JIAICIS

ARTICLES

Published on Web 11/02/2002

Pd(0) Mechanism of Palladium-Catalyzed Cyclopropanation of
Alkenes by CH 72N2: A DFT Study
Bernd F. Straub*

Contribution from the Department Chemie der Ludwig-Maximilians#drsitad Miinchen,
Butenandtstrasse 5-13 (Haus F), D-81377rdhen, Germany

Received July 18, 2002

Abstract: Pathways for the reaction of ethene with diazomethane to cyclopropane and dinitrogen catalyzed
by Pd(0) complexes have been investigated at the B3LYP level of theory. The computed Gibbs free activation
energy of 71.7 kJ mol~* for the most favorable catalytic cycle is by far lower than previously reported
computed barriers for Pd(ll)-catalyzed pathways of this reaction and is now in the range of experimental
expectations. Pd(1?-C,H,), is predicted to be the resting state of the catalyst and the product of a
Pd(OAc), precatalyst reduction. The Pd(0) ethene complex is in equilibrium with Pd(572-C,H4)(k C-CH2N,),
from which N is eliminated in the rate-determining step. The resulting carbene complex (3?-C,H4)Pd=CH,
reacts without intrinsic barrier with CH,N, to Pd(17>-C2H,), and N and with ethene to the palladacyclobutane
(772-C2H4)PdII[Kcl,KC3-(CH2)3]. The N elimination from Pd(ﬂz-C2H4)2(KC-CH2N2) to (ﬂz-CzH4)2Pd=CH2 leads
to an overall Gibbs free activation energy of 84.2 kJ mol~1. The intramolecular rearrangement of (172-C,H,).-
Pd=CH, to the palladacyclobutane (772-C,H,)Pd"[x C,« C3-(CH>)s] and the subsequent reductive elimination
of cyclopropane are facile. At the BP86 level of theory, Pd(0) preferentially coordinates three ligands.
Pd(?-CzHy4)3 is predicted to be the resting state, and the N, elimination from the model complex
Pd(7?-C2Ha)2(x C-CH2N,) is the rate-determining transition state leading to an overall Gibbs free activation
energy of 69.4 kJ mol™2.

Introduction to such Pd(0) mechanisms, only Pd(ll) catalysts without alkene
coordination have been investigated by DFT studies s@ far.
Therein, the predicted Gibbs free activation energies for the
proposed catalytic cycles of 99.2 kJ mbl[Pd(ll) carbene
intermediate}® and at least 144.0 kJ mdl [phosphane Pd(ll)
carbenoids¥ are too high to account for the observed reaction
rate. We were interested in whether a computed Pd(0) cycle
could better reproduce the experimental selectivities and reac-
tivities.

The addition of a methylene unit across terminal, strained
cyclic, or acyl substituted carbertarbon double bonds by
CH2No/Pd(OAC) is of major importance for the synthesis of
cyclopropane derivatives. The reaction typically proceeds at
0—5 °C with an excess of diazomethane and in the presence of
about 1 mol % Pd(OAg)precatalyst. Vigorous gas evolution
and completion of the reaction within 10 min are in accord with
the generation of highly reactive intermediaté#. is thus no ) )
surprise that the identity of the active catalyst has remained 1he reduction of Pd(ll) complexes by GM is well-
elusive. However, experimental data based on alkene competi-documented. The McCrindle group observed precipitation of
tion studies strongly support the occurrence of catalytically palladium metal from solutllc.)ns of several phosphane or amine
relevant palladium alkene intermediateSomilov et al. ex- PdCL complexes after addition of an excess of diazomethane.
plicitly proposed the reduction of Pd(ll) by diazomethane and N the Pd(OAcj-catalyzed cyclopropanation of enoyl sultams,

the z-complexation of Pd(0) by alkene substraeBi contrast the Hacksell group experienced that “larger concentrations of
catalyst should be avoided since they often result in precipitation

* E-mail: Bernd.F.Straub@cup.uni-muenchen.de. of Pd(0) and subsequent termination of the reactiddtwever,
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Khim. 1992 10, 2353. 3, 246.

