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Abstract: The zirconium imido complex Cp2(THF)Zr=NSi(t—Bu)Me; (1) reacts with allylic ethers, chlorides,
and bromides to give exclusively the products of the Sy2' reaction; i.e., attack at the allylic position remote
from the leaving group with migration of the double bond. The primary amine products can be isolated in
excellent yields, after in situ Cbz protection, in the presence of variety of functional groups. Good
diastereoselectivity and complete stereoselectivity allowed the formation of enantioenriched allylic amines
from enantioenriched allylic ethers. Regiospecific substitution with 1 has also been achieved with allylic
fluorides, which are notoriously poor substrates in other substitution reactions. On the basis of rate and
kinetic isotope effect studies, we propose a general mechanism for the allylic substitution reactions with 1
which involves dissociation of THF and binding of the substrate, followed by the substitution step. In a DFT
study of the substitution reaction, we identified a six-membered closed transition state for the substitution
step and other relevant stationary points along the reaction coordinate. This study shows that the substitution
reaction can be described as a concerted asynchronous [3,3]-sigmatropic rearrangement. This detailed
knowledge of the reaction mechanism provides a rationale for the origins of the observed regio-, diastereo-,
and stereoselectivity and of the unusual reactivity profile observed in the reaction.

Introduction been accomplished with both oxygen and nitrogen nucleophiles.
In these reactions, both regioisomers of an electrophile can
provide the same regioisomer of the product, and a proper choice
of catalyst can ensure a selective formation of either more or
less substituted allylic ethers and amines from a variety of
electrophiles. Another approach has involved the isomerization
|of allylic alcohols by oxo complexes of rheniuhvanadiun®
chromiun® and other transition metals. In these reactions, the
product distribution is determined by the thermodynamic
stability of the two regioisomers and, in certain cases, high
selectivity can be achieved Despite these developments, the
regiospecificity observed in the reaction of G(py)Ti=S (2,
Cp*=n°>-CsMes) with allylic chlorides2 which provides rear-
ranged products regardless of the substitution pattern of the
electrophile, is still rare in substitution reactions with heteroatom
nucleophiles. We attributed this unusual regiospecificity to the
closed transition state presented in Figure 1.

Recently, as a result of our long-term exploration of early
transition metal complexes containing multiple-bonded heteroa-

In the past 20 years, metal-promoteg2Sreactions with
carbon nucleophiles have become valuable tools in organic
synthesis. Several protocols for stoichiometfiand catalytié
copper-mediated allylic substitutions with carbon nucleophiles
have been developed that allow complete control over the regio-
and stereoselectivity of these reactions. In comparison, genera
Su2' substitution reactions with heteroatom nucleophiles are less
well-known.

Isolated examples of \&@ reactions of allylic halides and
esters with amines, alkoxides, and thiols have been known for
some time! However, selective formation of the rearranged
(S\v2') products has been achieved only when the competing
S\2 reaction is sterically disfavoreédf.More recently, attempts
were made to develop metal-catalyzed substitution reactions.
In the presence of a number of transition metal complexes,
regioconvergent substitution of some allylic electrophiles has

(1) (a) Hoveyda, A. H.; Heron, N. M. I@omprehensie Asymmetric Catalysis
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer: Berlin, 1999;
pp 431; (b) Karlstfan, A. S. E.; Bakvall, J.-E. InModern Organocopper

Chemistry Krause, N., Ed.; WileyVCH: Weinheim, 2001, pp 259; (c)
Helmchen, G.; Ernst, M.; Paradies, Bure Appl. Chem2004 76, 495.

(2) (a) Smitrovich, J. H.; Woerpel, K. Al. Am. Chem. S04998 120, 12998;
(b) Breit, B.; Demel, P.; Studie, @ngew. Chem., Int. EQ004 43, 3786;
(c) Harrington-Frost, N.; Leuser, H.; Calaza, M. |.; Kneisel, F. F.; Knochel,
P.Org. Lett.2003 5, 2111.

