.; Thomas, A. AJ. Am. Chem. Sod995 117, 9357
9358.
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ments that all of the styrene be present at the beginning of the
reaction and that the styrene be taken to high conversion. This
was accomplished by addirigslowly, by syringe pump, to a
solution of styrene and 0.1 mol % Kbctanoate) in dry
pentane. Reactions on arL00 mmol scale at 25C were taken

to 84 and 83% conversion (based on the remaining styrene
determined by NMR~+1%), and the unreacted styrene was
recovered by chromatography followed by distillation. The
recovered material was analyzed B{C NMR along with a
standard sample of the styrene not subjected to the reaction
conditions. The changes in isotopic composition were deter-
mined relative to the para carbon, assuming that its isotopic
composition does not change. From the changes in isotopic
composition, the3C isotope effects were calculated as previ-
ously described?

The comparison reaction of styrene with ethyl diazoacetate
was studied similarly, with the presumably minor differences
that the reaction employed 0.04 mol % 4/RBAc), as catalyst
and was carried out in dichloromethane. The ethyl diazoacetate
reaction is much less diastereoselective than that affording
a 1.5:1 mixture of trans and cis cyclopropanation products as
previously reported? Three reactions on a 130 mmol scale at
25 °C were taken to 80, 81, and 88% conversion, and the

unreacted styrene was recovered and analyzed as above to

determine thé3C isotope effects.

A final isotope effect determination was performed to
compare the reaction withcatalyzed by R{octanoate)with
an asymmetric cyclopropanation catalyzed by (SHDOSP).

Reaction with 1 catalyzed by Rhy(Octanoate),

1.000(2) 1.004(2)
0.999(1) 1;003(1)

¥
1.000(2)
S NS -1
1.000-" 1.000(2)
(assumed) 0.999(2)

Reaction with 1 catalyzed by Rh,(S-DOSP),
1.00*0(1) 1.?03(2)

1.000(1) w X 1 .022(3)
1.000 7 0.999(2)
(assumed)

Reaction with ethyl diazoacetate

1.000(2) 1.003(2)

1.001(2) 1.006(2)

1.000(2) 1.004(2)
¥ \

2
1.002(2 1.012(3)
1.oo1§1;\ \\ - 18128
1.000 -~ 1.004(2)
(assumed) 1.006(3)
1.004(2)

Figure 2. 13C KIEs (kic/kic) for the reaction of styrene with or ethyl
diazoacetate. Standard deviatioms=f 6) in the last digit are shown in
parentheses.

The Rh(SDOSP)-catalyzed reaction proceeds in 91% ee and are highly exothermic, so that both should have a relatively early

94% de!* The 13C KIEs in this case were determined from

transition state, th&C KIEs would be qualitatively interpreted

analysis of styrene recovered from a reaction taken to 84% as implying a significantly earlier transition state with ethyl

conversion at OC.

diazoacetate than with.

The resulting isotope effects are summarized in Figure 2. The Theoretical Calculations. The pathway for reaction of

models methyl diazoacetat@)(and methyl vinyldiazoacetate
substantial3C KIE at the terminal olefinic carbon, a smaller  (3) with styrene catalyzed by model R®,CH), ' was studied

but consistently significant KIE at the internal olefinic carbon in B3LYP calculations employing a LANL2DZ basis set and
and small or negligible KIEs at the aromatic ring carbons. The effective core potential on rhodium and a 6-31G* basis set on
large isotope effect at the terminal olefinic carbon qualitatively the remaining atom¥.Previous work has supported the ability
suggests substantial bond formation to this carbon in the rate-of these calculations to adequately predict ground-state structures
limiting step. In combination with the much smaller isotope and reasonable mechanistic pathways for reactions of dirhodium
effect at the internal olefinic carbon, the results suggest a highly tetracarboxylate complexe$:1%20The accuracy of these cal-
asynchronous cyclopropanation transition state. In fact, the KIEs culations for transition structures in rhodium-mediated cyclo-
by themselves would not qualitatively exclude a stepwise

Rhy(octanoate}catalyzed cyclopropanation with exhibits a

(16) The minimal RA(O,CH), was judged to be a sufficient model for Rh

process? but this seems unlikely given the general stereospeci-
ficity of rhodium-catalyzed cyclopropanations. A quantitative
interpretation of the KIEs will be given below. The isotope
effects observed for the RI&DOSP)-catalyzed reaction are
within experimental error of the Rfoctanoate}catalyzed

results. This suggests that the use of the bulky chiral catalyst7)

does not greatly affect the geometry of the cyclopropanation
transition state.

The most notable difference in the cyclopropanation with
ethyl diazoacetate is that the terminal olefinic KIE is much
smaller. Since the reactions of bothand ethyl diazoacetate

(13) Anciaux, A. J.; Hubert, A. J.; Noels, A. F.; Petiniot, N.; TeysdeJ.
Org. Chem.198Q 45, 695-702.

(14) Davies, H. M. L.; Rusiniak, LTetrahedron Lett1998 39, 8811-8812.