10.1021/ja027762+ CCC: $22.00 © 2002 American Chemical Society J. AM. CHEM. SOC. 2002, 124, 14195—14201 = 14195



ARTICLES

Straub

guantum-chemical computation of a Pd(0) catalytic cycle with
a low activation barrier would strongly support the importance
of Pd(0) complexes in the Pd(OAegatalyzed alkene cyclo-
propanation reaction. A more detailed knowledge about the
catalytically active palladium species would be of high relevance
for the design of chiral spectator ligands to achieve enantiose-
lective cyclopropanation af,3-unsaturated esters and ketofes.

Computational Details

The B3LYP/LACV3P**++//IB3LYP/LACV3P* level of theory
with fine grid density as implemented in the Jaguar 4.1 quantum
chemistry program packagéas been utilized throughout this study.
For O, N, C, and H, the 6-311G* basis set of Pople and co-workers
was used for geometry optimizatioh$or palladium, a HayWadt
small effective core potential (ECP) replaces the 28 innermost core
electrons'® For nickel, the ECP replaces the 10 innermost electtons.
The basis set on both palladium and nickel has triplejuality
(contraction scheme for palladiuf3211/2111/21}1 and for Ni{ 3211/
2111/31%}). Full geometry optimizations and numerical vibrational
frequency calculations have been performed for all model compounds.
Stationary points are characterized by exactly zero imaginary vibrations;
transition structures are characterized by exactly one imaginary
vibration. Visual inspection of imaginary vibrations was performed with
the Molden program packagéSingle-point energies were computed
with the LACV3P**++ basis set, which is characterized by the
6-311G**++ basis set for main group elemetitdand by an additional
diffuse d function for the transition metals (coefficient 0.052 for
palladium and 0.065 for nickel). A SCF energy convergence threshold
of 1 x 107° au was applied for single-point energy calculations. The
Gibbs free energie& refer to 273.15 K and 1 atm and are based on

identification of the catalyst resting state, of the rate-determining
transition state, and of all catalytic intermediates.

Catalyst Resting State First, the comparison of the relative
Gibbs free energies of Pd(0) ethene and diazomethane com-
plexes and respective free ligands in isodesmic reactions will
identify the most stable speciethe catalyst resting state. From
all palladium model complexes in this study, only the ethene
complexesl—3 have been observed experimentafiyAt the
B3LYP level of theory, diethene compl@has a lower relative
Gibbs free energy than monoethene compleand triethene
complex3.16 Thus, all Gibbs free energies will be normalized
to that of complex2. However, the relative stability of trialkene
Pd(0) species such &swill increase at lower temperatures or
with strained cyclic or electron-withdrawing alkene ligands.
Furthermore, the computed energy difference between the
dialkene complex2 and the trialkene compleXd can be
overcome by the functional dependency of the ligand coordina-
tion strength to palladium (vide infra).

N

e = B
Y
1 G = 2 Gy = 3 G =
61.0kJmol"  0.0kJmol’'  20.8 kJ mol™

Diazomethane preferentially ligates palladium either by the
terminal nitrogen£N) or by the carbon atomxC). The relative
Gibbs free energies of theéN complexesA—9 are too high to

unscaled molecular vibrations and ideal gas-phase conditions. Scangynction as resting states of the catalytic cycle. Only negligible

of the energy hypersurface were performed to ensure that no total
electronic energy barrier is present in the reaction of ethene and
diazomethane with model compl@8 and of diazomethane with model
complex26 (see Supporting Information). Additional calculations at
the BP86/LACV3P**++//BP86/LACV3P* level were performed for
ethene, diazomethane, and the palladium model comp&x8s22,

and 25 to obtain information about the functional dependency of the
relative stabilities of the most important palladium speéfes.