(3) Kacprzynski, M. A.; Hoveyda, A. Hl. Am. Chem. So2004 126, 10676,
and references cited therein.
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s ¥ Table 1. Allylic Substitution of Allylic Ethers
CpsTi?™
(:: | J OR R2 a NHCbz
s/ + CpyZr= —_—
RI7NF p2Z NTBS RPNANR2
Figure 1. Postulated closed transition state in substitution reactions THF1
with 2.
Entry Substrate T(°CY  Yield (%)°
tom ligands!® we discovered a new formaly8 reaction of 1 N~ 23 %6
zirconium imido complexes that allows regio- and stereospecific Et §
transformation of allylic ethers into Cbz-protected allylic 2 ™SO Z = 92
. . . . Pr
amines!* In this work, we describe the full scope of this 3 P 45 89°
transformation, including reactions with allylic halides and , TMS/°\=/\/ o o
acetals. We also present the results of a detailed experimental TMSCHO
and theoretical analysis of the reaction mechanism which 5 TMSCHON= NN 70 90
provides insight into the origin of the unusual chemo-, regio-,
- . 6 TMSCH,07 N\=""0pPn 70 92
and stereoselectivity of the reaction. s
. ) 7 M):j 70 89
Results and Discussion TMSCH, 07 = s
. . . - ' 8 NN 70 92
Reactions with Allylic Ethers. Our preliminary experiments TMSCHO of>'
established that, unlike titanocene sulfido com@g%the tert- 9 TMSCHzoWO 70 77
bl_Jtyllmldozwconocen(_e complt_ax QEHF)Zr=Nt—Bu reacts 10 O 23 99
with alkyl, aryl, and trimethylsilyl (TMS) allyl ethers at room ove
temperature, to yield substitution products in greater than 95% 1 Z 2 92

yield (eq 1). These results were surprising, considering the
limited number of reported substitution reactions with allylic
ethers!® and prompted us to further explore the scope of this
tranformation.

benzene-d® R?

AR+ CpaZr=NR! ———> CrZiN (@
23°C
THF OR
R= Et, Ph, TMS >95% yield
R'= t-Bu, TBS

OR 1. benzene-d°® c
A~OR & CppZr=NTBS ————> CbzHN @)
Z T}Iﬂ: 2. CbzCl, K,CO5 N

1

>95% yield
R= Me, Ph, TMS

To facilitate isolation of the amine products, broaden the
scope of the reaction, and increase the utility of the amine
products, we decided to focus on the formation of the
conveniently protected primary amines. With this goal in mind,
we turned our attention to the known but virtually unexplored
zirconocene imido complek® (TBS = tert-butyldimethylsilyl),
which would afford TBS-protected primary amine products. In
reactions with alkyl, aryl, and trimethylsilyl (TMS) allyl ethers,
substitution products were obtained in similarly high yields, but
with higher reaction rates. More importantly, the initial substitu-
tion products were successfully transformed into Cbz-protected
allylamine, after in situ hydrolysis and Cbz protection of the
free amines. With a convenient procedure for the isolation of

Cbz-protected amine products in hand, we explored the reaction

with other allylic ethers.

The reactions with severatsubstituted TMS ethers provided
the §42' products in good yields (Table 1, Entries-2). The
size of thea-substituent had a significant effect on the observed
diastereoselectivity and required temperature (Entry 2 vs Entry

(13) Duncan, A. P.; Bergman, R. @hem. Rec2002 2, 431.

(14) Lalic, G.; Blum, S. A.; Bergman, R. Gl. Am. Chem. SoQ005 127,
16790.

(15) (a) Didiuk, M. T.; Morken, J. P.; Hoveyda, A. H. Am. Chem. Sod.995
117, 7273; (b) Barluenga, J.; Rodriguez, F.; Alvarez-rodrigo, L.; Zapico,
J. M.; Fananas, F. £hem. Eur. 32004 10, 109.

(16) Walsh, P. J.; Hollander, F. J.; Bergman, R.GBganometallics1993 12,
3705.
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a(1) CgDs, 23 °C 2) CbzCl, KCOs, 23 °C. P Reactions performed at
23°C were complete in 12 h. Reactions performed atCQvere complete
in 16 h ¢ Reported are the isolated yields of the purified produtss1 dr.
€>10:1dr.

