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Abstract: A molecular mechamcs translhon state model 1s used to analyse the stereoselechvlty of a sene~ 
of aldol reacbons of E-en01 bormates of type 3 wth aldehydes The model reproduces the sense and degree 
of x-face selectlvlty for the choral E-enol bormates 8,11,13 and 14 m the Table Enolates 8 and 10 
preferenhally attack the re-face of aldehydes, which IS explamed (Scheme 5) by the aldol addlhon 
proceedmg through the preferred transltlon structure TS-A for both electromc and stenc reasons In 
contrast, enolates 11,13 and 14 preferentially attack the sr-face of aldehydes solely for stenc reasons, 
which IS explamed by mvokmg the favoured translhon structure TS-B denved from the modelhng results 
These two translhon state models, TS-A and TS-B, which apply to E-enol bormates, differ substantially 
from the translhon state model, TS-C, used for choral Z-enol bormates with slmllar subshtuents Our force 
field model of the boron aldol translhon state IS shown to be useful m understandmg the ongms of the X- 
face selechvlty over a wde range of substrates 
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The boron aldol reaction of ketones with aldehydes has become a powerful method for the control of both 

relaUve and absolute stereochenustry m orgamc synthesis 1 This includes aldol reactions under (I) substrate 

control using ciural ketones and (11) reagent control using clnral hgands attached to boron As part of a 

programme to analyse and understand the ongns of this stereocontml,2-5 we have developed a general force field 

model for the aldol reactions of ketonedenved enol bonnates with aldehydes * Tlus force field IS based on MM2 

and on new parameters developed from ab uutm calculanons on the chw and boat cychc transition structures. 

The model reproduces the geomemes and relatwe energes of simple unsubsututed and monosubstituted ab uun0 

transition structures? and the expenmental syn nm stereoselecavlaes for the aldol reacnons of Z- and E-enol 

bonnates from ethyl ketones with aldehydes For Z-enol bonnates, It also reproduces the aldehyde SI . re 

selecnvity for syn selective aldol reactions under substrate or reagent contro14s and can be extended to IBIC~IO~S 
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of chtral aldehydes.4b For E-enol bonnates, it was recently used to design and develop new chtral boron hgands 

for htghly enanttoselective urzn-akiol reacaons of ethyl ketones.5 

In a prevtous paperpa thts force field model allowed us to rationahze the observed stereoselecttv~ty in 

various synthettcally useful aldol reacttons using chual Z-enol borinates of type 1 and 2, see Scheme 1. 

Table x-Face selectivmes m the aldol reacttons of chual E- and Z-enol bonnates with methacroletn or 

tsobutyraldehyde (I’BS = SttBuMe2, TIPS = SttPq). 

x-face selecttvlty akbl adducts 
entry enol botinate on aklehyde MAJOR mrtor exp ratio ref 
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In conmaSt to Z-enol bonnates, the aldol reactrons of chn-al E-enol bonnates have not been well studied 

expertmentally Inttral drfficulues tn achtevtng E selecuve enohsauon of ethyl ketones were only recently solved 

by Brown’s groupP There are now several examples 7a*c-f8 of am selecuve aldol reacttons of chtral E-enol 

bonnates of type 3 with aldehydes, which proceed wtth syntheacally useful levels of substrate control, I e 4 + 

5 vs 6 + 7 tn Scheme 1 These are listed tn the Table (8, 10, 11, 13, 14), together with some related 

examples7b9 for Z-enol bonnates (9,12) The sense of aldehyde SI re selecttvtty appears to be highly senstttve 

to the nature of the Bt group tn the enolate with re-face selecttvtty for enmes 1 and 3 vs n-face selecttvtty for 

enmes 4, 6 and 7 Also, there are smkmg dtfferences between these x-face selecttvtttes and those of the 

correspondmg Z-enol bonnates, e g entry 1 vs 2 and entry 4 vs 5 
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Previously, empmcal models have been used to qualitatively explain the sense of n-face selectivity m 

several, but nor all, of the chiral E-enol bormate al&l mans shown m the Table. ‘Ike models are based on 

the relaave stern demands of the subsutuents attached to the adlacent stereocentre R1 in 3?a** Evans8 has 

suggested a reactant-hlce model (Scheme 2) m which A(1,3) allylic straml0 forces the smallest substituent, 

hydrogen, to echpse the enolate double bond in 15. The aldehyde IS then expected to attack the more acccsslble 

top face of the enolate away from the large group RL. Thus simple model accounts for the observed sense of 

stereoselect~vtty m entnes 4.6 and 7 7C.* However, it does not satisfactordy account for the reversal m aldehyde 

x-face select~~ty in enmes 1 and 3, since both the N-acyloxazohdmone and benzyloxymethyl should be St-ally 

more demandmg than a methyl group In attempang to rational& the common sense of n-face selectivity for the 