Results and Discussion

In this study, we attempt to find a viable pathway for the
ethene cyclopropanation by diazomethane catalyzed by mono-
nuclear Pd(0) complexes. Since the reduction of Pd(ll) by
CHN is obvious from the literatuf&*>and preliminary model
calculations support a substantial driving force toward Pd(0)
complexes in the reaction mixtutéye did not attempt to model
a detailed Pd(Il) reduction mechanism. Our main goal is the

(6) Denmark, S. E.; Stavenger, R. A.; Faucher, A.-M.; Edwards, J. ©rg.
Chem.1997, 62, 3375.

(7) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Volko, S. H.; Wilk,
L.; Nusair, M.Can. J. Phys198Q 58, 1200. (c) Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785.

(8) Jaguar 4.1, release 59; Satlirer, Inc.: Portland, OR, 2001.

(9) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Phys198Q
72, 650.

concentrations of these complexes should be present in solution.

H
H
- N-Pd-N=N=(
Pd—N=N -
=<H i H

4 G = 5 Gy =
106.7 kJ mol™! 50.5 kJ mol™!
H
H—~
N,
\ H H
PA—N=N=( || —Pd—N=N=(
N H H
'\3/
H-« 6 G = 7 Gre =
y  91.0 kJ mol™ 21.0 kJ mol”
=
A H Z H
Pd—N=N= _
7 Pd—N=N=(
N H N4
N/ A H
H 8 G = 9 G =
H 523 kJmol™ 29.6 kJ mol™!

(10) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(11) Schaftenaar, G.; Noordik, J. Bl. Comput.-Aided Mol. De200Q 14, 123.

(12) (a) Frisch, M. J.; Pople, J. A.; Binkley, J. $. Chem. Phys1984 80,
3265. (b) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v.
R.J. Comput. Chenil983 4, 294.

(13) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Perdew, J. P.; Zunger,
A. Phys. Re. B 1981, 23, 5048. (c) Perdew, J. Phys. Re. B 1986 33,
8822.

(14) The reductive elimination of 1,2-diacetoxyethane from a proposed catalytic
resting state complexis-Pd'[«C-CH,O(xO-MeC=0)], (ref 3a) in the
presence of ethene to B@{C;H.), is computed to be exergonic VG
(273.15 K, 1 atm)= —82.6 kJ mot? in the gas phase.
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(15) (a) Green, M.; Howard, J. A. K.; Laguna, A.; Murray, M.; Spencer, J. L.;
Stone, F. G. AChem. Commuri975 451. (b) Csaszar, P.; Goggin, P. L.;
Mink, J.; Spencer, J. LJ. Organomet. Chenl989 379, 337.

For comparison, the dissociation of one ethene ligand from?MNd§H.)3

is computed to be endergonic #G(273.15 K, 1 atm)= 5.6 kJ mot?
(dissociation of two ethene ligands from W{C,H4)s: AG (273.15 K, 1
atm) = 107.4 kJ mot?). The higher computed stability of the triethene
nickel adduct as compared to its palladium analogue correlates with the
higher experimental thermal stability of the nickel complex: Fischer, K;
Jonas, K.; Wilke, GAngew. Chenl973 85, 620;Angew. Chem., Int. Ed.
Engl. 1973 12, 565.
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For Pd(0), coordination numbers of 2 and 3 are predicted to Scheme 3