3, Table 1). Theert-butyl substituent proved prohibitively large,
and no product was observed after 12 h a@5In reactions
with both ethyl- and isopropyl-substituted ethers, only one
regioisomer was detected in tHd NMR spectrum of the crude
reaction mixture with the isopropyl ether affording significantly
higher diastereoselectivity. In order to assess the inherent
regioselectivity of the nucleophile, we explored the reactivity
of substrates that would favol3 substitution.

We found that a variety of ethers of Z-substituted primary
allylic alcohols reacts with at elevated temperatures. The most
reactive substrates were the electron-rich (trimethylsilyl)methyl
ethers, which provided the products q§25 substitution in up
t0 94% yield (Table 1, Entries49). Interestingly, less electron-
rich ethers of the same alcohols, such as methyl and phenyl
ethers, reacted only at higher temperature and provided products
in significantly lower yield. Similarly, E isomers of the same
ethers were not reactive and provided the desired products in
less than 20% yield’

Although substitution at the 3-position of the substrates
presented in Table 1 might be expected to favor th@ S
pathway, the more substituted product @R2Ssubstitution was
still the only product observed in tHél NMR spectra of the
crude reaction mixtures. The reactions with the substrates
presented in Table 1 also illustrate an unprecedented chemose-
lectivity for the reactions of zirconium imido complexes. The
substitution reaction is not affected by the presence of a variety
of functional groups, including terminal alkenyl, phenoxy, and
1,3-dithiany! (Table 1, Entries-57). Even in the presence of
an electrophilic primary chloro group, they&product was
isolated in 92% yield (Table 1, Entry 8).

(17) Higher reactivity of Z-substituted substrates has been reported in related
sigmatropic rearrangement reactions: (a) Lee, E. E.; Batey, R. Am.
Chem. Soc2005 127, 14887. (b) Anderson, C. E.; Overman, L.EAmM.
Chem. Soc2003 125 12412.
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Scheme 1 Table 2. Allylic Substitution of Allylic Halides
OCH,TMS 1. ;biyglirge::ane-dm I;lHCbz X R?2 a NHCbz
— —_— /\/‘\/\/OTBS =
Me oTBS Me RIVNA Nge TOOPATENTBS ——= N AR2
2. CbzCl, THF (Ry-4 THF R3
(R)-3 96% ee KzCO;, 23 °C 85% yield, 96% ee 1
1. 1, cyclohexane-d Entry Substrate Yield (%)°
OCH,TMS g0 g m 2 NHCbz 1 o 06°
Me — Me MeWMe Me)\/
2. CbzCl, THF (R)-6 2 CIWMe 92
(R)-5 96% ee KoCO3, 23 °C 91% yield, 96% ee
3 aN=Ne 89
lngCbz 03, DCM, MeOH lngCbz 4 AF 94
AN AN Br
Me' Me 78°C 1h MeO,C Me
(R)-6 82% yield (R)-T 5 B NN e %0
82% yield, 94% ee
6 Br/w\/Me 92

Other types of allylic ethers, such as epoxides and acetals
(Table 1, Entries 10 and 11), also readily participate in the 2(1) GiDe, 23°C; (2) ChzCl, NaHC@, 23 °C, 2 h.b Reported are the
substitution reaction. As with other substrates, in each of theseisolated yields of the purified products2:1 mixture of diasterecisomers.
reactions, a single regioisomer and a single diastereoisomer of
the product was formed. Allylic epoxides are relatively common even benzyl halides. Exposure af to benzyl chloride or
electrophiles in allylic substitution reactions; however, there are 1-chlorohexane over several hours at room-temperature did not
only a few examples of &' reactions with allylic acetals lead to the formation of any observable products, and heating

