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Abstract: The experimental data of n-facial stereoselection of 5-substituted adamantan-2-ones, 5-
aza-adamantan-2-ones, and nor- and homo-adamantanones have been successfully rationalized by the
exterior frontier orbital extension model (EFOE model). The values of m-plane-divided accessible
space (PDAS), which represents simple summation of the =n-plane-divided exterior three-
dimensional space nearest 10 the reaction center outside the van der Waals surface, showed that the

adamantanone s system is sterically biased and sterically much more demanding than cyclohexanone.
The PDAS values indicated that in most cases steric effects are responsible for n-facial
stereoselection except for a series of S-aryladamantan-2-ones, the facial stereoselection of which was
found to be orbital-controlled. In most cases, the facial differences in the frontier orbital (LUMO)

extension as auantified by the EFOF density were marginal, but were consistent with experimental
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stereoselectmty except for a few cases with electron- w1thdrawmg substituents. The structures of

the transition states of a few 5-substituted adamantan-2-ones with LiAlH, (B3LY P/6-31+G(d)) have
shown that (1) hyperconjugative anti-periplanar stabilization effects involving an incipient bond
(AP effects) are much larger in adamantan-2-one than in cyclohexanone, in spilc of enhanced

reactivity with hudride of the lq"nr .f’)\ the facial differences of AP effects are mareinal and (2) they
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often operate against observed slcreoselectmty © 1999 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The origin of diastereoselection of addition reactions to unsaturated organic substrates continues to
attract lively discussion.! Since Cieplak's proposal of his conceptual model in 1981,2 most discussions are
focused on the importance of transition state stabilization arising from the anri-periplanar hyperconjugative
stabilization effect involving the incipient bond (hereafter abbreviated as "the AP effect”) and/or from the
torsional strain of substrate.’-4 The resolution between the two opposite mechanisms of the AP effect
known as the Felkin-Anh model* and the Cieplak model? has been the subject of intense investigation for
these two decades (Figure 1). While the former model assumed an electron-rich transition state,* the latter
postulated an electron-deficient incipient bond in common organic reactions.2 As a consequence, most
arguments are based on the transition state theory,> the theoretical basis of which has been questioned
recently.® Nevertheless the transition state effects have rarely been evaluated quantitatively.
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Figure 1. Mechanisms of the anti-periplanar hyperconiugation effect in conventional transition
state models. (a); Felkin-Anh model.# (b); Cieplak model 2 (N u: = nucleophile)
0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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Recently we reported a quantitative analysis of the first transition states of carbonyl reduction with
LiAlH, (LAH) using the natural bond orbital analysis’ and proposed that the transition state effects, such as
torsional strain and the AP effect, are not essential for facial diastereoselection of nucleophilic additions to
some cyclic ketones inciuding cyciohexanones and adamantan-2-ones (1, 2).8 Although it was found that
the incipient bond is eiectron-deficient, showing the predominance of the Cieplak effect over the Felkin-Anh
effect, surprisingly they often operate against observed facial stereoselectivity in adamantan-2-ones.%
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In the present paper, we describe full account of our theoretical approach toward understanding the

essential features of n-facial stereoselection based on the exterior frontier orbitai extension model (the EFOE

model)®>!® using the adamantan-2-one system for which extensive experimental data are availabie.
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Transition State Analysis

Figure 2 shows the transition state (TS) structure of LAH reduction of adamantan-2-one (1)
optimized at the B3LYP/6-31+G(d) level.!! Table 1 shows a comparison with cyclohexanone. The
imaginary frequency of 1 (v, =-389.4 em™!) is very similar to those of the corresponding transition states
of cyclohexanone (v, = =377.7 cm! and -392.6 cm™! for ax- and eq-TS, respectively).® So is the overall
structure around the reaction center. For example, comparison between the transition structure data of 1 and
cyclohexanone reveals that (1) the torsion angles between the incipient bond and the vicinal anti-periplanar
bond (the AP bond) (¢) are nearly the same and (2) the bond distances of C —C are almost identical.
However the length of the AP bond for 1 (C_-Ci; 6 1.557 A) is slightly longer than those of cyclohexanone
(1.547 A for eq-TS). The incipient bond of 1 is considerably longer (1.604 A) than those of eq-TS of
cyclohexanone (1.556 A). These unique structural features suggest somewhat earlier transition state with
slightly larger AP effectin 1.

Figure 2. Transition state structure of LiAlH, reduction of adamantan-2-one
(B3LYP/6-31+G(d). Bond lengths are in A and angles are in degree.
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Compounds TTS v,.” 6r° C:o"‘Hd ¢¢ H-Al O-Li C=0 C,o<C, Cu—cﬁ

1 - -389.4 1082 1.604 168.5 1.694 1.772 1279 1.534 7
eveiohe Cax |-377.7 1098 1.531 177.6 1.709 1.764 1284 1531 1536
yelohexanone | o 1-392.6 109.5 1556 161.6 1.702 1.771 1.283 1.530  1.547

a ; ; ; b ; : - o
Angles in degree and bond distances in A. ° Imaginary vibrational frequency (cm™'). € The angle between the incipie

m.
and the carbonyl bond. “ Distance of the incipient bond. ¢ The torsion angle between incipient bond and the vicinal anti.
periplanar bond.