(15) The 13C KIEs observed here are consistent with those observed in
asynchronous but concerted Dielalder reactions. See: (a) Singleton, D.
A.; Merrigan, S. R.; Beno, B. R.; Houk, K. Nletrahedron Lett1999 40,
5817-21. (b) Singleton, D. A.; Schulmeier, B. E.; Hang, C.; Thomas, A.
A.; Leung, S.-W.; Merrigan, S. Rletrahedron2001, 57, 5149-5160.
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(octanoate)based on similar geometries for transition structlBeversus

the corresponding transition structure with JBDAc), (see Supporting
Information; differences of 0.018, 0.006, 0.042, and 0.028 A were predicted
for the Rh-Rh, Rh—-C, and the two incipient €EC bonding distances,
respectively). Although the experimental reactions could have been carried
out using RB(O,CH),, the low solubility of RR(O,CH), would have
increased concerns over the identity of the actual catalyst.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. Aaussian 98Revision A.11.2; Gaussian,
Inc.: Pittsburgh, PA, 2001.

(18) (a) Sheehan, S. M.; Padwa, A.; Snyder, JT&rahedron Lett1998 39,

949-952. (b) Padwa, A.; Snyder, J. P.; Curtis, E. A.; Sheehan, S. M.;
Worsencroft, K. J.; Kappe, C. Q. Am. Chem. So00Q 122, 8155~
8167.

(19) Nakamura, E.; Yoshikai, N.; Yamanaka, 81.Am. Chem. So002 124,

7181-7192.



Rhodium-Catalyzed Cyclopropanations ARTICLES

(a)

234A 4

N
)\ H I“

4Eq=-128 5 =25

(b) 2.47A

\ 0
N
i \0)\ H N

Q \
+N H \ oo 1.81A%,

(Y
o /) -—Rh—Rh —> 0., &
HC 7’ YHO;, .o/\ HaC’ ” /TCI: XS
o H O\(O o

8E,q=-7.9 9E, =36 10 Eq =-12.6 11 Epg = -12.1

ZPh
,//\CH;; \

13 Ere =-10.1 12 E=-104

Figure 3. (a) Calculated pathway for cyclopropanation of styrene with methyl diazoacetate,I8Hs, 2) catalyzed by model R{O.CH),. (b) Calculated
pathway for cyclopropanation of styrene or propene with methyl vinyldiazoaceta@=EHCN,CO,CHjz, 3) catalyzed by model R{O,CH)s. Relative
energies (B3LYP+ zpe) compared to starting materials are given in kilocalories per mole.

propanations will be gauged here by comparison of predicted the entropy of complexation of diazoesters to the starting
and experimental isotope effects. The only pathway studied in rhodium complex.

detail for these reactions was the Yates mechanism involving The overall pathways predicted for these reactions are shown
complexation of the diazoesters to rhodium, loss gfd\afford in Figure 3. Multiple rotamers were explored for each inter-
a rhodium carbenoid, and cyclopropanation by the rhodium mediate or transition structure on each pathway, and a total of
carbenoid®! An alternative mechanism involving direct reaction two distinct conformers were located f2r 4, 5, 7, 8, and 10,

of styrene with a diazoester-rhodium complex was explored three for9 and 12, four for 3 and 11, and seven fod3. The
briefly, but no transition structure corresponding to this process lowest energy structures are depicted schematically in Figure
could be located. 3. Stereoviews for all structures are given in the Supporting

No allowance was made for solvent effects in these Information.

calculations-all of the intermediate complexes exhibit some  The initial complexation o2 and3 with Rhy(O.CH)4 to afford
charge separation, with predicted dipole moments-68 D, 4 and8, respectively, is predicted to be exothermic in both cases.
compared to less polar starting materials. Thus, the genera|Loss of N from 4 via transition structur® then faces a predicted
expectation is that the calculations will underestimate the Parrier of 15.3 kcal/mol. This would be the turnover-limiting
stability of the intermediate complexes. When calculated ener- Parrier for the catalytic cycle, and the predicted barrier is in
gies are compared to the actual solution chemistry, an additional®xcellent agreement with th&H* = 15.1 kcal/mol found by
consideration is that the starting rhodium tetracarboxylate would Hubert and Noels for the R{OAc)s-catalyzed cyclopropanation
likely be ligated bysomeligand in the absence of special of styrene with ethyl diazoacetatéThe predicted barrier may

precaution®? This makes it particularly difficult to estimate also be comp_are(_j with a recently reported experimental free-
energy of activation of 13.3 kcal/mol for loss of;Nrom a

diazoketone3 The calculated energetics are thus consistent with

(20) For a discussion of theoretical methods applied to transition-metal containing

systems, see: Siegbahn, P. E. M.; Blomberg, M. RCAem. Re. 200Q Pirrung’s observation of MichaelidMenten kinetics in similar
100, 421-437.

(21) Yates, PJ. Am. Chem. Sod.952 74, 5376-5381.