Another important feature of the substitution reactions with led to decomposition of the starting materials. This difference
1 is the complete chirality transfer observed in the reactions in reactivity is most likely a result of the bulky TBS substituent
with enantioenriched 1,3-disubstituted allylic ethers. The reac- on the imido ligand, which prevents a direg{ZSsubstitution
tion of (R)-3 with 1 resulted in the regio- and stereospecific reaction. This observation is also consistent with the absence
formation of R)-4 in 85% yield (Scheme 1). Similarly, the of the $2 products in substitution reactions bf
reaction with R)-5 produced only rearranged produg){6 as Organic fluorides are exceedingly unreactive in substitution
a single diastereoisomer. These experiments demonstrated theeactions relative to other organohalides. Consequently, substitu-
use of the formal @' substitution reaction in a highly tion reactions with allylic fluorides have not been described in
stereoselective synthesis of enantioenriched allylic amines andliterature. The low polarizability of fluorine and the weak
also allowed us to determine the stereochemistry of the reaction.o-basicity of its loan pairs result in a low propensity of transition
The substitution produdd was converted to a commercially —metals to interact with organofluorine compoureleampering
available methyl ester dl-Cbz-norvaline 7) which allowed the task of developing metal-catalyzed transformation of orga-
us to determine the absolute stereochemistry of the product.nofluorine compound&: Considering the high affinity of
Comparison of the absolute configurations of the starting zirconium (IV) for the fluoride anio2 and the closed transition
material and product revealed that the substitution proceeds withstate we proposed, we reasoned thatmay successfully
syn stereochemistry. participate in a substitution reaction with allylic fluorid€sn

Reactions with Allylic Halides. In Sy2' reactions, the most  an initial experiment we observed tHateacted quantitatively
commonly used electrophiles are allylic halides (chlorides and with allyl fluoride even at—20 °C.
bromides) and some of the more electrophilic alcohol derivatives  Encouraged by this result, we decided to explore the reactivity
such as allylic esters, carbamates and sulfonates. From ourof other allylic fluorides, but were surprised to discover that a
preliminary experiments, we knew that allylic halides provide general procedure for the synthesis of allylic fluorides has not
substitution products and we were hoping that the increasedbeen previously reported. However, a published method for the
electrophilicity of these compounds relative to that of allylic synthesis of alkyl fluorides using anhydrous TBAF was identi-
ethers would circumvent some of the limitations we previously fied, and this was adapted for the synthesis of allylic fluorifes.
encountered in formal & reactions ofl. In agreement with  After considerable effort, we also discovered that allylic
results obtained with allylic ethers, a single regioisomer was fluorides could be obtained in sufficiently pure form by vacuum
obtained in each of the reactions @fwith several allylic transfer with benzend® from a crude reaction mixture in
chlorides and bromides (Table 2). In all cases, only the product DMSO. Following this procedure, we were able to prep&e (
of the §2' reaction was formed. Because of the greater 1-fluoro-2-hexene§) and @)-1-fluoro-2-hexeneq) in excellent
reactivity of the allylic halides, these reactions were complete yields from the corresponding chlorides. B@&tand9 readily
within 1 h hour at room temperature. Furthermore, while
E-substituted allylic ethers were unreactive even under forcing (19) (&) Howard, W. A.; Parkin, GJ. Am. Chem. Socl994 116 606; (b)

. . . . . . Howard, W. A.; Waters, M.; Parkin, G. Am. Chem. So&993 115 4917.
conditions, E-substituted allylic halides provided thg2'S (20) Lenio, H.Chem. Re. 1997 97, 3363.

i i i (21) For recent reviews on C-F activation, see: (a) Kiplinger, J. L.; Richmond,
product In hlgh yleld' . . . . . T. G.; Osterberg, C. EChem. Re. 1994 94, 373; (b) Burdeniuc, J.;
In contrast to the 0X8 zirconium and sulfido titaniuA? Jedlicka, B.; Crabtree, R. KLhem. Ber. Recll997, 130, 145; (c) Torrens,