It has long been known that adamantan-2-one (1) is less reactive with hydride than cyclohexanone.
For instance, the rate constant of the reduction of 1 with NaBH, in water-dioxane mixture is 5.14
I-mole-min~’', which is very close to the average value of the axial and equatorial rate constants of
cyciohexanone reduction under identical conditions (8.55 and 2.i5 i-moie-min~! for ax- and eg-attack,
respecnvely) 12 On the other hand, the LAH transition state of 1 (Figure 2 and Table 1) shows more than
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The LAH transition states of 2-Me show only marginal difference in % elongation'# due to the AP
effect between the syn- (+0.40 %) and anti-TS (+0.38 %) relative to the ground-state 2-Me. 15 However, 2-
F, which gives preferential syn-attack in NaBH, reduction (62 : 38), 130 shows larger AP effect in anti-TS
(+0.48 %) than in syn-TS (4+0.39 %) rclative to ground-state 2-F. In both of these cases, the syn-TS is
more stable than the anti-TS by 0.08 (2-Me) and 0.09 (2-F) kcal mol~!. Another case which shows similar
behavior is 5-azaadamantan-2-one-N-oxide (3) which prefers 96% syn-attack upon reduction with
NaBH,. 132 The LAH reduction transition states of 3 (Figure 3 and Table 3) show elongation of the vicinal

-penplanar bonds of +1.00 % (anti-TS) and +0.95 % (syn-TS) relative to ground-state 3. Virtually no
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difference in the magnitude of the AP effects over two carbonyl faces of 3 is evident. The bond electron
populations (BP) calculated with natural bond orbital analysis (NBO)’ are in complete agreement with the
magnitudes of these bond elongation data (Table 3). It is seen that in all these seven cases listed in Table 3,
approximateiy 0.01 electrons are removed from one vicinal anti-peripianar bond due to the AP effect. It
shouid be noted here that the magnitude of the AP effect seems proportional to the iength of the incipient

pond. namcly lllﬂ lUﬂng mc ll’lLlplCﬂl DOIIU, the ldl'gC[' the AP CIICC[ lﬂiS lS COﬂSlSCCﬂ[ Wun me Cmf
observation that in general the magnitude of the AP effect steadily decreases along the way to the transition
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Table 2. Energy Parameters for the Transition states (TS) of Adamantan-2-ones with LiAIH,.¢

A Adamantannnae g ub DU ¢ rd A axrte A AT S
AU LI RARD i3 v LV E L JAVAY S &4 [AVALE alnd
1 = | 23894 159.89 717.137095 - .
anti | -391.0 177.21 -756.454486
2-Me syn | 3822 17714 756454670 017 —0.08
anti | -377.2 5476 -816.387472
2-F s aalo o0 025 009
S}ff;l i -3 /3/ lD‘f/D ] —810.08/358
anti -347. . -808.
3 apT 1830 BOR3I6LTE 550 0.06
syn —3JY.2 133.28 —3U%.310000

“BBLYP/6—31+G(d) b Imaginary vibrational frequency in cm“ ¢ Zer? ponm vxbrauonal energy in kcal
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Table 3. The transition State Structures and the anfi-Periplanar Effects for LiAlH, Reduction of 5-
Methyladamantan-2-one (2-Me), 5-Fluoroadamantan-2-one (2-F) and 5-Azaadamantan-2-one-N-oxide (3)

Calculated at the B3LYP/6-31+G(d) level.

Adaman- Cl_C9 CI-C8§  BP° BP ¢
a b N & 1o -
tanones | 1> | ° ¢ C-H°  C=0 (%) %)y¥  Cl-C9 CI-C8
1 1082 1685 1.604 1279 1241 1357 19753 = 19531
(-0.67/%) (+0.34%) (+0.0112) (0.0110)
. 1556  1.540  1.9533  1.9750
ant —

- 108.1 1655 1606 1278 B0 0 oo109) (0.0012)
o | 1082 1683  1.604 1279 140 - 1536 19752 19529
syn (-0.66%) (+0.40%) (+0.0110) (-0.0109)

. 1558 1541 19470 1.9753
anti —

. 107.6 168.1  1.665 1271 0048a%) (-0.67%) (0.0120) (+0.0113)
con | 1078 1681 1657 1273 142 1558 19684  1.9528
syn (-0.59%) (+0.39%) (+0.0093) (-0.0112)
ani | 1069 1670 1736 1264 | L23L  1.340 = 19339 = 1.9741

{(+1.00%) (0.16%) (-0.0131) (+0.0ii1)

3 54 L7lo  1aee 15343 LSST 19761 L9516
syn | 107.3  168. : : (-0.06%) (+0.95%) (+0.0092) (-0.0114)
4 The angle of hydnde oach with respect to the Cx =0 bond. ? Dihedral angle between the incipient bond and the vicinal

anti-periplanar bond. © Dlstance of the incipient bond.
distance of ground-stalc adamaman—Z-me optlmlzed at the B3LYP/6-31+G(d) level. Underlined numbers mdlcm those for the
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% Elongation (+) or shrinkage () relative to the corresponding hond

DD ralasie

&€ Dr Miative



S. Tomoda, T. Senju / Tetrahedron 55 (1999) 5303-

syn anti
AN _______ 3 Ly PO P P (T U of i AL £ oo Mo 1 FZ Y
Figure O>. ransiiion staie siruCiures or mm4 reduction of 5-azaadamantan-2-one-N-oxide (3)
ALY IVl Mt F Vil LN b+ Y . 2
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conclusion drawn from the above theoretical calculations of transition states is important. Namely
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n-facial stereoselecuvxty would be the n-
Eq 1\164 a mmnle kinetic equation. whic

facial difference in rate constants. The Salem-Klopman equation ( a simple kinetic equation, which
expresses the dr!Vi_Ag force of a ch.cm.lcal reaction by the summation of three independent terms, was
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1st term 2nd term 3rd term
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4, . q, = electron populations in atomic orbital a or b.
B = resonance integral, S = overlap integral

0O, , Q = total electron densities at atom & or [.

ry; = distance between atoms & and /.