(22) Cotton, F. A.; Hilliard, E. A.; Murillo, C. AJ. Am. Chem. So2002 124, (23) Pirrung, M. C,; Liu, H.; Morehead, A. T., J&. Am. Chem. So2002
5658-5660. 124, 1014-1023.
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reactions as well as his proposal that the resting saturated catalysthe starting materials. However, the vinylcarbendi@ is

is a rhodium-diazocarbonyl complékSimilar predicted ener-

predicted to be substantially more stable. In both structures, the

getics have recently been reported by Nakamura for the reactionester carbonyl is twisted out of conjugation and it appears

of 2 with Rhy(O,CH)4.1°
The complexation of RI§O.CH), with 3 is predicted to be

positioned to align itst* orbital with the electron-rich RRC
bond (the Rk-C—C=0 dihedral angle ir0is 101.5). This

much weaker than witR. This might be expected on the basis hyperconjugative interaction is evidently more favorable than
of a greater loss of stabilizing conjugation on complexation, having the carbonyl conjugated with the electron-deficient
but the prediction was not initially reconcilable with some carbene center. In contrast the vinyl groud.tis well-aligned

experimental observations. First, because of the higher energyto donate to the carbene.

of 8 compared with4, the turnover-limiting barrier for the

catalytic cycle with3 (11.6 kcal/mol) would be much less than
with 2 (15.3 kcal/mol). Thus, the overall reaction of vinyl- or

In factD has some structural
characteristics resemblingracomplex of an allylic cation with
the rhodium. In a Mullikin analysis the vinylic group @0 has
a net charge of+0.23, compared to+0.40 in HC=CH-—

aryldiazoacetates would be expected to be much faster than withC*t(OH)(CO,CHs) (B3LYP/6-31G*). The allylic bond lengths
unsubstituted diazoacetates. This is not observed. In side-by-of 1.36 and 1.43 A inl0 are identical to those predicted for

side reactions usingj versus3 with Rhp(octanoate)as catalyst

in toluene at OC, the two reactions exhibited very similar initial

rates based on the evolution of ($ee Supporting Information).

H,C=CH—C"(OH)(CQO,CHs). One experimental observation
that supports the greater stability of carbenes suctOas that
reactions of vinyl- and aryldiazoacetates usually do not afford

A second experimental observation that did not fit with the high dimerization product.

energy of8 was Pirrung’s report of a similafy, for reactions
of 1 compared to unsubstituted diazocarborf§l&rom the
energy of modeB, one would expect to exhibit aK, that is

There was no predicted potential energy barrier for reaction
of the unstabilized carbenoif with styrene. Since B3LYP
calculations tend to underestimate barriers, the energy surface

approximately 4 orders of magnitude higher than unsubstituted was also explored in MPW1K calculatiofs,but still no

cases.

potential energy saddle point could be located. The approximate

These observations suggested that some alternative complexvariational transition state/ was located iteratively as a
more stable thar8, was present in reactions of vinyl- and maximum in the free energy (calculating entropy and enthalpic
aryldiazoacetates. We therefore explored the stability of com- and zero-point energy (zpe) corrections from unscaled frequen-

plexes in which2 or 3 is coordinated to R{O.CH), through

cies at 298 K). This process is subject to multiple interrelated

either the carbonyl oxygen or the terminal nitrogen of the diazo problems, due to the difficulty of accurately calculating low

group. All of the resulting complexeld—17 were predicted to

frequencies and their associated entropy and the questionable

be lower in energy tha®. For the unsubstituted complexes accuracy of the predicted potential energy surface at long

derived from2, the O-linkedl7 and the C-linkedt are predicted

styrene-carbene distances. For this reason the detailed structure

to be similar in energy and the calculation here would not of 7 should not be overinterpreted. However, the calculations
resolve which is more stable in solution. For the vinyl-substituted clearly predict that the reaction 6fwith styrene faces a very

complexes, the O-linketl5 is lower in energy than the N-linked
14 by 1.9 kcal/mol. Howeverl4 has a very low energy RhN
rotational mode (11 cri) that increases its entropy, so that

low free-energy barrier (estimated as 6.0 kcal/mol; note that
the B3LYP (+zpe) energy of7 is lower than that of6 +
styrene), so the transition state must be very early. The prediction

and 15 are within 0.1 kcal/mol when their free energies are of an early, enthalpically barrierless transition state is supported

estimated. BotHL4 and 15 are comparable in energy tband

by selectivity observations. For example, cyclopropanation rates

17. The overall reaction rate would be decided by the difference with ethyl diazoacetate catalyzed by JRBAc), vary by less

in energy betweef4/15and9, and the appareii;, under such
circumstances would reflect the energy1ef15 despite their

than a factor of 10 for styrene, 1-hexene, ethyl vinyl ether, and
cyclohexene in competition reactiohgzor perspective, this

being bystanders to the reaction pathway. For the unsubstitutedalkene selectivity is lower than that observed for cyclopropa-

complexes, bystanddr7 is similar in energy taet and so would
have little effect onKy,. Overall, the reversible formation of

nation with dichlorocarben®.Dichlorocarbene cyclopropana-
tions are themselves thought to be enthalpically barrierless, albeit

complexes likel4 and 15 would result in catalytic rates and  with a later transition state than2®
Km's that are similar for substituted versus unsubstituted In contrast, the reaction df0is predicted to involve a small
diazocarbonyls. This fits well with the experimental observations but important potential energy barrier (0.5 kcal/rfGhcluding

above.
H H
[e) Q H R 0 o"‘H
\ oo \ o5
HaCr,,, s\ 7/ 0 s\ 7
o _N=—Rh—Rh NN N=O=Rh—pn
v \o”
> Oy -\ O 3 Oa -\ O
H O\(o NCHg ™ O\(
R H H
14, R=vinyl, E¢ = -11.1 15, R=vinyl, E =-13.0

16, R=H, Erq = -10.2 17, R=H, Eq =-13.2

As predicted for a similar rhodium carbendf®,formation
of the unsubstituted carbenaods only slightly downhill from
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zpe) in its reaction with styrene. The free-energy barrier
(estimated as above, plus treating the imaginary frequency as a
translational degree of freedom) would be approximately 12
kcal/mol, and variation in this now significant free-energy barrier
can allow stereoselectivity and selectivity among alkenes. The
transition structurd 2 for formation of the minor diastereomer

(24) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105, 2936.