H. Coord. Chem. Re 2005 249, 1957.
(22) (a) Kraft, B. M.; Lachicotte, R. J.; Jones, W. D.Am. Chem. So001,
123 10973; (b) Edelbach, B. L.; Rahman, A. K. F.; Lachicotte, R. J.; Jones,

complexes previously describetidoes not react with alkyl or

(18) a) Gomez-Bengoa, E.; Heron, N. M.; Didiuk, M. T.; Luchaco, C. A, W. D. Organometallics1999 18, 3170.
Hoveyda, A. H.J. Am. Chem. Sod998 120, 7649.; b) Sugimura, H.; (23) For a rare example of allylic fluoride activation, see: Kraft, B. M.; Jones,
Takei, H. Chem. Lett.1985 351.; c) Wenkert, E.; Ferreira, T. W. W. D. J. Am. Chem. So2002 124, 8681.
Organometallics1982 1, 1670. (24) Sun, H. R.; DiMagno, S. Gl. Am. Chem. So005 127, 2050.
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T?S 0.0015
benzene-d°
OTBS + CpyZr=NTBS ———— CpoZr—N o
Y 2 2 | ~ X 0.0012 1 . )
10 THF 1 OTBS 11
ﬂ 0.0009 - °
~ o
251. 2 0.0006 1
= S °
= ~
2{ 1 Kobs=5.47£0.01x10™ (s7*) 0.0003 1 °
515 b _ T T T 1
g X y 0 100 200 300 400
c o
g [ROTBS]/[THF]
8 1 __-': Figure 4. Saturation kinetics observed at the high ratio of substrate and
os] " Kops=5.47£0.01x10* (s) THF concentrations.
; Scheme 2
[
0 , , , ‘ PPN TBAF, DMSO PPN
0 2000 4000 6000 8000 Cl Me 239C. 2 h F 8 Me
£(s) 93% yield
Figure 2. Normalized integrations of thi#H NMR peaks for the starting TBAF, DMSO
. L . /\=/\/Me /\=/\/Me
materiall and the substitution produdtl over time. cl 23°C 2h F
’ 9
2.5 - 93% yield
2.3 4 y = 1620x1:123°
2.1 R2 = 0.9911 Scheme 3
. 5
- 191 CPpoZr=NTBS === THF + Cp,Zr=NTBS
8 1.7 1 THF 1 K.1
[=]
2 15 RoOR ng < x
14 2
£ 131 Cp,Zr=NTBS + ROJ\/KH —= Cpzr” 7(\/ !
> 11 12 RO Ry H
0.9 4 _ _ kiko[12]
0.7 . . . . rete = kool =3 Moz [
0.6 0.8 1 1.2 1.4

[THFT (M) s 1, at 21.5°C) is independent of the initial concentrationlof

Figure 3. Dependence of the reciprocal of the observed rate constant on COnfirming that the overall reaction is first order In
the concentration of THF tolueras: Previous mechanistic investigation of the related reaction of
zirconium imido complexes with epoxidsand substitution
participated in the reaction witll to afford the expected re actlons_wnh titanium s_ulflcfé_comple_xes Indicated tha_t the
substitution product in high yield. These allylic fluorides not first stgp involves rever5|blg @ssouatlon of one of thg I{gan_cis
only participated in reaction witlh, but also were more reactive gchliiolgstgfsﬁﬁijeo zgr:]ele;?;go Fﬁgmﬂlﬁﬁz V";n[(_j”_?g]”d;gte n
than the corresponding chiorides and bromides. This unusuaI(Fi ure 3) obtained usinp the :s,eudo-first-order rate c%nstants
reactivity profile is yet another indication that the mechanism 9 g P

. ) o measured in the presence of various concentrations of THF, we
of the reaction merits a closer examination. . S . :
. : . . established that the overall reaction is inverse first order in THF,
Reaction Mechanism—Experimental Approach. During the .~ " . . o )
. - indicating a reversible dissociation of THF. On the basis of these
development of the appareni3 reaction withl, we made

several observations that could not be easily explained by _res_ults and the rr;echanisms of related reactigns_ of zirco_nium

assuming that the reaction proceeds by a simple direct substitu-!mldo complext_a§, Wwe propose that the substitution reac_tlon

tion: (1) the extraordinary regio- and stereoselectivity of the 'T‘V°'Ves reversible dissociation of TH!:’ f c_>||owed b)./ cc_)ordlna-
N . - . - . tion of the substrate and the rate-limiting substitution step

reactions; (2) the higher reactivity of allylic fluorides relative (Scheme 3)

to other halides; (3) the higher reactivity of electron-rich TMS ) . .