E, = energy level of MO r.

¢ = molecular orbital coefficients

The first term of Eq. 1 is the exchange repulsion term, which corresponds to the interactions among

filled orbitals of the reactants, Thig term alwave leads to the destabilization of the system and is generally
hemistry. The second term is the electrostatic interaction term that is

1 0rganic ch 1nc second term 1§ e €l HHEracnon ierm
g i
eac

>speci tions. The third term is the donor-acceptor orbital interaction term, which
should always lead to stablllzauon of the reacting system, and to which the frontier orbital interaction
between reactants generally contributes most. Among these three terms, Salem and Klopman pointed out
that the first and the third terms should be particularly important in common organic reactions.

The EFOE model also focuses on the first and the third terms of this equation. It is designed for
quantitative evaluation of these two terms to identify essential factors of n-facial stereoselectivity of addition

reactions of ®t-systems in general including ketones, alkenes, and enolates etc. and eventually to predict 1t-
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facial stereoselectivity with some simple calculations and rules. Two new quantitaties — %-plane-divided
accessibie space (PDAS) as the steric effect term and the exterior frontier orbital extension density (EFOE
density) as the orbital interaction term— constitute the new model. Both quantities focus on the exterior area
of a molecule.

NouUMIateia o hacao hatza hane dacicna A thonial 1o a [N Y PO . SN EPUN RPN IR T —a
Yymineic Synineses nave oceii aesigiea inrougn intuilive estimation of Sienc eiiecis based on ine size of

H 17,18 e Wonle raditig 19 Te jo hawrasar wfiase AOF Ve o 2
substituents, such as A-values or the van der Waals radius.'” It is however often difficuli to predict
steric effects of n-facial selection intitively, in particular, for substrates having complex substituents

divided accessxble space (PDAS) as a rcasonable qudnutanve measure of n-facxal steric effect using
formaldehyde as an example. Molecular surface is defined as an assembly of spherical atoms having the van
der Waals radii.!® Integration of exterior three-dimensional space for the PDAS of the carbonyl carbon is
performed according to the following conditions. If a three-dimensional point P(x, y, z) outside the
repulsive surface is the nearest to the surface of the carbonyl carbon (a reaction center on xz plane) (i.e. if
the distance between P and the van der Waals surface of the carbony! carbon (d) is the shortest compared
with the distances from P to other atomic surface (two dy; and one d,,) ) and if the point is located above the
carbonyl plane (y > 0), the space at this point is assigned to the above-space of the carbonyl carbon. The
integration (summation) of such points is defined as the PDAS of the carbonyl carbon for the above-plane.
For the sake of convenience, spatial integration is limited to 5 au (2.65 A) from molecular surface, where
extension of an electronic wave function is negligible beyond this limit. In general, the carbony! plane is
defined as the plane which includes the two sp? atoms of the n-bond and which is parallel with the vector
connecting the two atoms at the o-positions. The basic concept of PDAS definition is readily extended 10
other w-facial steric effect in compounds containing a general double bond other than carbonyl.

y

3

Pixy 2

Above (y > 0)

Below (y < 0) .

Figure 4. Definition of nt-plane-divided accessible space (PDAS) for the case of formaldehyde.

The detailed calculation procedure is described in a later section. The PDAS values of cyclohexanone
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The importance of the exterior area of a substrate in n-facial stereoselection has also been guantified
by the definition of exterior frontier orbital extension density (EFOE density), which represents the third
term of Eq. 1.!® Thus the n-plane-divided EFOE density (hereafter called simply "EFOE density") is
defined as the integrated (summed) electron density of a frontier orbital (FMO; the highest occupied
molecular orbital; HOMO for electrophilic addition or the lowest unoccupied molecular orbital; LUMO for
nucleophilic addition)?! over specific exterior points over one face of the n-plane of a substrate molecule
satisfying the following condition: the absolute total value of the wave functions belonging to the carbonyl
carbon makes a maximum contribution to the total value of FMO wave function at the point. Such a
condition guarantees that the driving force vector on hydride or other reagent is maximally directed toward
the sp? reaction center. Thus integration of FMO probability density (‘PZFMO) over such three-dimensional
subspace () that satisfies the above condition should afford a reasonable quantitative measure of the third
term of Eq. 1. The values of EFOE density are expressed in % for the sake of numerical convenience by

normalizing the wave function (‘¥ ) to 100 (Eq. 2).
[
EFOE density (%) = 100 x ¥4, do 2)

Based on the Salem and Klopman equation (Eq. 1)1® and the second-order perturbation theory?2 at
the extended Hiickel level,2? a simple linear correlation between the EFOE density and activation enthalpy
(AH*) can be derived assuming that EFOE density should be proportional to the overlap integral (S)
between reactant FMO's. Since the frontier orbital interaction energy (AE) between hydride HOMO and
ketone LUMO is proportional to the square of the overlap integral between these FMO's,22:23 and this
interaction occurs in one face of the carbonyi plane, assuming that the overiap integrais between the
reagents (S, and S, ) should be linearly dependent on the respective n-plane-divided EFOE density (
EFOE(a) and EFOE(b)), one obtains the following equation, which describes the linear relation between A