be favored over coordination numbers of 1 or 4. The palladium N, Ny | #
tetraethene model complekO is thermodynamically strongly _N-Pd-CH, —> _N—Pd-CH,
; -N~ -N~
disfavored. Indeed, a tetraalkene Pd(0) complex has only been i’ R\eis
reported with a chelating 5-vinyl-2-cyclohexenone derivative. ,.‘. H‘
" " 18 Gig = 19 G =
2 -1 -1
X =~ =4 G 50.6 kJ mol 90.0 kJ mol
\zd} \ZdE H
X X — NAVPISR N,
H.\\‘C//
10 Gy = . 11 Gy = . H o 20 Gy =
99.0 kJ mol 89.1 kJ mol 1.52 kJ mol"
Complex 11 with one kC-diazomethane ligand is a ligand  gcheme 4
exchange transition statéFurtherkC-diazomethane complexes H t
are depicted in Schemes-T. Although these complexes were |—Pd-c=N, —> ”—pd'—'<---N2
all found to possess higher relative Gibbs free energiesGhe H, H
diazomethane coordination mode is mandatory for a facile N 21 G = 22 Gy =
elimination and carbene complex formation. 23.5 kJ mol™ 71.7 kJ mol™!
Scheme 1 H
Nt — H—Pd=<H +Ny
’ - IN2
Pd—CH,N, —> | Pd=CH, —> Pd=CH,
23 Gre =
-1
12 Grel = 13 Grel = 14 Grel = -3.0 kJ mol
95.1 kJ mol™! 134.9 kJ mol™ 124.7 kJ mol ™ Scheme 5
t
Scheme 2 /\ Ny /\ ,,N2
H, H, H ¥ \gd-CHz — | PRd*CH,
,C—Pd=C=N; —>| = C—Pd={---N, X \\<
N2 Hz N2 H
1 24 G = 25 G =
15 Groi = . 8 Grei= . 28.1 kJ mol”! 84.2 kJ mol™!
60.4 kJ mol” 94.6 kJ mol’
H R __H
H, —_— Pd_"I/H +Np
—>  C-Pd +N
NS :<H 2 \\<
17 Gy = 26 Gre .
9.2 kJ mol! -2.4 kJ mol

N, Elimination. Seven pathways were computed to identify 235 kJ mot! and loses Blvia transition stat@2 with an overall
the lowest-energy Nelimination transition state (Schemes). Gibbs free activation energy of 71.7 kJ mblDespite the N
In Scheme 1, the Nloss of the simpleskC-diazoalkane  formation, carbene comple&3 retains a surprisingly high
complex12 proceeds via transition structut8to the palladium  relative Gibbs free energy, reflecting the weakness of the
carbene fragmertt4. A Gibbs free activation energy of 134.9  palladium-carbon double bond.
kJ moltis obviously too high as compared to the expectations  The N; loss from the analogous diethene diazoalkane complex
derived from the experimental cyclopropanation conditibns. 24 via transition stat@5is computed to be 12.5 kJ mdlhigher
Bisdiazomethane complebs eliminates N via 16 with a Gibbs in Gibbs free activation energy than the monoethene pathway
free activation energy of only 34.2 kJ mél (Scheme 2). at the B3LYP level of theory (Scheme 5). This additional barrier
However, the overall barrier still amounts to 94.6 kJ mol  is too small to identify monoethene transition st&t with

because of the high relative Gibbs free energgt®6f 60.4 kJ absolute certainty as the lowest-energyglimination transition

mol2. state (see functional dependency vide infra). Additionally,
The N, elimination from the mixedC «N-bisdiazomethane  electron-withdrawing alkene substituents will stabilize higher

complex (L8) leads to a similar overall barrier of 90.0 kJ mbl palladium coordination numbéfé17and thus favor transition

(Scheme 3). The most favorable Blimination pathway at the  states analogous ®56.

B3LYP level of theory is depicted in Scheme 4. Monoethene  pg(0) and Ni(0) dialkene complexes similar 8 with

diazomethane compleXl has a relative Gibbs free energy of  stapilizing amine substituents at the carbene fragment have

(17) Porth, S.: Bats, J. W.: Trauner, D.: Giester, G.: Mulzerbew. Chem. indeed been str_ucturally charactenz"édl’he_: N ellmlnauo_n_
1999 111, 2159;Angew. Chem., Int. Ed. Engl999 38, 2015. from other xC-diazomethane complexes is not competitive.

