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Abstract—ADb initio molecular orbital calculations at the MP4(SDTQ)/6-34RHF/6-31G level of theory were used to obtain detailed

insight into the reaction profile on the Mg controlled 1,3-cycloaddition of nitriles oxide with allylic alcohols. It was confirmed that the
complex formation reduces the HOMO-LUMO energy gaps of the two reactants. The propensity correlates well to calculated activation
energies of the cycloaddition. Tisgnstereoselectivity depends on the steric repulsion between the vinyl fragment and the substituent at the
a-position of the alcohol or alkoxide. THF or A in the reaction mixture prevent the coordination dCRO from forming the Mg
intermediate and result in deccelerating the cycloaddition. The results obtained in the present study well explain an important role of the
Mg?* ion in the 1,3-dipolar cycloadditions of nitrile oxides with allylic alcoha#2000 Elsevier Science Ltd. All rights reserved.

Introduction to overcome the status has been reported, in which the NOC
reaction in the presence of magnesium ion is accelerated as
The nitrile oxide cycloaddition (NOC) reaction is one of well as controlled regio- and stereoselectively to give single
the most useful methods in organic synthési¥he isomer of 2-isoxazolines in good yield®reliminary results
reaction proceeds via a concerted process like Diels— of ab initio molecular orbital (MO) calculations explained
Alder reaction does. The regio- and stereochemical controlwhy the Mg ion control-technique works well for the
of the reaction has been of interest so far and many efforts selectivity. However, we realized these simple geometry
have been reportéd.n contrast with the Diels—Alder optimizations at the RHF/3-21Qevel of theory was not
reaction, however, it is not always easy to accomplish enough to understand whole reaction profile of the NOC
good regio- and/or stereoselectivity for the reaction. The reaction. This prompted us to extend our theoretical
reaction of benzonirtile oxide with crotonate ester, for investigations including transition state (TS) geometries as
example, gave possible two regioisomers in the ratio of well as energy relations at the MP4(SDTQ)/6-34BHF/
66:344although there are a few examples of regioselective 6-31G level of theory. In the present study, we provided a
NOC reactions. In order to explain these experimental detailed analysis of the Mg ion coordination-control in the
results, Houk and his coworkers proposed the inside alkoxy NOC reactions using ab initio MO calculations.
effect that the ether moiety in allylic ether prefers the inside
position at the RHF/3-21G level of theotyThey also The Mg complexes coordinating a nitrile oxide and an
pointed out that the OH group of allylic alcohol prefers allylic alcohol are considered to be key intermediates for
the outside position due to formation of a hydrogen bond the regio- and stereoselective NOC reactions. We examined
with the oxygen atom in nitrile oxide. various reaction conditions such as reaction temperature,
reaction time, amount of bases, kind of solvents and the
The most difficult drawback to control the reactions is that addition order of reagents_in order to improve yields and
use of Lewis acid, which gave many successful examples in selectivities of the reactioff. Those were classified into
the Diels—Alder reactions, usually deactivates nitrile oxides three types of reactions. The first, Type | reaction in Scheme
and the reaction itself stops. Recently, a good methodology 1, is that between allylic alcohol and nitrile oxide in absence
of Mg?" ion. This reaction uses ¥ as base for generating
R'CNO 2 from benzohydroximinoy! chloridé.

Keywords nitrile oxide; cycloaddition; theoretical studies; transition state;
regio control; stereo control. . .
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Scheme 1Type |: Hydroximinoyl chloridel and allylic alcohol3 were treated with BN; syn/antiratio in product.

alcohol was added. In the reaction, EtMgBr has two rol
one is the role as a base to gene&fi®m 1, the other is that

es; Method of Calculation

as a central metal which is effective to gather the two reac- Ab initio MO calculations were performed by using the
tants, nitrile oxide and allylic alcohol, in the complex. In Type Gaussian94 progrant All the geometries were fully
Il reaction (Scheme 3), allylic alkoxide instead of the alcohol optimized at the RHF/6-31Qevel of theory and checked

in Type Il reaction is a ligand in the Mg complex. Allylic
alcohol3 was first treated with EtMgBr to produce an fg
complex12having an alkoxide and two THF ligands. ThEh
reacts with2 to form a reactant complek3.