PR ot vt eV YA P =at o Fs VAN 1 A ATrE s v oaren s e e .3 . A Arrioas a arrbs N oowm
(= Brur{a)” — cron(p)” ) and AAM™ (1acial difference in activation enmaipy: AAMTD) — aart*a)) (eqg.
3).
AAH¥=mA +n  (m >0;n:aconstant) 3)

Char o granhisral mlat ~f Ea 21 notiieal bnog ~nf nhoearvad gtarancalantivity fenadinat ratin) oy ha ncad i f
rof a grapniCai piot 01 LG, O, fadiufar 10g 01 O0S€IvEa SiEIrCOsCieCuvity (proGuct rati0) may o€ Usea it
avnarmantal A AIXE ic nat availakla
eXpeninei JAVAYY RER LR avainaoid

Indeed we have previously observed an excellent linear correlation (P = 0.940) for the NaBH,
radiatican ~Af tan allyl_ciihetitntad ~uclahavannanag inclnding comnniinde with hioh ctarins hindrancoa hartwaan
FCauCliGil O1 e AIKY1-SUosuiiiea CyGiGneXanones iCiuling COMpoUnaGs wWiia nign Siehic anaianls SSiwedh
tha w_farial Aiffarance in the canare nf K L Adencitiec (2 = FF ':fnr\2 —_ BEOE 212 and the diffarance in
U JVTIARG UREIAVLINAL 1R U B\,lu(u\/ VL 3k NShy UVERLOIUIND \ 7V A4k NSLAUA Y g 3 vu\‘q’ J GARING AR WAL IWAWEIWA ERR
activation anthalny for eanatarial and avial attack (AAHT= AT _ AHT )10 1n 2 later cection we will
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show another example of such a linear relationship for the 5-aryl-adamantan-2-one system.

S
mantan-2-one svste
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n ubsequent sections, il w ¢ siown u m that poth guani
{m-nlane-divided accesgible snace (PDAS) and the EFQE densitv) give 18 a new nersnective into the lono-
(T-plane-divided accessibh e space (PDAS) and the EFOE density) give us a new perspective into the long
standing controversial problems on the origin of n-facial stereoselectivity

Spatial integration is limited to 5 au (2.65 A) from molecular surface, where extension of an electronic
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wave function is negligible beyond this limit. The carbonyl plane is defined as the plane which includes
both sp? atoms of the n-bond (C=0) and which is parallel with the vector connecting the two carbon atoms
at the a-positions (C1 and C3). Bondi's van der Waals radii'® were employed for the definition of
molecular surface. The caiculation procedure usually begins with structure optimization at the HF/6-31G(d)
level using Gaussian 94 foliowed by a singie point caiculation with “gfinput” and "pop=full” keywords a
the same level.!! For bromides, Huzinaga's 43321/4321/311(d) basis was used for Br24 with 6-31G(d)
basis for C and H. For compounds containing I or Sn, 3-21G* basis set was employed at restricted HF

alvslatinme wiaea
AMAMIREIRIIED WUILT

—
[¢]

1. S-Substituted-2-

-~ Pt

|
§
»
L

-
I:

Extensive experimental studies on the m-facial stereoselection of adamantan-2-ones (2) have been
reported.'3 high-quality data should offer a unique opportunity to test the utility of the EFOE model.
The adamantan-2-one system was adopted as an ideal probe to delineate the electronic effects on r-facial
stereoselection in the absence of steric effects without conformational uncertainties.'? Both carbonyl x-
faces were assumed to be sterically equivalent in the conformationally rigid and sterically unbiased carbon
framework. It will be shown later that this is an effective strategy only for one case of adamantan-2-one
series (S-aryladamantan-2-ones (7)), where facial steric difference uniquely remains unchanged within the
group of compounds.'3¢ We show here that in general the TT-bond of the adamantanone system is sterically
biased.

The 2-adamantanone derivatives employed thus far are 5-substituted adamantan-2-ones (2, 7),!3¢
S-azaadamantan-2-ones (3, 4, 5),!°2 adamantan-2-thiones (6),'3 4,9-substituted adamantan-2-ones
(8),"3"  perfluoroadamantan-2-ones (9),'% nor- and homoadamantan-9-ones (10, 11).'3k le Noble
tentatively rationalized a large amount of his stereoselectivity data in terms of the Cieplak hyperconjugation
model.2 Central to his interpretation is the observation of a good linear Hammett type plot for the NaBH 4
reductions of p-substituted 5-phenyladamantan-2-ones.!>¢ However, the importance of hyperconjugative
interactions in hydride reduction of adamantanones has recently been questioned by two groups. Adcock
found an excellent proportional correlation between product ratio and polar substituent effects.!3¢ He
suggested that direct electrostatic field interactions should play a dominant role in governing the facial
stereoselection in nucleophilic carbonyl additions.!3¢ Very recently, Gung concluded based on ab initio MO
calculations as well as by re-examination of the X-ray data reported previously that the adamantanone
system is often "sterically biased”, which is the major origin of the facial stereoselection in nucleophilic
additions of adamantanones.?>