(25) Doering, W. v. E.; Henderson W. A., J. Am. Chem. Sod 958 80,
5274-5277.

(26) Keeting, A. E.; Merrigan, S. R.; Singleton, D. A.; Houk, K. Bl. Am.
Chem. 8001999 121, 3933-38.

(27) The potential energy barrier is 2.6 kcal/mol (including zpe) versus a weak
7 complex with a carbenestyrene separation of 3.5 A Thecomplex is
kinetically irrelevant because it would not be a bound species on the free
energy surface at 28, but its energy is relevant in showing the shape of
the potential energy surface.
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in this reaction is predicted to be 1.7 kcal/mol higher in energy
than1l. For comparison, reaction of the corresponding phenyl-
substituted carbenoid (from PhGHCHC(N;)CO:Me) with
styrene catalyzed by R{octanoate) at 25 °C exhibits 50:1
diastereoselectivity (2.3 kcal/md®.” The origin of this stereo-
selectivity will be discussed below.

For comparison, the cyclopropanation of propene Wllwas
studied. The best transition structure, depictetidnis predicted
to have a barrier 2.0 kcal/mol above the barrier predicted for
styrene. This fits well with an experimental relative reactivity

Reaction with 1 Reaction with ethyl diazoacetate

1 .oo*o 1 .304 o.99{9 1 .(306
1.000 <1023 0999w N\ «1.007
1.001 1.000
1.000”” 1.000”"

Figure 4. Predicted'®C KIEs (kizc/kic, 25 °C) for reactions of styrene
with 1 (based on transition structut®) and with ethyl diazoacetate (based
on a 1.5:1 ratio of transition structufeand a diastereomeric transition
structure leading to the cis product (see Supporting Information)).

. . . 30 i i i i
of 50 observed for styrene versus 1-hexene in reaction with the Mayer?” Tunneling corrections were applied using the one-

corresponding cinnamyl-substituted carber8id.
In all of the transition structures for cyclopropanations with

stabilized carbenoids, the predicted mode of attack of the alkene

is best described as “end-on”. One way to gauge this is from
the Rh-C---C=C dihedral angle, which ranges from 168 to
179 in 11-13 and18. The calculations strongly disfavored a
side-on approachan isomer ofL3involving a side-on approach

of the propene (see Supporting Information) was disfavored by
4.1 kcal/mol.

Predicted versus Experimental Isotope EffectsTo predict
KIEs for a calculational model as close as possible to the
experimental reaction, a limited study of the reaction of styrene
with 1 was undertaken. For the cyclopropanation step, three
transition structures were located: two for formation of the
major diastereomer (differing only in rotational orientation of
the ester group) and a third for formation of the minor
diastereomer. The lowest energy of these structut8s,is
closely analogous t@1—13 but with a slightly greater degree
of formation of the cyclopropane bonds; the other two structures
are shown in the Supporting Information. The predicted prefer-
ence for the major diastereomer was 1.8 kcal/mot{Epe)—
as found above for the vinyl carbene, this is consistent with
experimental selectivitie®.”

On the basis of structur8, 13C KIEs for the reaction of
styrene with 1 were predicted from the scaled theoretical
vibrational frequencie¢8 by the method of Bigeleisen and

(28) Davies, H. M. L.; Panaro, S. Aletrahedron200Q 56, 4871-4880.

(29) The calculations used the program QUIVER (Saunders, M.; Laidig, K. E.;
Wolfsberg, M.J. Am. Chem. So&989 111, 8989-8994) with Becke3LYP
frequencies scaled by 0.9614. (Scott, A. P.; RadomJ.LPhys. Chem.
1996 100 16502-16513).

dimensional infinite parabolic barrier mod@lThe prediction

of KIEs for reaction of styrene with ethyl diazoacetate was
complicated by the 1.5:1 mixture of trans and cis cyclopropa-
nation products in the reaction. In this case, a weighted average
of the isotope effects predicted faf and a diastereomeric
transition structure leading to the cis product was calculated.
The results are summarized in Figure 4.

For the reaction of styrene with, the agreement between
predicted and experimental KIEs is striking. In particular, all
of the measured KIEs for both the Rbctanoate) and Rh-
(SDOSP)-catalyzed reactions are within the experimental error
of the predicted KIES? Considering the moderate basis set
employed theoretically and the differences between the experi-
ment and theoretical modeRh,(O-,CH), versus Ri(octanoate)
and RR(SDOSP), solution versus gas phasthe agreement
between experimental and predicted KIEs is outstanding. This
supports the approximate accuracyl@fas a representation of
the solution transition state. By extension, it is likely that-

13 are also reasonably accurate, and this is supported by
excellent predictions of reaction barriers, stereoselectivity, and
alkene relative reactivity.