ethers relative to other ethers; (4) the lack of reactivity of simple .The rfate law f.o r the proposed mechanism p.red'CtS that at a

alkyl and benzyl halides; and (5) the difference in reactivity of high rat|o_ of allylic substrate to THF conc_entratldgbsshould

E and Z substituted electrophiles. Hoping to gain an unders'[and-become mdependem of the _concentrgtlons of THF a_nd the

ing of the mechanistic origin for these observations and a betterSUbStrate' By mea_surlﬂgbs at dl_fferent rgtlos of concentrf_;ltlons

insight into the chemistry of zirconium imido complexes in of THF'.ds and allylic ether10 (F|ggre 4)in tolugneﬂs solution,

general, we decided to study the reaction of altght- we did indeed observe the predicted saturation. From the same

butyldimethylsilyl (TBS) etherL0 with 1. data, we were able to extract vazlues f@q=1°.4 +0.1x 103

The reaction of TBS allyl ethet0 with 1 was monitored by (s7) and k2/l_<_l=2.2_i 02x 107%at=7.5 C.'

IH NMR spectroscopy. The reaction exhibits first-order behavior AISO_ cor_15|stent with the er’Posed me_chanlgm and®ond

with no observable intermediates in the presence of excess THch_’”’n‘?‘t'(_)n in the rate-determining step is the inverse secondary

and substrate. Furthermore, the rate of product formation wask'net'c isotope effect, calculated from the measured pseudo-

identical to the rate of starting material disappearance. The first- (25) Blum, S. A.; Walsh, P. J.: Bergman, R. &.Am. Chem. So@003 125

order rate constant for the reactidye=5.47 4+ 0.01 x 104 14276.

4462 J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008
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Scheme 4. Results of a Hammett Study

\/\OAﬁ 1, benzene-d° / /
* szZr—N\TBS + CpoZr—N,
TBS
N"Noar Oart oA
0.65 -
0.55 | PMeoPh y =-0.6341x + 0.3613
R’ =0.9797
0.45 -
< 0.35
=
fé, 0.25 - o pCIPh
0.15 -
0.05 -
pCF3Ph &
-0.05 . ; ; ; .
-0.4 -0.2 0 0.2 0.4 0.6

first-order rate constants for the reactions with TBS allyl ether
and E)-1-(tert-butyldimetylsiloxy)-3-deuterioprop-2-enk{kp
= 0.88+ 0.01 at 20.6°C).

Some insight into the substitution step of the reaction can be
obtained from the syn stereoselectivity and the high regiose-
lectivity observed in the substitution reaction. In the literature,
syn stereochemistry of allylic substitutions has been interpreted
as a strong indication of a cyclic transition st&telhe most
well-documented and studied example is the copper-promoted
substitution of allylic electrophiles, in which the stereochemistry
of the substitution has been directly linked to the ability of the
leaving group to interact with coppéihe exclusive formation
of the §42' product has also been used as a strong indication of
the closed transition state in a related allylic substitution
reactiont? Furthermore, the Lewis acidity of the metal center
in 1 also favors interaction with the leaving group that would
lead to a closed transition state. Similarly, the relatively modest
nucleophilicity of1, which is evident from the inability of to
react with electrophiles as reactive as benzyl chloride, supports
the notion of a closed transition state which is available only in
reactions with allylic substrates.

To probe the direct interaction between the leaving group

LanL2DZ?° level of theory. The energies are reported as
electronic energies plus unscaled zeropoint energy corrections.
All stationary points were confirmed by frequency calculations
and transition states were characterized by exactly one imaginary
vibrational frequency. IRC calculations proved that the calcu-
lated transition state structures connected those of the products
and reactants.