-
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The EFOE analysis on the adamantanone system has revealed that the three terms of the Salem-
Klopman equation (Eq. 1)!® — the exchange repulsion term (steric effect), the electrostatic term and the
donor-acceptor interaction term — are all responsible for nt-facial selection. In many cases, the experimental
data are consistent with the PDAS values owing to the intrinsic sterically-demanding nature of the
adamantanone system as described below. The EFOE densities are consistent with most experimentai faciai
selections. In particular, a series of 5-aryladamantan-2-ones (7), where facial difference in the PDAS values
are nearly identical, showed a remarkablie linear correlation of the EFOE plot according to Eq. 3. These
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ol nboan Y thlan LY Tha DIMACQ vnhinag Af adameantan ) ;s ora hath l I 1 ,“.3 urhinkh fo seicoadn covealba.
Udiiaiitail-L-UHHULICS (o) 11 L7240 vailucd vl audiiiiildaili=L~U0C AiC LRell -1 al”, Wihuil lB I1HIUCEL DIIREICT
1 clma than that ~F tha av fana ~f runlahavanane (10 A 03y Thic imnlies that adomantan Y ana ic sk
1 DILC tliall Ulat Ui u AL T Ul Ly TUIICAGHIVIIC (1 7. ). 1HI> PG Uidl duadliditali-& 1 1> UH 213
sax s czrmed s H. Aossenze dizen thaon ~runlahavanana Thic in fhirn oniooaate that adamantaonama oo bha
mor Jiericaid ul:rnuluung Ulail CyLIUliCAaIlniaic LERIDd 111 WUl DU BCBLD uial auallidainaiy t L 1 % IIRC
sensitive to a change in steric environment than cyclohexanone. Namely, subtle changes in steric
anuviranmant arsannd tha sarhanyl Af adamantan_?_Aane may ranca cianificant Aiffaranca in fan~ial
CHVIIUILNIVIIL alutitiu i varruldlyl vl audallialilall” LTV luay vauou Dlslllll\rdlll QiliICiVULVY 111 1aelad

Thaf E}:VF vahwe of adamantan-2-ane (1Y (1 Q7 1 NAR) ic nearlv ermial tn the averaoe valuie nf thoee

Bt VERERA WL CRECMILICUUILCHE & WIS (& J | LSS 7y ERL A D A ) lluml) u\.!ua-u WA AL u":lﬂeu VALY Wi LARVOW
of cyclohexanone (1.940(ax) and 0.249 (eq)). This is consistent with the earlier comparison of the rate data
of NaBH, reduction with that of cyclohexanone.!? Among 31 examples of adamantan-2-ones (2-5) and
the corresponding thiones (6), the values of EFOE density correctly predicts experimental stereochemistry
OO LOIRSPRORINE RS (), WK VAL L 2. B2 3 Y F S 1 J
of hydride reduction with the exception of seven subtle cases (X = -Bu, Cl, NMe,, CO,Me, CF;, SiMe;,

SnMe;), whereas the PDAS values predict correctly except for five cases (X = -Bu, 0", NMe,, NMe,*,
(‘() ,7). The behavior of the three charged substituents (X =0, NMef. CO:) can be interpreted with the
electrostatic term of Eq.1,'5 but the stercosclection of NMe, (lone-pair outs:dc conformation) is a puzzle. In

the latter case, the lone-pair inside conformation could not be optimized. All the substituents have a larger

5311
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Table 4. EFOE Analysis of 5-Substituted(X) adamantan-2-ones (2), 5-Azaadamantan-2-ones
(3, 4, 5) and 5-Substituted(X) Adamantan-2-thiones (6).7
Obs. (%
EFOE Density (%)  PDAS (au’) ¢  NaRH ) ;
Compd. X EEN =
- L . (au’) 4
anii syn 1 syn anti . syn < anti:syn®
H 1.097 i.098 1i.1 ii.i 0.0 50:50 506 :50
Me 0.996 1.153 10.7 11.2 0.5 49:51 46 : 54
Bu 1.095 1.028 ii.1 i6.7 065 50:506 58:42
Phe* 1.076 1.051 10.7 11.9 1.2 45:55 38:62
Ff 1.032 1.068 10.3 12.7 24 41:59 34:66
Cl 1.092  0.904 10.5 12.5 2.0 38:62 38:62
Bré 0.%46 1.231 10.6 11.8 1.2 41:59 40 : 60
I_h N QOA N Q0 1N o0 11 & N £ AN . LN A . &
1 V.07 v.Z700 1uv.z 1.0 v.Q 4 . UV “2 . I/
MLY 1 nococ 1 1NO 11 N 11 N n o~ Ay =0
\V 5§ 1.U320 1.1 1U.Y 11.2 U.3 L I8 -
OMe(l)! 1.102 1.026 10.8 10.7 0.1 36:64 37:63
OWAa (N ] 1 NnoQ 1 N1 1IN A 110 1A AL . LA A . £
\ LAY \ &) 1.U00 1.UL1 1.4 11.0 1.4 20 . 04 27 .00
e . 1 241 Nnotn 1N £ 11 A n o g1 . AQ
A d 1.U1 v.71lv I1v.u 11.4 v.0 V5 B 4 -
2 NH_ N o1n 1 07D 1nn" 117 1 A LY WS
4 A‘lllz AV A 1.V7 & 1v.J 11.1 1. g% . VU -
NMe, -4 1.130  1.017 113 105 -08 35:65 37:63
NMe N JIRs N K74 11 Q QaQ N 14 - Q&
11111\-3 V. LOJ U.Jir r1.27 Z.7 & i . OU -
PMs;' 0711 0.093 12.2 9.7 -2.5 — -
CN 1.006 1.176 10.6 11.7 1.1 31:69 32:68
CO,Me 1.102 1.076 10.4 11.6 1.2 39:61 45:55
CO2H 1.046 1.103 10.4 11.5 1.1 48 : 52 -
CO,” 1.209 1.002 9.6 12.7 3.1 55:45 -
CF, 1.103 1.051 10.4 11.6 1.2 41:59 28:72
NO, 1.079 1.037 10.2 12.1 20 25:75 -
SiMe, 0.922 1.115 11.3 106 0.7 51:49 51:49
SnMe,” 0.740 0909 11.8 10.5 -1.3  53:47 52:48
CPh,* 1.151 0.850 11.5 10.7 0.8 - -
3 - 0.951 1.144 9.6 13.7 4.1 4:96 -