In order to analyze these detailed experimental results
performed ab initio MO calculations, which simulate t

by looking through vibrational frequencies. Frontier Orbital
analysis at the RHF/6-3TGVIOs was carried out with the
WinMOPAC Version 2 prograrhby displaying shapes of
the highest occupied MOs (HOMOs) and the lowest
unoccupied MOs (LUMOs) and by checking their orbital

, Weenergies. Intrinsic reaction coordinates (IRCsyere also

he calculated to analyze the mechanism in detail for all the TSs

methods adopted in our experiments. Stable and transitionobtained. Since the order of activation energies at the MP2/
state (TS) geometries were optimized for model reactants of 6-31G//RHF/6-31G level of theory were not consistent
Mg®" complexes, and then, the activation energies for eachwith the experimental results, the MP4(SDTQ)/6-31G
mechanism were estimated. It was confirmed that these calcucalculations were performed to refine energy relation

lated results were very effective to analyze the NOC in de

N7

(o]

tail. among reactants, TSs and products. It is necessary to note

NN R! 4 R\ Br
OnMg—Br \C%N R H o 1Cs ] Br
/ I ~ 3 H>=§/ N-0.Mg—cl N N'I
¢l g Et : B : R'-¢Z ~ouMI—Cl
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Scheme 2Type II: 1 was treated with EtMgBr (1 M solution in THF), théhwas addedsyn/antiratio in product.
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Scheme 3Type lll: 3 was treated with 2 equiv. mol EtMgBr (1 M solution in THF), theémvas added. (a3ynanti ratio in product.
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that the RHF calculations overestimated the activation reaction, in comparison with that #a. The ligand exchange
energies of the NOC reactions more than 20 kcalthol  of allylic alcohol to allylic alkoxide produces another
Sovent effect for the NOC reaction was estimated by calcu- 0.046 Hartree decrease in the LU gap 13, the reactant
lating SCRF energies for the optimized geometries at the of Type Il reaction. As interaction with smaller MO gap
RHF/6-31G level of theory. The activation energies inclu- results in higher reactivity, Type lll reaction with an
ding the effect listed in Table 1 are not much different from alkoxide ligand is the most reactive. It is important to
in vacuum (+2.0 kcal mol'). Therefore, we have used point out that the coordination of the two reactants reduces
the MP4(SDTQ) energies for discussion unless otherwisethe LU gap between frontier MOs, i.e. the coordination
noted. enhances the reactivity of the NOC reactions as obséefved.