(18) Dissociative pathways characterized by palladium coordination numbers The overall barriers of 106-4110.7 kJ mot! for the formation

of 2 and 3 are favored for ethene diazomethane ligand exchange reactions R
both enthalpically and entropically. of ethene xC-diazomethane carbene complex9a and

J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002 14197
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Scheme 6 (92.3-100.9 kJ mot?), which are already higher than the N
/\ N /\ elimination transition state22 or 25 (71.7 and 84.2 kJ maol).
Pd-CH, Pd-CH, The N, elimination transition states derived froB8—35 will
N2—CH, N,—CH, N thus be irrelevant.
27a G = 27b G =
62.2 kJ mol” 63.0 kJ mol™ H FHaNa CHzNZH
N by—c ~N- Pd\"H
l / \ HN2 Pd-CH, \fN Ny
x Ne| * = ! /N2 103(;39i‘;e|= B 9 G[e|='1
, . mol 92.3 kJ mol
Pd-CH, Pd-GH, Pd-CH, CHN
N,—CH, Ny— CHz N, HyC( 2
N2 H NﬁN_Pd\N:N H
e Grel=-1 2 Gre'=-1 e Gre|=_1 H 35Gg= H
107.9 kJ mol 106.4 kJ mol 110.7 kJ mol 92.8 kJ mol”"
- Nz\ / Nz l- N
BesidescC- and thexN-diazomethane ligation, thg>-N,N'-
//< diazomethane coordination mode has also been investigated.
Pd—-*{H Pd:‘g“” This 'c'oordination mode has been observ.e.d W?th sevefal d
Ny— CH2 H,C H transition me_t_al _fragments and _electrophlllc_dlazoalka"ﬁes.
\N2 AIthoggh _equmbnum s_tructur(_as W|th_ thy?—l_\l,N’-dlazomethzfme
292 G = 29b G = coordination mode exist, their relative Gibbs free energies are
11.5 kJ mol™! 16.9 kJ mor* 14—-42 I§J mof? hlgher than those of. thng-lsomers (see
) Supporting Information). SinceN «C-bisdiazomethane com-
Scheme 7 plexes possess highoNelimination barriers, the even more
\ H >\\ disfavoredcC,;%-N,N'-bisdiazomethane species should also be
>=N N- Pd J=N=N-Pd irrelevant for cyclopropanation catalysis.
H,C-N, H CH,
30b G " CH2
30a Grel = rel =
50.0 kJ mol™ 53.8 kJ mol™! (Pd) C\',jz PA—N-= N%; H [Pd]\
l l xC kN n —N,N'
/\ i /\ i Carbene Complex Reactivity.The alkene palladium carbene
>‘:N N-Pd N=N-Pd_ complexes23 and 26 are predicted to be the most probable
HoC- N, LHa active species for ethene cyclopropanation. Therefore, their
Nz reactivity and selectivity will determine the further course of
31a Gy = 31b G = the reaction. The intramolecular rearrangement of ethene carbene
111.0 kJ mol™ 107.7 kJ mol™! complex23via 36to the palladacyclobutarg? is characterized
by a barrier of 77.0 kJ mol (Scheme 8). The coordination
\ / process of ethene to the palladium center in carbene complex
H N 23 via the ethene addu@8 and transition stat89 features a
N=N-P d/ N, Gibbs free activation energy of 42.3 kJ mblBoth pathways
H Y are irrelevant, however, since compXcan react with ethene
32 Gy = H'H without any total electronic activation energy via a+g
13.0 kJ'emol‘1 cycloaddition to the palladacyclobutane derivaté@ For this

29b are too high to be relevant (Scheme 6). The same is true
for the ethenaN-diazomethane carbene complé® (Scheme
7).

Other kC-diazomethane complexes with a palladium coor-
dination number of 3 are imaginable. However, complexes such

as33—35 are predicted to possess relative Gibbs free energies

(19) (a) Gabor, B.; Krueger, C.; Marczinke, B.; Mynott, R.; Wilke, Bgew.
Chem.199], 103 1711;Angew. Chem., Int. Ed. Engl99], 30, 1666.
(b) Jackstell, R.; Andreu, M. G.; Frisch, A.; Selvakumar, K.; Zapf, A.;
Klein, H.; Spannenberg, A.; Rmyer, D.; Briel, O.; Karch, R.; Beller, M.
Angew. Chem., Int. E@002 114, 1028;Angew. Chem., Int. E@002, 41,
986.