4 - 1054 1156 102 115 1.3 38:62 -
4-Li - 0.773  0.999 11.9 107 -1.2 - 62 :38
5 - 0.385 1.164 i0.3 i2.4 2.1 12 :88 -

F 0.307 0.344 5.9 6.8 0.9 - 31:69
6 Cl 0.309 0.330 6.0 6.7 0.7 - 35:65
Br 0.309 0.325 6.0 6.5 0.5 - 39:61f

4 Structures optimized at the HF/6-31G(d) level unless otherwise specified. Huzinaga's 4332]14321/31‘}(d) split
valence basis was used for Br.2? ” @ = PDAS(syn) — PDAS(anti). € Ref. 13. Newer data were indicated. Y Ref. 13a
and 13e. Newer data were indicated. © LUMO+2. / Structure was optimized at the B3LYP/6-31+G(d) level, g

LUMO+1. * HF/3-21G*. 'kThc lone-pair outside the ring. / The lone-pair inside the ring. This conformation is

e e LB sl ab o ab_ s & "PU DRSNS R . csime iieamiald Fa) PO N - ¥
moOrc StaoiC Uian e ouer 1 1IC IONC-pdil iRSIUC COTHOMNAUON was Unstabic.  LyCioaddiuon wildl dbenzoniruie

oxide. Ref. 13i.

PDAS value in the syn-face (0 = PDAS(syn) — PDAS(anti) > 0) except for bulky substituents, such as -
Bu, OMe(1) (the lone-pair outside conformation), NMe,, NMe,*, PMe,*, SiMe,, SnMe,, CPh; (0 < 0).
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In all these cases, one Me or Ph is situated toward the carbonyl at C2, causing some decrease in the PDAS
value in the syn-face. The effect of substituent size on facial stereochemistry is also seen in the halogen
series for the ketones (2) and the thiones (6): @ value decreases steadily on going from F to I and
simuitaneously the anfi:syn product ratio decreases. It is generally seen that a bulky substituent reduces the
carbonyi cavity over the syn-face, thereby decreasing the syn-preference of facial stereochemistry. The high
syn selection for the ammonium ion (5) (anti : syn = 12 : 88) and the 5-N oxide (3) (anti : syn = 4 : 96) can
be explamed by the large n-facial difference in the EFOE density and PDAS value without assuming the

to hiobbo. R oo ebie db o o Toe ot ,.PCA.-.J!:;Q and tha cion AF o € casbeodlgiia b e iz b=t =1

1> IIZIY 1IRC1Yy Ul LIC CICLUOUILIL CLICCL GllU LT DSIZC U1 a4 O-dDUUMdLILUCIIL lllﬂy Caiisé siniciiirai
Anfrcemrntine ~Ff tha adacmantanana cbhalatnn iprhinhk chAnld A FF tha DTYACQ -rnl‘-nn and siltienntals, Arraamal
UC1ULIauU U1 AUAL LA LAl IVLIC Clowuil, LLICEL DM i LAY VAIUCS, aind wiimawe 1y US chxa.u

againgt tha natnral lna Af tha nerndnat ratine (n — In (cunsZanti\) for all adamantan_ YV _anoc indicatad in Tahls A
asalllm QA 11aluial IUB ULl UR l.ﬂ\’\.lwl LRLIUID ul — AR \J}IU“ILII}} IV All AUAIIAILGIHTTLTULIIVO BMRANRGIARAL 11T 1LAGu/ne =T
A (linaar) rnrrelation hetwean thaca narameterce ic nheerved for hot vdride reduction (2 =N S8 and Mal i
L \l.lum, WAL L WAMLIVRE LR VY Wwhdl VI OW yululll\«tvnu A0 VUOWE YWl AUL UV AIJ TR AL AVASWLLALL 7 WenlUI ] QGiAlLE AVECA-
addition (2 =078 excent for a few charoed substituents (NMe .+ CO.") (Fioure §) Furthermore all the
dition (7 0.78) except for a few charged substituents (NMe,*, CO,™) (Figure 5). Furthermore, all the
data except for the charged substituents and NMe, fall in the domain (w >0 and p > 0) or (w <0 and p <
0). This strongly indicates that in the adamantan-2-one system, where x-facial difference in frontier orbital
extension is marginal, subtle steric effect may be more i_m_ponant for facial stereoselection in agreement with

-

3r i
s :
G B NMeg* !
E 2 e 4 !
K :
£ r :
I H
Q ir :
NMe; g !
K e
0 premeeeeees D —
@<0 /'7.3: * CO2
" p <0 //' :
1 L4 . . 1 | .
4 -2 0 2 4 6

Figure 5. Correlation between the difference in PDAS values (@ = PDAS(syn) PDAS(wm)) and product
ratio (p = In(syn/anti)) tor adamantan-2-ones (Tabie 4). Filled circies; NaBH , reduction (# = 0.58). Open

v ~ O

circles; MeLi addition (# = 0.78).