In the present study, HCNO is the modelzand Br in the Non-magnesium reaction (Type | reaction)
complexes is replaced to Cl, butanol to methanol, THF to
dimethyl ether to simplify the calculations. Table 1 The regioselectivity is almost achieved for the NOC
summarizes total energies and activation energies of thereactions with mono substituted alkenes without using
reactions. Table 2 lists the optimized parameters of Mg?" although it is possible to consider two types of
geometries for the reactants and TSs. products, 4- and 5-substituted-isooxazoling, and 7
shown in Scheme 1. For examplg,was predominately
yielded as the product of the reaction with benzonitrile
Results and Discussion oxide and 1-buten-3-dF On the other hand, the regiochem-
ical control was poor for reactions af,B-disubstituted
Frontier molecular orbital analysis in the Mg complexes alkenes except for a few successful exampleuk et al.
pointed out that hydrogen bond plays an important role in
The frontier orbital theory has been used for explaining achieving this selectivity.Like the Mg®* complexes, the
regioselectivity of the NOC reactiotfswhich are governed ~ weak bond also makes it possible to locate the oxygen atom
by the interaction between HOMO of dipolerdyo) and of allylic alcohol at the outside position in Houk's TS
LUMO of dipolarophile fre—c) or that between LUMO of =~ model. Therefore, it is very useful to investigate the non-
dipole @meno) and HOMO of dipolarophilerfe—c). We call magnesium NOC reactions in order to understand the Mg
the former HO control interaction and the later LU control €effect in detail.
interaction in present study according to Sustman’s classifi-
cation’” MO coefficients and orbital energies in the two There are no large differences in TS geometries around the
reactants, HCNO and allylic alcohol, determine the reac- isooxazoline five-membered rings, which have not formed
tivity of the reaction. It is very difficult to analyze the Yyet in4(TS) and6(TS) in Fig. 2. A remarkable difference
coefficients for regioselectivity in detail because we used between these TS geometries is whether or not a hydrogen
split valence basis sets (6-31)Gor the ab initio MO calcu- bond exists; O(1) of HCNO ilg(TS) makes a hydrogen
lations. As will be discussed later, the R/rgcoordination of bond with H(8) of allylic alcohol since the distance between
the two ligands is responsible for the high regioselectivity of these atoms was calculated to be 2.0780n the other
the reaction. Therefore, only the reactivity of the reactants hand, there is no such bond 6&TS) in which the H(8)
was discussed on the basis of the HOMO—-LUMO energy locates far away from O(1). This feature in geometry stabi-
gaps in the model complexes. lizes4¢(TS) by 4.9 kcal mol* in comparison witt6g(TS) at
the MP4(SDTQ)/6-318/RHF/6-31G level of theory. The
In the M¢f* complexes, it is possible to find their HOMOs  energy difference betweefa(TS) and6a(TS) turned out to
localized around the dipolarophile and LUMOs around be 4.9 kcal mol*. The large Ph substituent in the nitrile-
dipoles as shown Fig. . These orbitals relate to the LU oxide does not change the energy difference relating to the
control interaction. Table 3 summarizes orbital energies of regioselectivity at all. According to energy differences
these MOs together with those for the HO control inter- between4(TS) and6(TS) in Table 44(TS) is more stable
action. Asmeno interacts withme—c even in the complexes,  than the corresponding(Ts).
we can make discussions of the reactivity similar to that in
previous paper§As the orbital energies afc_c in 3aand The change in geometry frode(TS) to 4a/(TS) results in
Téno IN 2aturned out to be-0.371 and 0.195 Hartree, the  l0ss of the h¥drogen bond so thédl'(TS) is less stable by
HOMO-LUMO energy gap for the LU control (LU gap) is 3.9 kcal mol ~than4a(TS). The geometry without the weak
0.566 Hartree for the free reactants. As the energy gapsbond is almost as unstable &a(TS). It is considered that
between the MOs ida, a precursor leading t®a, is the O(1)—H(8) hydrogen bond is effective for the regioselec-
0.544 Hartree which is smaller by 0.022 Hartree than that tivity. Curran discussed the regioselectivity based on the
of the free reactants. On the other hand, the energy gaps fohydrogen bond from their experimental data.
the HO control orbitals (HO gap) is 0.588 Hartree which is

larger by 0.044 than LU gap. Moreover, the LU gaps inthe ~H=C="~0. 2.095A H-c=N~0 H-c=N~0
Mg complexes are small more than 0.1 Hartree in com- B H H® R* H H R4
parison with the HO gaps. It is, therefore, considered that >=$,o/ >:§‘H H\?:(
the NOC reactions of the reactant Mg complexes are H e H H s SOH H
governed by the LU control interaction. H OH®) OH (8

L ) 4a(TS) 4a'(TS) 6a(TS)
The coordination of two ligands to Mg decreases the LU
gap only by 0.009 Hartree itiOa the reactant of Type Il In order to estimate steric effect for regioselectivity, we also



Table 1. Total energies (Hartree) for the reactants, TSs and products and activation energies