14198 J. AM. CHEM. SOC. = VOL. 124, NO. 47, 2002

ethene addition reaction, a Gibbs free activation energy will
certainly exist because of entropic contributions. Since two
molecules collapse to one, the activation entrédd should

be highly negative. However, it is not trivial to reliably quantify
Gibbs free activation energies for such reactions by quantum-
chemical method&t

(20) (a) Otsuka, S.; Nakamura, A.; Koyama, T.; TatsunoJYChem. Soc.,
Chem. Commurll972 1105. (b) Otsuka, S.; Nakamura, A.; Koyama, T.;
Tatsuno, Y.Liebigs Ann. Chem1975 626. (c) Nakamura, A.; Yoshida,
T.; Cowie, M.; Otsuka, S.; Ibers, J. A. Am. Chem. S0d.977, 99, 2108.
(d) Schramm, K. D.; Ibers, J. Anorg. Chem198Q 19, 2441. (e) Straub,
B. F.; Hofmann, Plnorg. Chem. Commuri998 1, 350.

(21) (a) Houk, K. N.; Rondan, N. G.; Mareda,JJ.Am. Chem. S0d.984 106,
4291. (b) Houk, K. N.; Rondan, N. G. Am. Chem. S0d984 106, 4293.
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Scheme 8 Scheme 11
H ¥ H +CH,N,
rox —> | Pz | 7 e Fpar o,
H
23 G = 36 G = 37 G = 23 G = 2 G =
-3.0 kJ mol™! 74.0 k) mol  -116.0 kJ mol™! -3.0 kd mol™ -460.4 kJ mol™
* C2H4l + CoHy A __H *CHN, 24
Zpa) pd=ty ——> jdﬁl +Ny
/LFI’d:*‘\H X X
iy H 26 Gy = 3 G =
oH 40 G =
7 H e -2.4kJ mol™ -439.6 kJ mol”
HH -128.9 kJ mol’
\ Scheme 12
38 G,e.1 =28.2 P P TS
kJ mol t A FPdy —— Pd:>
\\“\ X 40 G = 43 G =
-1 -1
39 G = 26 G = -128.9 kJ mol -99.4 kJ mol
39.3 kJ mol™ 2.4 kJ mol”! l
Scheme 9 ”_ > + H_
A [ Pd- - ] — > |pa-
o= —> {%Pdv } S /4—F|>i—| P
< s 44 Gy = 45 Gz
26 G = 4 G = 40 Gy = -122.5 kJ mol™ -156.6 kJ mol
-2.4kJ mol”! 257kJmol”  -128.9 kJ mol! +?« 2 Gy =
- -1
Scheme 10 ”—Pd oH -r\2116.2 kJ mol
¥ + CHoN,
/\ H + C2H4 /\ PN 1 G = 21 G =
Pd&=y ——> Pde,-” rel y
N4 N4 F\]&H 552 kJmor!  -189.1 kJmol
26 Grel = 42 Gl_eI = Scheme 13
-2.4 kJ mol”! 48.9 kJ mol” + CHoN, CH2N,
| | Z g
— Jpes + A
40 G = 46 G =
2 Grei = -128.9 kJ mol™ -102.8 kJ mol™
-216.2 kJ mol™