In contrast, the agreement between experimental and predicted
isotope effects for the reaction of the unstabilized carbenoid is
poor. Considering the caveat given above on the unreliability
of structure 7, the lack of agreement of predictions with
experiment is not surprising. One might conclude from this that
structure? is simply geometrically inaccurate. However, there
may also be a problem in the prediction of isotope effects for
7. Because€r is not a stationary point on the potential energy
surface, the shoehorning of conventional transition-state theory
to predict KIEs for7 is arguably quite suspect. One particular
difficulty is that a large part of3C KIEs arises, within the
Bigeleisen formalism, from a ratio of imaginary frequencies for
the reaction coordinate for isotopomé®?sThis contribution to
the KIE will not be reliably calculated away from a stationary
point by the process employed here.

Since the same level of calculation and basis set was used
for both the accurate transition structdr@and the apparently
inaccurate structuré, the poor agreement between predicted
and experimental KIEs for the unstabilized carbenoid is unlikely
to be due to a fundamental problem in the theoretical calculation

(30) (a) Bigeleisen, J.; Mayer, M. Gl. Chem. Phys1947 15, 261. (b)
Wolfsberg, M.Acc. Chem. Red.972 5, 225. (c) Bigeleisen, . Chem.
Phys.1949 17, 675.

(31) Bell, R. P.The Tunnel Effect in Chemistrhapman & Hall: London,
1980; pp 66-63.

(32) The predicted KIEs in Figure 4 are at 25, while the experimental KIEs
with Rh(SDOSP) as catalyst were measured at°G. However, on
rounding to thousandths, the predicted KIEs &C0are identical to those
in Figure 4. In the isotope effect prediction, most of i€ KIE arises
from a temperature-independent ratio of imaginary frequencies for the
isotopomers. Because of this, there is very little variation in the predicted
KIEs with temperature.
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itself. For this reason, we still conclude that the basic theoretical unfavorable steric interaction is evidenced by a close oxygen
predictions for the unstabilized carbenoid, i.e., that cyclopro- aromatic carbon distance (3.14 A) and by twisting of the ester
panation is barrierless and that the transition state is very early,and phenyl groups away from each other (by 6 arfid 4
are likely correct. As described above, this qualitative description respectively). In the favoredll, the corresponding interaction
is consistent both with the KIEs and with other experimental of the ester oxygen with the-hydrogen on styrene involves
observations. an oxygenr-hydrogen distance of 2.83 A, and this interaction
Diastereoselectivity in Stabilized versus Unstabilized Car-  would be, if anything, attractive.
benoids. The cyclopropanation of an alkene with a rhodium Trends in Reactivity and Diastereoselectivity with Stabi-
carbenoid is a highly exothermic bimolecular reaction that would lized Carbenoids.An apparent strength of the side-on approach
predictably have an early transition state, whether or not the model for cyclopropanations with stabilized carbenoids was that
carbenoid is stabilized by conjugation with an aryl or vinyl it rationalized in many cases the reactivity of alkenes and
group. However, stabilization impacts the presence versusstructural effects on diastereoselectivity. It was thus important
absence of an enthalpic barrier for the reaction, and this in turnto determine if the calculations here predicting an end-on
impacts the position of the transition state and the degree toapproach of the alkene could also explain diverse experimental
which it is influenced by steric factors. observations. As noted above, the calculations correctly predict
When a bimolecular reaction has no potential energy or several basic trends with good accuracy, including the diaste-
enthalpic barrier, the rate will still usually be limited by an reoselectivity of cyclopropanations of styrene and the reactivity
entropic barrier. The transition state for such reactions occurs of styrene versus hexene. They also predict well the diastereo-
when the downward gradient of the enthalpy along the reaction selectivity with 1-alkenes. The predicted preferencelfbover
coordinate is equal to the upward gradient-ofAS32 In other the minor diastereomeric transition structure is 2.0 kcal/mol,
words, the variational transition-state dividing surface occurs and the diastereomeric preference with the corresponding phenyl
as soon as the rate of drop in the enthalpy outweighs the carbene is 1.9 kcal/mol (see Supporting Information for these
narrowing of the dynamic entrance channel. Under the circum- structures and energies). This may be compared with experi-
stances, the transition state may occur so early that the mainmental selectivities ranging from 12:1 to 9P%°
enthalpic interaction between molecules is#tnactive van der A more complex observation is the nonreactivity of trans-
Waals interaction. The influence of sterics on selectivity is then disubstituted alkenes in cyclopropanations. This is readily
limited by two factors. First, any sterically interacting groups understandable with an end-on approach of the alkene. At the
must be large enough to have a negative impact when thetransition state for cyclopropanation dfans-2-butene, the
reacting molecules are still very distant. Second, extremely early methyl group proximal to the rhodium complex cannot avoid
transition states are maximally flexible, allowing them to avoid steric interactions with both the ester group and an oxygen atom
steric interactions. These ideas explain the low diastereoselecfrom the tetracarboxylate. Withis-2-butene, interaction with
tivity with unstabilized carbenoids. The transition state is so the ester is avoided in transition states leading to the favored
early and flexible that steric interactions are almost insignificant. diastereomer. A slight twist in the angle of attack of the alkene,
In contrast, the presence of even a small potential energywith an Rh-C:::C=C dihedral angle of 170 minimizes
barrier in a highly exothermic bimolecular reaction is likely to interaction of the methyl group with the tetracarboxylate
result in a significantly later, less-flexible, transition state. Itis complex. As a resuligis-2-butene’s transition structur20 is
enlightening to view the potential energy saddle point in such strongly favored over the transition structur® with trans-2-
reactions as the place where the gradient of the favorable (e.g.butene, andrans-2-butene is predicted to be less reactive by
bonding) interactions starts to outweigh the gradient of the 4.7 kcal/mol.
unfavorable (e.g., molecular distortion or steric) interactions.
Thus, potential energy barriers generally occur at a stage of the 2.90A 2.98A

reaction coordinate where repulsive steric interactions have HaCZ 7 —|¢ 232h)  H —|¢
already become significant. Although entropic and other varia- H o >\0 H o o H
tional transition-state effects will affect the exact position of i H M \ /OT‘/O
the transition state, the transition state will normally be near HsC 2.6,/‘;\ Rh—Rh