Reaction Type Compound RHF/6-3URHF/6-31G AE® kcal mol™? MP4/6-31G//IRHF/6-31G AE?kcal mol*
HCNO 2a -167.63043 —168.13766
CH,=CHCH,OH 3a -191.91503 -192.52771
MgCl, -1118.72715 —1119.04012
Type |
LM 2a+3a —359.54546 8.2 —360.66537 94
R= O 4a —359.55890 0.0 —360.67988 0.0
4 45(TS) —359.50241 35%(32.1) —360.65893 138
— 43/(TS) —359.4946310 40%3(38.4) —360.6527662 170
H == OH 5a —359.63150 -45.8 —360.74227 -30.7
R® R?
4(TS)
L 2N 6a(TS) —359.49015 43°(41.0) —360.65112 180
R=C™""0o 7a —359.63090 —45.2 —360.74294 —-39.6
R*
— 44(TS) —398.53644 —399.84322
HO™ H 4¢(TS) -589.06188 —591.04008
3 41(TS) —628.09522 —630.22644
R? R® 6d(TS) —398.53005 —399.83809
6(TS) 66(TS) —589.04938 -591.03222
6(TS) —628.08909 —630.22026
Type Il
[ 2a+3a+MgCl, —1478.27261 53.1 —1479.70549 51.9
RL f 10a —1478.35720 0.0 —1479.78817 0.0
GEN-0.,, M al 10TS) —1478.29961 36.1 (34.5) ~1479.76636 13.7
Y 1la —1478.42410 —-42.0 —1479.85547 -42.2
4 z 10b —1517.39747 0.0
— O—H 106(TS) —1517.33965 36.3
H 11b —1517.46511 —42.4
5“2 10c ~1517.39364 24
R° R 104TS) —1517.33634 38%
11c —1517.46277 -41.0
13a ~1172.31669 0.0 ~1174.09016 0.0
134TS) -1172.27062 28.9 (30.2) —1174.07018 12,5
14a —1172.39428 -48.7 -1174.16711 -48.3
13b ~1211.35686 0
130(TS) —1211.31069 29.0
14b —1211.43516 -49.1
13c —1211.35459 14
13((TS) —1211.30844 304
14c —1211.43162 -46.9

ov9tT
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Table 1 ¢€ontinued

Reaction Type Compound RHF/6-3URHF/6-31G AE® kcal mol? MP4/6-31G//RHF/6-31G AE? kcal mol?

Proton exchange type

16a —1119.72405 0.0 —1121.33824 0
AL I R—ce=na € H 16H(TS) —1119.70644 114 —1121.33013 53
e=n-o. P . F.. ' 17a —1119.72589 -1.% —1121.33996 —1.1°

4 Mg-OCH3 4 H N{g OCHj,4
H R 18H(TS) —1133.27078 10.4 —1134.90680 4.7
WS L0 H RN L/O 18a ~1133.28736 0.0 ~1134.91427 0.0
,Cf H ,C 184TS) —1133.22767 37'544.3) —1134.88911 158
rR® 'R? R® “R2 19a —1133.35391 -41.4 —1134.97850 -40.3

R

20a —1133.28955 -14 —1134.91629 -1.3
18 20 204TS) —1133.24314 27131.4) —1134.89573 116
2la —1133.36687 -49.4 —1134.99280 —-49.3

& Activation energy from reactant. The values in parentheses are the activation energies estimated by SCRF-IPCM method at REN#6381 ikeory.
® Energy relative to that oBa.

¢ Energy relative to that ofOb.

9 Energy relative to that of3b

€ Energy relative to that of6a

" Energy relative to that of8a

Lv9T—2€9T (0002) 9 UoIpayenal / ‘e 18 epnind 'S
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Table 2. Optimized bond Iengthso()Q Bond Angles {) for the reactants and TSs for NOC reactions

Reactant TS
Type | Type Il Type 1l Type Il Type 1l
4a 44TS) 10a 104TS)  13a 134TS)  18a 184TS)  20a 204TS)
AE(kcal mol™®) 13.1 - 13.7 - 125 - 15.8 - 12.9
Mg—-0(1) - - 2.082 2.034 2.115 2.035 2.088 2.056 2.100 2.025
Mg-0(7) - — 2.051 2.124 1.837 1.886 2.078 2.137 1.830 1.881
0O(1)-C(5) 3.576 2.286 4574 2.402 3.967 2.710 4.658 2.393 3.953 2.716
C(3)-C(4) 3.660 2.156 5.805 2.103 5.264 2.119 5.718 2.104 5.868 2.122
0O(1)-Mg-0(7) - - 105.0 81.9 1115 97.8 106.8 81.4 111.8 98.3
@) CcE)
CO N) SN 3 N) o Q,N(z) oW
_— o F» o1 n, Wyg &
~ O v ) U&p)\
. . . \/[\ Q\Y"Mg I
S’Om oM N >o(7)
s C(6) ’7‘““5{0(6) / - Y °0 -
- c@ e LA '~ cls) O6
clay ©®) 4 ) e o) O ci4)
HOMO LUMO HOMO LUMO HOMO LUMO
da 13a