entropically disfavored intermolecular ethene attack 26

The second ethene ligand alters the reactivity of carbene (Scheme 10). Both carbene model comple2Bsnd 26 react
complex26 significantly as compared to monoethene complex wjith diazomethane without any total electronic activation energy
23 A cis rearrangement via transition staeto the pallada-  (Scheme 11). Such short-circuit reactions are presumably the
cyclobutane derivativd0 is a viable pathway associated with  origin of the necessity of an excess of diazomethane to achieve
a Gibbs free activation energy of only 28.1 kJ mlo{Scheme completion of the cyclopropanation reaction.
9). The role of pallada(ll)cyclobutane derivatives in Pd(QAc) Reductive Elimination. Palladacycle40 is the only Pd(ll)
catalyzed cyclopropanation is supported by the isolation and 5 qel species in the catalytic cycle. AlthoughML 3 complex
observed reactivity of this class of complexes. With a bidentate 44 seems to be coordinatively unsaturated, ethene coordination
nitrogen ligand, a pallada(ll)cyclobutane derivative has been 5.4 tormation of diethene compldg are endergonic (Scheme
structurally characterize®d. Facile reductive elimination of 12). The reductive elimination of cyclopropane from Pd(ll)
cyclopropane derivatives is observed for such palladac§efés.  .omnlex40via transition staté4, however, is extremely facile

A potential alternative pathway is characterized by ethene jith a Gibbs free activation barrier of only 6.4 kJ mblAfter
attack on diethene carbene model compk&x(Scheme 10).  jigand exchange of the resulting cyclopropane addifctthe
Cyclopropane and compleX are formed via transition state  catalyst resting stat2 is regenerated.
42. This step has a strong similarity to the alkene attack on  \ye ais0 computed theC-diazomethane compleé (Scheme
"ML s-type copper(l) carbenes in copper-catalyzed cyclopro- 13) A for its ethene analogue, the relative Gibbs free energy

A . . . _ ere
panaltllonz. However, the mtramolgcular cis rearrangement via ot the kC-diazomethane comple6 is higher than that of the
transition state4l (Scheme 9) is clearly superior to the

(24) (a) Straub, B. F.; Hofmann, RAngew. Chem2001, 113 1328;Angew.
(22) Hoffmann, H. M. R.; Otte, A. R.; Wilde, A.; Menzer, S.; Williams, D. J. Chem., Int. Ed2001, 40, 1288. (b) Fraile, J. M.; Garcia, J. |.; Maraz-

Angew. Chenil995 107, 73; Angew. Chem., Int. Ed. Endl995 34, 100. Merino, V.; Mayoral, J. A.; Salvatella, LJ. Am. Chem. So@001, 123
(23) Grigg, R.; Kordes, MEur. J. Org. Chem2001, 4, 707. 7616.
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Figure 1. Profile of the computed relative Gibbs free energies for gas-phase model structures at 273.15 K and 1 atm. Intermolecular reactions with no total

electronic activation energy are characterized by dashed lines.

reductive elimination transition stade. For alkene substituents,
however, which stabilize palladacyclobutanes, diazomethane
complexes such a6 may well be the cause of the formation
of cyclobutane and cyclopentane derivatives. Lukin and Zefirov
observed such oligomethylenation products for phenyl allene
and biscyclopropyliden®. They proposed the “cyclopalladation

of the alkene with Pd:Ckl affording a palladiacyclobutane
intermediate which accumulates methylene urfita”.

CH2N; Attack on Coordinated Ethene.A referee suggested
the direct reaction of diazomethane with an alkene ligand of a
palladium complex as an alternative pathway. Thus, we
computed the pathways for GN, attack on Pdf?-CoHa), 2
and Pd{?-C;Hy)s 3 (Scheme 14). The computed Gibbs free
activation energies of 158.3 and 178.1 kJ mdbr the model
transition stateg6 and47, however, are clearly too high to be
compatible with the rate of the experimental cyclopropanation
reaction.

Relative Energy Dependence on the FunctionaldVe are
well aware of artifacts due to inaccurate computational predic-
tions of palladium ligand bond strengths. Computed relative
energies of complexes with different palladium coordination
numbers will inherently bear a large uncertainty. Since the
alternative resting states B@{C,H,), (2) and Pd2-CoH.,)s (3)
as well as the alternative rate-determining transition states Pd-
(ﬂz-C2H4)(KC-CH2—N2)¢ 22and Pdﬁz-C2H4)2(KC-CH2—N2)¢ 25
possess different palladium coordination numbers, this may well
have an effect on the computed catalytic cycle. Thus, we
recalculated ethene, diazomethane, and the model complexe
2, 3, 22, and25 at the BP86/LACV3P*%+//BP86/LACV3P*
level of theory. The model structur8YGe = —2.5 kJ mot?)