. HaC /Hab« . \
the potential energy saddle pofit. 2.30A y o 2614 f 7050

Thus, steric interactions can play a substantial role in reactions
of stabilized carbenes, precisely because the stabilization results
in a potential energy barrier. The particular steric interaction 19 20
that appears most important arises from the strong preference . . L
for the ester group to be twisted out of the plane of the carbenoid _ CYClopropanations of vinyl ethers tend to exhibit high
carbon. As an alkene approaches either face of the Carbenoids(’j|astt_areoselec'[|vr[y. In calc_qlated transmgn sFructures for the
one of the ester's oxygen atoms will invariably be positioned "€action of the phenyl-stabilized carbenoid with methyl vinyl
for a steric interaction. In the disfavored transition steethe ether (see Supporting Information), the correct diastereomer was
phenyl group approaches the ester oxygen. The resulting pr_ed|cted to b_e favored by 1.7_ kcal/r_nol, in rgasona_lble agreement
with observations. However, it was interesting to find that lower
(33) Houk, K. N.; Rondan, N. GJ. Am. Chem. S0d.984 106, 4293-4294. selectivity was correctly predicted for simple vinylcarbenoids.

(34) In the particular case dfl, taking steps of 0.05 A along the minimum- i i i ; i
energy path in both directions afforded geometries with a lower predicted The reaction of ethyl mel ether with methyl meldlazoacetate
free energy (including entropy and enthalpic and zpe corrections calculated
from unscaled frequencies at 298 K). Thus, despite the low potential energy (35) The reaction of the parent vinyl carbenoid with 1-hexene catalyzed By Rh
barrier, other effects appear to have relatively little impact on the position (octanoate)affords mainly the trimer (see ref 3) but gives cyclopropanation
of the transition state. adducts in an approximately 12:1 ratio.
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catalyzed by R¥(octanoate)affords an 8:1 mixture of diaster-  that the DOSP ligands adopDa symmetric arrangement about
eomers, less selective than similar reactions with aryl- or alkyl- the dirhodium core with alternating arylsulfonyl groups oriented
substituted alkené®. In the calculational model reaction of toward opposite faces of the complex, as previously discussed.
methyl vinyl ether with the carbenoid derived from methyl (See Supporting Information for other structuresZ@and28.)
vinyldiazoacetate and R{DO,CH),, the predicted selectivity for It should be understood that there are a great many conforma-
transition structur@l (leading to the major product) ove?2 tions possible for R{SDOSP) and that a much more
(leading to the minor product) is only 0.9 kcal/mol, in agreement exhaustive search would be required to adequately explore the
with experimental observations. The predicted barrier for conformational space. Nonetheless, our results suggest a tenta-
reaction of methyl vinyl ether is 0.8 kcal/mol lower than that tive model for understanding the origin of the enantioselectivity
for styrene, in excellent agreement with a 4-fold greater in these reactions.

reactivity of monosubstituted vinyl ethers over styrene in-Rh

(SDOSP)-catalyzed reaction®. With the lower barrier, the H
transition state is much earlier Bil and 22 than in11 or 13, S
and steric interactions are decreased, resulting in the observed wo RhMe D—<O th? o
lower stereoselectivity. * 2 L S>—H
v N o1-RhMe N O'TRIh
,802 \S/, O
Ph o'R'o e}
4 Ph Y
i-Pr
26 27
i-*Pr Ph‘
e o9
H N
_ _0—pRh}—o__ "
o . (er=eat=—~
Reactions of nitrile analogues of diazoesters appear to be less S 1~ MeO C!—“CCH:CH
diastereoselective. For example, the cyclopropanation of styrene o ?DI'? z 0(5 2
with phenyldiazoacetonitrile2@) catalyzed by Rf{octanoate) ,E
affords an 87:13 ratio 04 and 25, with the stereochemistry I;sr

of 24 tentatively assigned as depicted on the basis of the
similarity of the NMR spectrum to that of the ester analogue. .
For the calculational model reaction of the rhodium carbenoid 1 WO features o29should be noted. First, the phenylsulfonyl
derived from vinyldiazoacetonitrile with styrene (see Supporting 9rouPs adopt a propeller-like arrangement that tends to sterically
Information), the cis arrangement of vinyl and pheny! groups block adjacent quadrants. F29 as drawn, quadrants | and Il

is favored by 0.35 kcal/mol. The decreased stereoselectivity is (2 normally denoted on Cartesian axes) are blocked but the
in keeping with the loss of the steric effect of the ester group X"@Xis is less sterically encumbered than ¥axis. Second,