Figure 1. HOMOs and LUMOs for the LU control interaction #ga, 10aand13a

Table 3.Orbital energies of and HOMO—-LUMO energy gaps (Hartree) for Optimized TS geometries with a meth}ﬂ group at thpos-

reactants
RL—C=N-0

——— ceecesmeammmmmmmm-—=faa

""" HO control

—— LU control

Type HO control LU control

TCNO me—c HOgap mc—c weno LU gap
2a+3a | —-0.404 0.176 0.581 -0.371 0.195 0.566
4a | -0.418 0.170 0.588 -—0.365 0.179 0.544
6a | —0.383 0.150 0.533 —-0.393 0.215 0.608
10a 1l -0.478 0.169 0.647 -0.394 0.141 0.535
13a 1] —-0.465 0.218 0.683 —0.336 0.142 0.478
18a 1] —0.472 0.184 0.656 —0.378 0.146 0.524
20a 1] —-0.468 0.218 0.686 —0.335 0.143 0.478

ition such astd(TS) and6d(TS) (R'=R*=Me), 4{(TS) and
6f(TS) (R'=Me, R'=Ph). The energy difference between
4d(TS) and6d(TS) was calculated to be 3.2 kcal mal
The methyl group as Rreduces the}(TS)—6(TS) energy
difference by 1.7 kcal mof. The decrease in this difference
was not so large for nitrile oxide with a phenyl substituent;
the 4f(TS)—6f(TS) energy difference is 3.9 kcal mdi
whose value is smaller by 1.0 kcal molthan the corre-
sponding value fode The remaining difference in energy
corresponds to that originated from the hydrogen bond. This
result is similar to that pointed out by Houk et*al.

It is considered that the calculated energy differences
between4(TS) and6(TS) are large enough to accomplish
the highly regioselective NOC reactions with crotonyl alco-
hols. However, a mixture of the possible two regioisomers
were obtained in most of the NOC reactions performed in
solvents with good hydrogen acceptor such as DMF and
Et,0 in practice’®® This is probably due to the solvent
that weakens the hydrogen bonds in question. Even so, the
present results show that the hydrogen bond must be useful
to gather and place oxygen atoms of the reactants in NOC
reactions. This feature in geometry is very important to



S. Fukuda et al. / Tetrahedron 56 (2000) 1637—-1647 1643

C(5)C(4

4e(TS) 6e(TS) af(TS) 6f(TS)

Figure 2. TS structures ofigTS), 6gTS), 4f(TS) and6f(TS).

Table 4. Energy differencesAE) between4(TS) and6(TS) of Scheme 2. Mg—0O(1) and Mg—-O(7) distanced@awere
L =N =N calculated to be 2.082 and 2.051 respectively (Table 2).
R=CTT0 R=C Although O(1)-C(5) and C(3)—C(4) distances (4.574 and
4 H /H R* 5.805 A respectively) are rather long even in the complex,
F&_—*g/o > Rz\}:< Mg?" of Lewis acid succeeds in gathering the reactants of
H e Stable N 5 H the cycloaddition. This geometry is suitable for obtaining a
R o R regioselective productlla The activation energy was
calculated to be 13.7 kcal mdl. It was observed that
4 6 benzonitrile oxide 2e reacted with 1-penten-3-ol3(
R! R* AE® (kcal mol™) R’=Et, R®, R*=H) to give correspondind in 75% vyield
with complete regioselectivitf’ However, 2-butene-1-ol
jﬂgg:gg%ss)) - - :g'g (3: R4, R3=H, R*=Me), which has a methyl group at the
4d(TS)-6d(TS) H CH 35 v-position, reacts witlRe to give the mixture o5 and?7.
4¢(TS)—6TS) Ph H -4.9 This reaction has no selectivity with t%7 ratio=55/45.
4(TS)—6f(TS) Ph CH -39