Tha ctarenchamiral revaercal nhecarved for the reactione of 4 wit vdride an el 1 hag hee

11 JMWIVAACVIRCIINVAL LW YWIO6M VUODWL Ywiu 1V LW AWEBEvLIVIAD Wi 7w ¥V ALia I,IJ WA AN SREANS LVALEJA KAV RANSY UwwAs
enecessfully exnlained in terms of the transition state models.]132 However, the EFOE model correctly
SUCCTSSIULY CARIGINOCE 111 WIS UL 100 QRS0 31alt VR8s, ROWLYOL, e 220 Y
nredicte acial steric differe of 4-1.i, in which a Li cation coordinates at the 1 j,_ gen, is opposite (W=
predicts the 1acial steric qirrerence of 4 1a Ogen, DD

e |
& o
o
::s
'cE
g
§
g

t W s
~1.2 au?) to that of pare =13 au 3) clearly indicating that the facial steric
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cevvedinationm ~Ff T3 aotinm at tha oite~aan atern in tha MMal § oo atiae A oo e fo ce o b oo e 8 e e e
COOfaination o1 L. Cation al ine nilfogein atoin i tne vieLd reaction. Agaii, it 1S sStrongiy suggestea tnat i
orannd_ctata canfarmatinnal charnge mav he racnancihla for thae ahcarved ravarcal af ctaramcalant: ~a

51\)“].\‘ DVLAUC WAL RARBLIVII AR uua.usb 111a e IUBPUIIDIUIM AUL LLIC UUDUL YU IV VUL IAL Ul SIUICUDL T LIUIL

The EFOE analysis of three 5-substituted adamantan-2-thiones (6)'> were performed. Both the
EFOE density and the steric parameters are consistent with the observed stereoselectivity of cycloaddition

with benzonitrile oxide without exception. In all these cases the PDAS values for the thiocarbonyl carbon
are much reduced compared with those for the carbonyl of 2 due to the large sulfur atom.

In contrast to the adamantanonc derivatives hown in Table 4, hen steric effect is maintained

Tahla & FFNFE Nencity PNAS and Ohcarved Sterancalectivity af S-(n_Quhctitnted( Y\
AGERIEN - e AR NSAy wnxoxt_’, A A7/ QAU UUJWE YVU Wi WU SVIVW UL Y I‘J A - WRHUSHILMWVU Ay
phenyl)adamantan-2-ones (7) .7
EFOE Density” PDAS (au3)? Obs. (%)
X (%) Y NaBH, MeLi
anti syn . .
al cvn cum * cum o oty
b SF Syn @ anii syn . anii
A $1 Y PN t MO 1 N ™ N N"No 1 10N £ 11 NN £ _ AN Zry AN
NV 2 1.U/Ys 1.U00/ —ULB ] 1U.00 11.29 i 45 /7 1435
ML 1T O 1A LAY 4o T~ n NN 1N 1" 11 AE £ . A1 N . A1
VIV 1.Ud 1ty 1.2 /0 -J.U0ud 1U. 74 11.20 I .41 IY .41
H 1.0735 1.0602 -0.0284 10.68 11.22 58:42 62 :38
n t NIL 1 N771H N NN"T171 1N TN 11 791 £ . 27 £ . 22
b 1.U720 1.V/il& \VA V.V Ny 1V. 7V 11.41 Vo .o/ Q7 .00
1Y Ao 1 NLSE 1 NO1 &K NN2AAT 1N £1 11 21 LA - 2L £Q . 2D
\,-\_Izlvl.« 1L.UVOJD 1.o1v AV S L, 5] 1V. U1 11.01 U+ . DV U0 . J&
N 1 NKeg 1 NQ72 NNATQ 1N 71 1171 AL - 24 77 . NQ
At 1.UJ0J 1.0/ U.UuU1l0 1uv.r71 11.41 VU L O 1L . LO
NO, 1.0478 1.1001 0.1123 10.65 11.25 68:32 -

4 HF/6-31G(d). b The EFOE analysns was performed with 0.001 au? lattice volume unsing LUMO+2 (r_g*).
U= FFOE(W»)‘ EFOE(antiy. d Ref. 13f.

show the results of the EFQE analysis of 7. The PDAS values shown in Table S guarantee that the steric
effects of the system remain essentially unchanged within the series of compounds (10.6 ~ 10.7 au? for the
anti-face and 11.2 ~ 11.3 au® for the syn-face), although the m-plane is steric lly non-equivalent. The

a 2 7 all
observed facial stereoselectivities for both reactions (NaBH, reduction and MeLi) not only show uniformly
syn-preference for all substituents owing to the steric bias but also exhibit remarkable dependence on the

E densities. Figure 6 depicts the EFOE plot of the system according to Eq.3 (the natural log of product
ratios are used instead of AAH-“F) Although the changes in the values of A (= EFOE(syn)? — EFOE(anti)? )

are marginal, the remarkable linear correlations for both the reduction and the m:zathylaticm‘-“f
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unambiguously demonstrate that the facial difference in the frontier orbital extension is also an important
factor in facial selection of the adamantanone system. Thus the behavior of facial selection of the 5-(p-X-
substituted phenyl)adamantan-2-one (7) series can be rationalized by the EFOE model without assuming the
electrostatic effect.!3¢-f

Mel.i NaBH4
1.0 on / /

08 ' omed AN

(=]
)
T
-
]
)
O
N
<
(0]

in (syn/anti)
{
n n
x
RN
2
i
N

T
~X
X

04

-0.1 0.0 0.1 0.2

Figure 6. Plot of 4 (EF._E‘ yn)? — EFOE(anfi)? ) vs. facial selectivity (In (5 yrn/anti)) for 5-(p-X-

substituted phenyl)adamantan-2-o (7) Open squares: NaBH, in methanol (r2 0.90) ; crosses: MeL1
(# =0.89).