(25) (a) Lukin, K. A.; Zefirov, N. SDokl. Akad. Nauk SSSF989 305, 631.
(b) Lukin, K. A.; Zefirov, N. S.Zh. Org. Khim.1989 25, 92. (c) Lukin,
K. A.; Kuznetsova, T. S.; Kozhushkov, S. I.; Piven, V. A.; Zefirov, N. S.
Zh. Org. Khim.1988 24, 1644.
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and25 (Gye = 66.9 kJ mot?) with their coordination number

§ were significantly stabilized relative to the more unsaturated

species2 (normalized toGre = 0.0 kJ mot?) and22 (G =

77.9 kJ mot?) by the BP86 functionals (Figure 1). Obviously,
the assignment of both the resting state and the rate-determining
transition state are functional dependent. Despite the changes
in the relative stabilities of the key model structures, the
predicted Gibbs free energy barrier of 69.4 kJ Thalt the BP86
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Scheme 15. Proposed Mechanistic Pathways for Pd(0)-Catalyzed
Cyclopropanation of Ethene with CH,N;
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level of theory deviates only slightly from the barrier of 71.7

kJ mol ! computed with the B3LYP functionals.

Conclusion

ligand exchange reactions (Scheme 15). The resulting?Pd(
CoHg)n-1(kC-CH2N,) eliminates N in the rate-determining step.
The assumption of a change in the &limination mechanism
because of the influence of alkene substituents offers an
explanation for the high reactivity of alkenes with a strong
coordinating ability to Pd(0) and for the inertness of internal
alkenes in palladium-catalyzed cyclopropanation. Internal alk-
enes should have a tendency to yield monoalkene carbene
complexes, which might well preferentially attack diazomethane
substrates in a short-circuit reaction. Terminal, strained cyclic,
and activated alkenes should form dialkene carbene complexes,
which preferentially undergo an intramolecular rearrangement
to palladacyclobutanes. This assumption is in accord with the
cyclopropanation study of Anciaux et 4l.In 1980, they
concluded from their alkene competition experiments that “a
mechanism in which a palladium-coordinated carbene ... reacts
with an olefin coordinated to the same metal in a fashion
reminiscent of a ‘cis rearrangement’ (possibly via the formation
of a metallacyclobutane) fits best the data at hand”. In our study,
the resulting monoethene palladacyclobutane intermediate is
predicted to reductively eliminate cyclopropane easily, and
subsequent ligand exchange completes the catalytic cycle.

The predicted role of Pd(0) in alkene cyclopropanation has
obvious consequences for the design of spectator ligands for
this reaction. An enantiopure chiral ancillary ligand will only
be able to achieve nonzero enantioselectivities if it binds more
strongly to Pd(0) than to the alkene substrate. Additionally, the
ancillary ligand should react with the £€H, fragment neither
in the palladium coordination sphere nor intermolecularly. Thus,
chiral phosphorus ligands and maleic esters of chiral alcohols
are promising ligands for attempts to achieve enantioselective
palladium-catalyzed alkene cyclopropanation by diazomethane.
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complexes with an overall barrier of less than 72 kJ Thol

(Figure 1). As a consequence, Pd(ll) pathways appear to becoordinates and computed thermochemical data of energy

improbable in Pd(OAg}catalyzed alkene cyclopropanation. L I . ;
. minima, transition states, and hypersurface scans. This material
Pd(OAc} is thus presumably not the catalyst but the precatalyst . . . .
. ) . - is available free of charge via the Internet at http://pubs.acs.org.
of the cyclopropanation reaction. The actual catalytic resting

state is Pdf?-C,Hy4)n (n = 2 or 3), which undergoes reversible  JA027762+
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