- i . The simplest model for Type Il reaction (Scheme 3)3a
The values estimated from total energies in Table 1. which has a dimethyl ether instead of THF used in eg<peri-
ments. The Mg—O(7) distance was calculated to be 1.837 A

achieve the regioselectivity in products. If the stability of Which is shorter by 0.214 Ahan that of10a The oxygen
the geometry in the TS was enhanced by a similar effect, theatom of the alkoxide binds to Mg stronger than that in
NOC reactions would proceed regioselectively even though allylic alcohol. The activation energy turned out to be

1,2-substituented allylic alcohols are used. Thus, the follow- 12.5 kcal mol* which is lower by 1.2 kcal mol* than
ing magnesium control technique is regarded as the bestthat of 10a Therefore, the alkoxide is more reactive than

extension of the strategy. the alcohol. This result is consistent with that from HOMO-
LUMO energy gaps as discussed above. It was observed that
the5/7 ratio in Type Il reaction oReand 2-buten-1-ol was

The NOC reactions in alcohol-Mg and alkoxide—Mg more than 99:1 (Type III}® According to these results,

complexes (Type Il and Il reaction) alkoxides are ligands much more suitable for regioselec-
tivity than alcohols.

The NOC reaction proceeds through a Mgomplex10a

which has the two oxygens of the alcohol and the nitrile There is a good experimental exanipte understand the

oxide coordinating to the central metal in Type Il reaction difference of reactivity between Type Il and Ill reactions

c 1_~=N- Cc
N _—>/OH \o | R-C=N o"’f, |
0 %, /7""Mg—0OCH, R'—C=N-O Mg—OCH;4
N\ H R? ’RZ - 3 2 H
O"Mg—a 3 : :
/ | O—H _W/ —H
507 15 CHoClp V t, 1h, 90% "
B R R N
16 I 8 R1_C// \O

1
5 l \_S/OH
O] H R'-C=N-0, a H P
| Mg

R ;'RZ 20

Scheme 4(a) syrfanti ratio in product.
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H—C=N-0,, |
Mg—OCH;
18a(TS)
—__O—H
o 18a(TS)
H—C=N-O, |

‘Mg—OCH;3

vvvvv

16a
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cl
H—c=N-0, [ f
Mg OCHj
—_-0
20a(TS)

\\\\\

Figure 3. Energy-level diagram for Scheme 4. Values in parentheses are the activation energies for the corresponding paths.

shown in Scheme 4 which is modified for MO calculations a transformation along the IRC foROATS). The energy

little. In this schemen-BuOH (MeOH in Scheme 4) is first
treated with EtMgBr to form a Mg complex 15 with a
n-BuO (MeO) ligand. A reaction o15 with allylalcohol 3
produces another Mg complé¥%. In this case, nitrile oxide

2 is generated by treatment @fwith Et;N. This method
worked well and gave high yield as well as regioselectivity
like Type Il reaction.

After formation of16, two possible routes producirtgare
considered. One is that vie8B which has allylic alcohoB as
a reactant. In the other route, the Mg compléXransfers a
proton from the alcohol to the alkoxide ligand to for.
The intermediate replaces an ether ligand wifitRO to
form 20.

The energy-diagram for Scheme 4 (Fig. 3) shows flva
(R'=R’=R°=H) was calculated to be more stable by
1.1 kcal mol'* than 16a The activation energy for the
proton transfer froml6a to 17a was calculated to be
5.1 kcal mol'* which is smaller by 4.5 kcal motf than
energy difference betweeltba and 18a Similarly, 20a is
more stable by 1.3 kcal mot than18a The barrier height
for the proton transfer i8ais also low, as low as 4.7 kcal -
mol~* which is smaller by 11.1 kcal mot than that for

184TS). Therefore, the proton transfer probably occurs at

the beginning of the reaction. A9DATS) is more stable by
4.2 kcal mol' ~ than 184(TS), the activation barrier c20a
with the alkoxide ligand is lower by 2.9 kcal mdithan that

of 18awith the alcohol ligand. It is, therefore, considered
that 20a is the reactant for the cycloaddition in the
Scheme 4.