In agreement with the kinetics experiments, the calculations
predict that the THF-adduct starting mate® is favored over
the substrate-bound compl&C—OMe by 1.2 kcal/mol (Figure
5). We were also able to identify a six-membered closed
transition stateTS—OMe for the substitution step that was
calculated to be 22 kcal/mol higher in energy than the initial
ground state. In this transition state structdi®-OMe, the
carborr-oxygen bond is elongated by 25% relative to the same
bond in SC—OMe (1.855 vs 1.493 A), while the carben
nitrogen bond is elongated by 46% relative to same bond in
P—OMe (2.213 vs 1.511 A). Similarly, bond lengths in the allyl
fragment in the transition state are closer to the bond lengths in
SC—OMe than to those in the product. These differences in
the relative bond lengths in the ground states and the transition
state indicate a relatively early transition state, which is
consistent with an exothermic reaction. Overall, these results
suggest that the substitution reaction is best described as a
concerted, asynchronous [3,3]-sigmatropic rearrangement with
an early transition state.

This reaction is mechanistically closely related to [3,3]-
sigmatropic rearrangements of imid&eand phosphorimi-
dates’! which have been the most reliable and selective methods
for transformation of allylic alcohols into rearranged allylic
amines. The major difference is that one of the covalent bonds
in the closed transition state is replaced by a dative bond between
the metal and the leaving group. This general strategy has been
applied in the rearrangement of allylic alcohols catalyzed by
metal oxo complexés'® and, more recently, in the reaction of
allylic alcohols catalyzed by titanium imido complex@s.

To explore the origins of the observed differences in reactivity
of E- and Z-substituted allylic ethers, we modeled the reactions
of both E and Z isomers of 1-methoxy-2-butene (Figure 6). As
expected, no significant difference in the stability of the
zirconium-bound substrates (less than 0.5 kcal/mol) was pre-
dicted. However, the activation energy corresponding $o-

and the zirconium center necessary for the closed transition state
of the substitution step, we performed a Hammett study (Scheme
4). The competition experiments were done using an excess (10

equiv) of the equimolar mixture of para-substituted allyl ethers
and the relative rates of the reactions were extracted from the
product distribution at the end of the reactions. The negative

value is consistent with a closed transition state and the need

for an electron-donating leaving group to coordinate strongly
to zirconium, a property that would not be expected for the direct
Sy2 mechanism.

Reaction Mechanism—Theoretical Approach. In order to
gain more insight into the nature of the substitution step, we
performed a DFT study of a model reaction between methyl
allyl ether and a TMS-substituted zirconium imido complex.
Al calculations were performed in Gaussiaf0& the B3LYP¥/
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Figure 5. Calculated structures and relative energies for reactiahwith methyl allyl ether.

a) b)

-

@ = zirconium @ = oxygen @ = nitrogen = silicon @ = carbon « = hydrogen

Figure 6. (a) Calculated transition state for the substitution£f-methoxy-2-butene (top view); (b) side view of the same transition state; (c) calculated
transition state for the substitution dE)¢1-methoxy-2-butene (top view); (d) side view of the same transition state.

E-OMe is calculated to be significantly higher than the surprisingly, the methyl group in the Z-substituted ether can be
activation energy fof S—Z-OMe (29 kcal/mol vs 25 kcal/mol), accommodated in the pseudoaxial position without a significant
in agreement with our experimental results. Comparison of change in the overall geometry of the transition state and the
transition structure$S—2Z-OMe andTS—E-OMe to transition corresponding activation energy (see Figure 6a).

structureTS—OMe suggests a rationale for the difference in The same transition structure geometry for the E-substituted
the calculated activation energies for the two isomers. Somewhatether leads to an eclipsing interaction between the methyl group
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Imidozirconium Complex with Allylic Electrophiles ARTICLES