3. Other Adamantanones

The EFOE model successfully explains nucleophilic additions of other adamantanone derivatives such
as 4,9-substituted adamantan-2-one (8),'3" perfluoroadamantanones (9),'3 and nor- and homo-9-
adamantanones (10, 11)!3k as well (Tables 6, 7 and 8). In 8, both the EFOE density and the PDAS values
explain the observed stereoselectivity except for the third and the iast case for which the experimentai
stereoselectivity has not been reported (Tabie 6), while in 9, the EFOE parameters give dmmguou:.
predictions (Table 7). In the latter cases (9), the PDAS values fall in the range 40 ~ 4. 7 au?, which is
considerably sterically congested. in the case o
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Table 6 . EFOE Analysis and Observed Stereoselectivity of 4,9-Substituted Adamantan-

2-ones (8).7
EFOE Density (%) PDAS (au?) w? Obs. (%)°
- anti syn anti syn (aud)  anti syn
ax-F H 1.048 0.767 9.7 8.4 -1.3 100 0
eq-F H 1.044 1.226 10.6 11.5 09 33 67
eq-F  eq-F 0961 1.211 10.1 12.0 1.9 - -
ax-OH H 0.935 0.821 10.2 7.5 -2.7 95 5
eg-OH H 1.093 0.998 10.5 10.7 0.2 30 70¢

2HF/6-31G(d). b= PDAS(syn) — PDAS(anti). © NaBH, in methanol. Ref.13h. 4 Calculated values form Ref. 13h

Table 7. EFOE Analysis and Observed Stercoselectivity of 5-
Inctitriba A VY Dacfhrmcmandnminntamanac /) d
DSUDSLILULCA A T CHHTULVIVAUALLIAUALIULICD {7 ).
EENE MNuancity (04 DNAQ 7a::30 I3 ML, OINC
X I LACLHIDIVY \ 70) rpAD (au ) w o VON. L)
antt syn anti syn (auw’) ani syn
H 0.430 0.403 474 4771 -0.03 58 42
et N TN n nNac A A A NOQ n "Nro - -4 ALz
G 0.379 0.385 434 408 -026 55 45

9 HF/6-31G(d). b= PDAS(syn) — PDAS(ant). CNaBH4 in methanol. Ref. 13j.

Table 8. EFOE Analysis and Product Ratio of Nor- and Homo-9-adamantanones (10, 11) .“

EFOE Density Obs. (%) Obs. (%)
Compds. [ n X Y Z @  TPAS@) @ NppC MeLic

anti Syn anfi  syn (au”) anti:syn anfi:syn
10-F 0 C C F |1.167 1280 144 160 1.6 40:60 -
2-F 1 C C F |1.032 1068 103 127 24 38:62 30:70
11-F 2 C C F | 1.063 0963 9.0 109 19 34:66 33:67
10-Br 0 C C Br  1.089 1253 145 159 1.4 40:60 -
2-Br 1 C C Br 0946 1231 106 11.8 1.2 41:59  40:60
11-Br 2 C C Br 0806 1269 92 10.1 1.1 - -
10-N 0 C N - |1.147 1215 156 165 09 34:66 -
10-NLi 0 C N L | 1073 0888 153 162 0.9 - 55:45
4 1 C N - |1.054 1156 102 11.5 1.3 38:62 62:38
11-N 2 C N - 0938 1.175 99 102 1.3 - -
10-NMe 0 C N+ CHy 0.670 1241 142 17.7 3.5 13:87 -
5 1 C N+ CH;| 0385 1.164 103 124 2.1 12:88 -
11-NMe 2 C N+ CH; 0894 0443 9.1 9.7 06 - -
1ONO |1 N N* O | 0951 1144 96 137 29 12:88 -
11-NO 2 N NY o 10965 1032 83 123 40 17:83 -

4 HF/6-31G(d). Huzinaga's 43321/4321/311(d) split valence basis was used for B24 ? @ = PDAS(syn) -
PDAS(anti). © Ref. 13k.
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CONCLUSIONS

The EFOE analyses of adamantan-2-ones and the related systems have revealed that the system
chosen by le Noble and Adcock turns out to be a suitable model to examine both the facial steric effect and
the orbital interaction effect. It was found that (1) the facial stereoselection is most likely to be dictated
chiefly by steric effect rather than the transition state anfi-periplanar effect in 5-substituted adamantanones
(Fxgurc 5), (2) in a few cases, where charged substituents are involved, the electrostaue effect may become

Lo o £ 5.1

in -facial selection of 5 dlylaﬂamaman-z—ones

foney
&
:IF' ?-1

2z Boro—o o b Qo WY el
€€ termns o1 tne DdJC[ll‘NUpilldll t:quauun

1 Aasn 13 Thus th cnenll Faniod
1 Qaia. Thus the overall facial

stercosclcctl on of the adamantanone syst m can be reasonably explained by the ground-state factors
1aY ' F
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