discussed above. the carbonyl carbon of the carbomethoxy group is eclipsed with
a carboxylate oxygen (©6Rh—C—C dihedral angle of %) along
PR X the X-axis. In7, 11—-13, and18this dihedral ranges from 12 to
NC\H/Ph Rhy(Octanoate), /EHHCN . Fé””CN 26°, so there is no preference for the carbometh_o>_<y_group to
N o 25 G Ph Ph be staggered Versus _the carboxylate_oxygens. This is in contrast
2 pentane, . »5 to previous assumptiods’ (Carbenoidss and 10 are nearly
23

eclipsed, while the carbenoid derived fralmis staggered to

minimize steric interactions with the phenyl group. The barrier
End-On Model for Enantioselective ReactionsTo aid in to rotation about the RRC bond in6 is 0.7 kcal/mol.)

the development of a model for the understanding and prediction
of enantioselectivity in cyclopropanations catalyzed by(Bh
DOSP), the low-energy conformations open to the ligands in
model complex26 were studied by molecular dynamics/

With these factors in mind, a model for understanding
enantioselectivity is shown in Figure 5. If the carbomethoxy
group is aligned along the less-hindedédxis, then the product
i - k . is decided by whether the alkene attacks from the top or the
S|muI§ted anneahn&lislelef:ted ligand conformations were then o Because the carbenoid carbon is becoming pyramidal-
used in B3LYP optimizations of mod@’. The best of these ;g4 in this attack, the alkene must approach through quadrants
conformations was then used to study the approach of propeng o |y |n Figure 5a, approach of the alkene through quadrant
to model carbenoi@8. Transition structur@9, leading to the | 5 hindered, particularly so because the diastereomerically

experimentally observed enantiomer, was located in B3LYP ¢,oreq approach of the alkene angles an alkyl, aryl, or alkoxy
calculations using a LANL2DZ basis set on rhodium, 6-31G* g pituent into the center of quadrant I. Quadrant IV is

on the carbenoid and olefinic carbons, and a 6-31G basis set nhindered.

on the rest of the lighter atoms. It was assumed in this process The model of Figure 5 would not apply to reactions catalyzed

(36) These studies used default parameters in CS Chem3D Pro, Version 5.0by Rhg(S-biTlSPk. MOde”ng suggests that the RB'biTISP)Z

(1999), CambridgeSoft Corp.: Cambridge, MA, treating the carboxylate complex cannot adopt the highly angled propeller arrangement
carbons as alkenyl carbons. Several of the parameters employed were

unrealistiec—for example the RO bond distance was onky1.93 A—but
were likely satisfactory for the purpose of identifying accessible conforma- (37) Doyle, M. P.; Winchester, W. R.; Hoorn, J. A. A,; Lynch, V.; Simonsen,
tions. S. H.; Ghosh, RJ. Am. Chem. S0d.993 115 9968.
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Figure 5. Model for understanding enantioselectivity in cyclopropanations
catalyzed by RS DOSP). (a) Approach of the alkene is hindered by an
aryl group. (b) The experimentally preferred enantiomer arises from attack
of the alkene from the open quadrant.

H IFx, Ry
R
of arylsulfonyl groups found i”29, and it is not surprising that H H:l_IRZ a+, MRz X/ |
Rhy(ShiTISP) provides opposite stereochemical results. MeO.C | MeOC, ; | Hio b e
On the basis of this analysis, a modified predictive model HTH 2 |
for Rhy(S-DOSP)-catalyzed cyclopropanation is proposed using —|—hh —|—Rn —|="n

the end-on approach of the alkene (Figure 6) as a replacementigure 6. “End-on” model for cyclopropanations with stabilized rhodium
of the original side-on model (Figure 1). The enantiodifferen- carbenoids.

tiation is caused by interaction of the alkene substituents with
the blocking aryl component of the arylsulfonyl. The newly reaction of unstabilized carbenes, overall the theoretical calcula-
modeled alignment of the arylsulfonyl groups in a highly angled tions fare extremely well.
propeller arrangement (Figure 5) places these blocking groups With some credibility given to the theoretically predicted
in different quadrants from the original model. Thus, in Figure structures, the origin of selectivity effects in these reactions can
6, the alkene would be predicted to approach from the front, be analyzed. In an unstabilized carbenoid, the cyclopropanation
and this would lead to the observed asymmetric induction.  transition state is enthalpically barrierless and thus is so early
that steric manipulation cannot easily bring about high diaste-
reoselectivity. In stabilized carbenoids, there is an enthalpic
The experimental’®C KIEs are indicative of an early, barrier and the transition state is late enough for steric
asynchronous transition state for the cyclopropanation of styreneinteractions to foster diastereoselectivity. In an end-on approach
with rhodium carbenoids, but this is a qualitative interpretation. of the alkene to the carbenoid, substituents on the alkene avoid
The KIEs afford only a very vague picture of the transition state, interaction with the carbenoid ester group, accounting for the
and they would not by themselves exclude alternative mecha-observed diastereoselectivity in these reactions. Lower diaste-
nisms, including stepwise cyclopropanations and mechanismsreoselectivity is observed when this steric interaction is de-
not involving discrete rhodium carbenoids at all. However, the creased in cyanocarbenoids. In a revised model for asymmetric
combination of isotope effects with theoretical calculations leads cyclopropanations catalyzed by R&DOSP), the end-on