rises gradually until the TS and decreases gradually until
8.15 amd”? Bohr. The O(1)-N(2)-C(3) fragment aligns
almost  straight ((O(1)-N(2)-C(3): 177)4 until
s=—4.80 am&?Bohr. After this point, the fragment
becomes bent gradually in order to change its geometry
suitable for cyclization. At the TSs&0.00 amd? Bohr),
the O(1)-C(5) length is 2.716 Aonger by 0.594 Athan
the C(3)-C(4) length. _The (3)-C(4) Ilength
s=4.80 amd’* Bohr is 1.535 Awhich is different by only
0.032 A from that of the product (1.503)Awhile the
O(1)-C(5) is still long (2.108}\ As the O(1)-C(5) is
1.500 Ain length ats=8.15 amd? Bohr, a five membered
ring has already formed.

at

The relation of reactant and TS geometries with the
reactivity

The ,Mg—0O(1) lengths in Table 2 are almost the same, ca.
2.1A in all the reactant M§ complexes. The Mg—O(7)
lengths in the alkoxide complexed3a 208 are shorter
than those in the alcohol complexeB0§ 183). That is,

the Md?* ion binds the alkoxide oxygen atom stronger
than the alcohol oxygen. The TSs keep their original
features of the geometry in the reactants.

While differences of the C(3)-C(4) lengths in the all TS
geometries are less than by 0.04324103~2.156 A), the
0O(1)-C(5) lengths are closely dependent on the types of
reactigns. The lengths are in range between 2.710 and
2.716 Afor Type Ill TSs, between 2.393 and 2.402fér
Type Il TSs, 2.286 AKor Type | TSs. These lengths relate to
the activation energies in Table 1. If the present reactions

Fig. 4 displays the energy profile and the geometry obey the Hammond postulatgjn which a TS with a low
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(136.7°)

-4 -2 0 2
IRC (amu™ Bohr)

Figure 4. Potential energy profiles and geometry transformation along the IRC of NOC reaci0a dhe values in structures are the lengths of O(1)—-C(5) or
C(3)-C(4) (A. The values in parentheses are the angle of O(1)-N(2)-&(3) (

activation energy locates an early position on reaction coor- The Mg—O(1) and Mg—O(7) length dfOb (2.048 A) and
dinate, these lengths closely relate to the activity of Mg 10c (2.060 A are similar to those ofi0a (2.051 A). As
complexes. The O(1)-C(5) lengths of Type Ill reaction is mentioned above, the Mg—O(7) distance is a dominant
longer and the activation energies are lower than those offactor for governing reactivity of intermediates while the

Type Il reaction. methyl group cause no significant change in the lengths.
This result suggests thatOb and 10c have activation
Stereoselectivity barriers similar tolOa Indeed, the activation energies for

the cycloaddition 0lOb and10cwere calculated to be 36.3
In the case of allylic alcohol with an alkyl group at the and 36.0 kcal mol*, respectively, at the RHF/6-31Gevel
a-position, the magnesium coordination methodology of theory (Table 1}® These activation energies are almost
makes it possible to achieve stereoselective cycloadditions.the same as that aDa(36.1 kcal mol ) without the methyl
For example, Type | reaction @ (R'=Ph) and3 (R*=Et, group at the same level of theory. As the methyl substituent
R®, R*=H) in CH,Cl, gavesyn5/anti-5 ratio=67:33 while does not change the reactivity at all, the activation energies
those of Type Il and Il reactions are 95:5 and 99:1, respec- are not responsible for the stereoselectivity observed in the
tively.”” We examined this propensity using model experiments.
complex 10. Fig. 5 displays optimized structures of two
isomers,10b and 10¢, having a branched methyl group at While a small hydrogen H(11) dfOb is placed at the pos-
the a-carbon C(6). ition s-cisto the vinyl group, the methyl group occupies the
corresponding position ilOc Therefore, 2 C(5)-C(6)—
A reactant Mg complexlOb is an intermediate leading to C(10) and £C(4)—C(5)-C(6) angles irlOc (116.6 and
formation of thesynproduct andl0c to the anti-product. 126.2) are larger by 6.6 and Z2.3han the corresponding