E A TS Table 3. Substitution of Allylic Fluorides
(keal/mol) R? a hiHCbz
22 + CpoZr= e
SC F/\/\R1 P22 NTBS A R2
P20 THF 4 R!
 p—,
1. i 1 Entry Substrate T(°C) Yield® (%)
’r—' :”’*‘ \.‘\‘ 1 F/\/ 20 99
: 8 ‘,: ‘n W
SM 2 ;;’/’ P 2 FNANA e 23 88
o T
Pt " Y
0 o' 1.2 ] ‘l “‘ 3 F/¥—/\/Me 23 91
f_n— —d ' ‘\‘
= “ w -24
Ve 28 (1) GeDg, 23°C; (2) CbzCl, NaHC@, 23°C. ? Reported are the isolated
Yo yields of the purified products.
Va7 which is consistent with the relative exothermicity of these

Fi ) : _— reactions. Another significant difference is that both the fluoride

igure 7. Caculated relative energies for the substitution of methyl allyl . . . -

ether (red), allylfluoride (blue), and allylchloride (green). The energies of and the chloride have significantly earlier transition states than

starting materials arbitrarily scaled to 0. the one calculated for allylic ethers. The carbmitrogen
distance inTS—F is 0.4 A longer than the corresponding length

and the TMS group (Figure 6). As a result, the TMS group is in TS—OMe and 0.1 A shorter than that iRS—CI.

bent away from the substrate € 137 vs 145 in TS-Z-OMe,

Figure 6c¢) to avoid interacting with the methyl group, and the Conclusions

allyl moety is twisted so that the dihedral anglés 43° (Figure We have described a new reaction of zirconium imido
6). As a reference, the corresponding dihedral anglégSin complexes that allows regio- and stereospecific transformation
OMe andTS—Z-OMe are 18 and 14, respectively. It appears ~ Of allylic ethers and halides directly into rearranged Cbz-
that these forced changes in geometry of transition Stste protected allylic amines. Among the substrates that were
Z-OMe are responsible for the higher activation energy for successfully used, particularly interesting are allylic fluorides,
reactions of E-substituted electrophiles. which rarely participate in substitution reactions. Through a

In an effort to understand the relative reactivity of allyl ethers detailed experimental and theoretical study of the reaction
and allyl halides, we also examined the reactions of allyl fluoride Mechanism, we have discovered that the appargitr8action
and allyl chloride. The displacement of THF by allyl fluoride is best described as a concerted, asynchronous [3,3]-sigmatropic
and allyl chloride was predicted to be less favorable than rearrangement. This mechanism provides a rationale for the
displacement by allylic ethers, as could be expected based orpbserved regio-, stereo-, and diastereoselectivity observed in
the lower Lewis basicity of halides (see Figure 7). However, it the reaction, and also accounts for the differences in reactivity
is surprising that coordination of the fluoride is predicted to be Petween various electrophiles. Furthermore, a detailed under-
significantly more favorable than coordination of the chloride Standing of this mechanism, which closely resembles the
(AE = 6 kcal/mol). According to our calculations, the reactions Mechanism of the [3,3]-sigmatropic rearrangements of allylic
of both allyl fluoride and allyl chloride are overall more imidates and phosphorimidates, could guide the further develop-
thermodynamically favorable relative to the reaction of allyl ment of a practical method for the3 substitution reactions
ether (15 kcal/mol for the fluoride and 4 kcal/mol for the of allylic ethers and halides. Overall, the results presented
chloride). In addition, the activation barrier for the rearrangement Provide additional insight into the reactivity of zirconium imido
of allyl fluoride is calculated to be 8 kcal/mol lower than the Ccomplexes and may facilitate further advances in forma S
corresponding barrier for the reaction of allyl methyl ether and Substitution reactions.
6 kcal/mol lower than that for allyl chloride. The difference in Acknowledgment. This work was supported by the NIH
calculated activation energies for substitution of ethers, chloridesthrough Grant No. GM-25459 to R.G.B.
and fluorides can be explained by partial formation of a bond

n zirconium and the leaving group. This interaction i .
betwee conium and the leaving group S Interaction Is experimental procedures and spectral data for products (PDF).

expected to contribute to the stability of the correspondin ) - . .
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transition states and as a result the relative energies of these

transition states are correlated with the bond dissociation pubs.acs.org.
energies of the corresponding zirconium-leaving group bond, JA7106096
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