Conclusions

to stronger implications. approach of the alkene accounts for the observed enantioselec-
The close agreement between experimental and theoreticallytivity.
predicted KIEs for the reaction of tHewith styrene works in These ideas and the detailed transition-state geometries should

two complimentary ways to provide information on the mech- allow a refined understanding of other enantioselective reactions
anism. First, it shows that transition structuté provides a of rhodium carbenoids as well as the rational design of new
quantitative interpretation of the KIEs. It is certainly possible, cyclopropanation catalysts and reactions. This work is underway.
in principle, that some alternative mechanism could also lead
to the prediction of the experimental isotope effects, but the
simplest interpretation of the KIEs is that the actual transition  Cyclopropanation of Styrene with Methyl Phenyldiazoacetate (1).
state, in solution and with the real catalyst, looks much like Example Procedure.Styrene (10.7 g, 103 mmol) was filtered through
Second, the agreement of experimental and predicted KIEs1 mL of silica gel directly into a solution of 80 mg (0.10 mmol) of
provides overall support for the validity and accuracy of the Rhy(octanoate)in 60 mL of dry pentane. To the resulting mixture was
theoretical method. This is very important in studying such a 2dded at25C 15.0 g (85.3 mmol) ol by syringe pump over 30 min.
large system, as the choice of theoretical approach and basi ft(lerthe ad(_jltlon was complete, an aliquot was removed and analyzed

. PR . y *H NMR in CDCl. The conversion of the styrene was found to be
set is necessarily limited. The calculated energetics for these

fi | istent with th . tal diast 84% on the basis of the integration of the styrgheinylic signals
reactions are aiso consistent wi € experimental diastereo- o q,q product OCH; groups. The assumed uncertainty in the relative

selectivity and alkene selectivity observed in reactions of aryl- integrations wast8%, giving an uncertainty in the conversion of
and vinyldiazoacetates, as well as kinetic observations in these19,38 The reaction mixture was directly chromatographed on silica

reactions and the low reactivity dfans-substituted alkenes.  gel 60 (246-400 mesh) with pentane as eluent. Fractions containing
Although the prediction of KIEs fails for the difficult barrierless  styrene were combined and concentrated by distillation at atmospheric

Experimental Section
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pressure in the presence/eb mg of butylated hydroxytoluene (BHT), Two closely analogous reactions were taken to 81 and 88%
and the residue was distilled at reduced pressure to afford 1.22 g (11.7conversion, and afforded 822 and 520 mg of styrene, respectively.
mmol) of styrene. NMR Measurements.All samples were prepared using a constant

A closely analogous reaction was taken to 83% conversion and 438 mg of styrene in 5 mm NMR tubes filled with CD@b a constant
afforded 1.50 g of recovered styrene. A similar reaction using 97 mg height of 5.0 cm. Thé*C spectra were recorded at 100.58 MHz using
(0.05 mmol) of RR(SDOSP) as catalyst in 50 mL of pentane atQ inverse gated decoupling, 174 s delays between calibragulses,
was taken to 84% conversion and afforded 1.10 g of recovered styrene.@nd a 5.999 s acquisition time to collect 191 360 points. Integrations

Cyclopropanation of Styrene with Ethyl Diazoacetate. Example were determined numerically using a constant integration region for
Procedure. A mixture of 15 mL (13.6 g, 131 mmol) of styrene, 15 each peak. A zero-order baseline correction was generally applied, but

mL of CH.Cl,, and 20 mg (0.05 mmol) of REOAC): was stirred for in no case was a first-order (tilt) correction applied. S_ix spectra were
20 min at 25°C, and 20 mL (21.7 g, 190 mmol) of ethyl diazoacetate obtained for each sample of recovered_styrene along W|th_correquqd|ng
was jadded dropwise over a period of 5 h. During this add?tion, an simples (l)f st)g(e:n(_a that were n?t su:Jected to the reacthn condltlﬁns.
additional 2.5 mg of Ri{OAC). was added after 2.5 h and again after | N€ resulting™C integrations for : ese spectra are given in the
4.5 h. At the end of the addition, an aliquot of the reaction was analyzed S“F’F’O"_'”Q Information. From thé C_ integrations the KIEs and
directly by H NMR after diluting with CDC}, and the conversion, uncertainties were calculated as previously described.

based on integration of the styrenevinylic signal versus product Acknowledgment. Financial support of this work by NIH
cyclopropane ring signals (at1.91 andé 2.06), was 80%. None of  Grant No. GM-45617 and The Robert A. Welch Foundation
the starting ethyl diazoacetate was detected. The solvent was removeqD A.S.) and the National Science Foundation (Grant CHE

from the reaction mixtgre at redut_:ed pressure, and the residue wasp092490, H.M.L.D.) is gratefully acknowledged.
chromatographed on silica gel using hexanes as eluent followed by ) ) ) .

distillation to afford 1.18 g of recovered styrene contaminated with ~ Supporting Information Available: - Energies and full geom-
1.7% hexanes. etries of all calculated structures and NMR integration results

for all reactions. This material is available free of charge via
(38) An 8% error from NMR in the ratio of the product to the starting material  the Internet at http://pubs.acs.org.

would correspond to a change from 84:16 (5.25:1) to 85:15 (5.67:1) (5.67/
5.25= 1.08). JA036025Q
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