Mg-O(1) 2.081A
Mg-O(7) 2.048A
CI(9)-H(11) 3.135A
ZC(5)-C(6)-H(11) 110.0°
ZC(4)-C(5)-C(6) 123.9°

Mg-O(1) 2.081A
Mg-O(7) 2.060A
CI(9)-C(10) 4.134A
ClO) ¢i9)-H(12) 3.264A

ZC(5)-C(6)-C(10) 116.6°
8) Z£C(4)-C(5)-C(B) 126.2°

10b 10¢ steric repulsion

Figure 5. Optimized structures afOb and10c The values in the figure are lengths and angles related to the relative stability between the isomers.
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10a(TS) (13.7 kecal mol™)
cl
Mg=ci
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2a 22 (9.9 kcal mol™”) 5a M

Figure 6. Catalytic cycle of Type Il reaction. Values in parentheses are the relative enerdiea atMP4(SDTQ)/6-31G/RHF/6-31G level of theory.

angles in10b. These steric repulsions between the two
groups causelOc to destabilize by 2.4 kcal mot in
comparison with1l0Ob. The TS structures also inherit this
feature in geometry and the relative stability between the
intermediates. At the RHF/6-31@vel of theory,10(TS)

is more stable by 2.1 kcal mol than 10qTS). A similar
result was obtained for the complexes with the alkoxide
ligand, 13b and 13c It is, therefore, concluded that the
relative stability of the intermediate M§ complexes and
the TSs is the origin of formatiohl with the stereoselective
product,syn5. We have already pointed out this relation
in a previous paper without calculating the activation
energies’

Catalytic cycle of magnesium controlled NOC

In Type Il reaction, the product Mg compldxais formed
through 104TS) from the reactanfiOa followed by its
dissociation. Coordination da and3a to the free MgCJ
will reproducelOa Therefore, we can expect that catalytic
amounts of MgC are enough to complete a cycle of the
catalytic reaction. In fact, catalytic efficiency was reported
for MgBr,—EtO in 1,3-dipolar cycloaddition of mesito-
nitrile oxide to allylic alcohol:’ Fig. 6 depicts two plausible
catalytic cycles for Type Il reaction.

It is possible to consider two routes regenerati@ain the
catalytic cycle. In order to consider energy relation in the
catalytic cycle, we have to calculate isodesmic energies of
Egs. (1)-(3).

11a+ R-C=N-0 + _ “OH 10a+5a D
11a + O~ + ~\0oH 22+5a (2
22 + R-C=N-0 10a + O~

(©)

In Path 1, a bidentate ligand &flais replaced with nitrile
oxide and allylic alcohol simultaneously to fortBa As the
isodesmic energy of the reaction (Eq. 1) turned out to be
6.0 kcal mol'%, Path 1 is an exothermic process. Path 2 is a
route passing through the Mg—-OMeomplex 22, an
alternative intermediate of the catalytic cycle. The product
5a is replaced with MgO and allylic alcohol of22. The
isodesmic energY of the reaction (Eq. 2) was calculated to
be 15.9 kcal mal™. As a result, replacement of M@ with
HCNO, which is a necessary step to regenerate the
intermediatel0, is endothermic by 9.9 kcal mot.

According to the energy relation of the compounds in Fig. 6,
Path 1 is expected to proceed only in the absence gfMe
since Path 2 is more favorable in energy than Path 1. Path 2
proceeds in the presence of excess amount giM&hese
results indicate that THF or ED in the reaction system
prevents RCNO from binding with the M§" in Type II
reactions, i.e. decelerating the NOC reactions. It was
observed that the large amount of THF actually reduced
both the reactivity and selectivity in practice, and the
present calculation results is consistent with the experi-
mental resultg?

Concluding Remarks

The formation of the Mg complex is the key for the NOC
reactions with high regio- and stereoselectivity. The results
obtained in the present work well explain the important role
of the M¢f" ion for the 1,3-dipolar cycloadditions of nitrile
oxide with allylic alcohol. The following is a summary of
our present theoretical study:

1. The Mg control technique is much better than the hydro-
gen bond strategy because Wgcan gather oxygen
atoms of nitrile oxide and allylic alkoxide strongly and
effectively. This geometry of the Mg is suitable for the
regio- and stereoselectivity observed. It was confirmed
that allylic alkoxide instead of allylic alcohol should be
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