E- and Z-enol bonnates m enmes 1 and 5, the Paterson group 7a had earlier conndered the preferred char 

transmon structure 16 This model works well for Z-enol bormates (Rz = Me, RE = H$’ and IS supported by 

our calculaaons,4a where the Newman projecuon 17 corresponds to transmon structure 16. However, it fails to 

explam the results obtamed later7cv8 for the more highly substituted E-en01 bormates in enmes 4.6 and 7 

Usmg our computational approach to analyse the accessible aldol transiaon structures, we now conwder 

all the available results and discuss the finely balanced stenc and electromc factors conmbutmg to the 

stereocontrol m these systems 
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Results and Dlscusslon 

For the aldol reacaons of Z-enol bonnates, only chau translaon structures are important. and these gve 

syn products exclusively For E-enol bonnates, both chair and boat translaon structures are accesslble.2*3 Test 

calculations demonstrated that the formaaon of syn products from E-enolates IS msigmficant This IS supported 

by expenmental results, where the percentage of syn product IS small and may be due to contammaang Z-enol 
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bormates.7a*7ce8 Therefore, this study only considers trammoon structures leadmg to am products. All the 

transmon structures found (both “chau-s” and “boats”) have &ar C=C--C=O tiedral angles (+5JY5”). They 

d&r principally m ther GO-B-0 d&&al angles (“chaus” ca -600, “boa& ca 00 or +30”, see Scheme 1). All 

the “boats” resemble “boat B”, wtuch has been located usmg molecular orbital calculations and previously 

descnbed.2 

Paterson et al 7a have reported the first example of a highly stemoselecave aldol reaction of a chid E- 
enol bonnate (Table, entry 1) The enolate 8 reacts with aldehydes vua re-face attack to @ve the 1,2-anti-2,4-arm 

adduct with 2 95% dlastereoselechvq For cyclohexyl hgands on boron, the aldehyde x-face selectnq IS 

uniformly excellent (re SI 2 30 1) and thus reacnon IS berg extenswely used m the stereocontrolled synthesis 

of polypropionate natural products 7d-f Smaller hgands hke n-butyl lead to reduced selecnv~ty (re * a= 5 : l).n 

In contrast, the correspondmg Z-enol bonnate 9 shows no real facial preference in its reaction with aldehydes 

(entry 2) m Thus the stenc and electromc hfferences asmated with the subshtuents (IS, Me and CHzOBn) on 

the enolate stereocenhe only mduce lugh n-face selecnvq wnh the E enolate Evans et al have shown that the E- 

enol bonnate 10 (entry 3) undergoes sumlar aldol reacuons to give predommantly the 1,2-am-2,4-am isomer 

(re SI = 5 - l).* The stereochermcal outcome IS controlled by the C-2 stereocentre, while the oxazohdmone 

stereocentre does not appear to have any influence 8 

FAVWRED 
r&ace attack 

2,dantr 

Scheme 3 

2,4-syn 

2,4-mtl : 8yn 
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We mveshgated this system by NIUWQ computer sunulanons of the aldol reacaon of the enol bonnate 18 

(Scheme 3) for cyclohexyl and n-butyl hgands attached to boron A methyl rather than a benzyl ether was 

employed to slmphfy the analysis The lowest energy aldol transmon structure 21, calculated for the addition of 

18 (L = c-Hex) to methacrolem, IS shown in Figure 1 viewed along the C*-C bond connectmg the stereogemc 

centre with the enol bonnate carbon (1 e correspondmg to a Newman projection along this bond) This 

corresponds to re-face attack + 19 and IS representative of a group of some seven chau transmon structures 

within 2 0 kcal mol-l of the lowest energy structure All of these have a closely related value for the dihedral 

angle C=C-C*-H (0 = -6’ for 21), but there are vananons m the conformation of the CHZOMe group and of 

the equatonal boron hgand For sr-face attack + 20, a group of nme chiur transmon structures was found Hrlttnn 

2 0 kcal mol-1 of the lowest energy structure, charactensed by a C=C-C*-H dihedral angle of 8 = +13 f 5’ 

The lowest energy structure 22 has 8 = +16’ For s&-face attack two boat transmon structures were also found 

at relative energy 1 1 71 kcal mol-l above the global mmlmum, with a C=C-C*-H dihedral angle of 8 = +26 f 

2” A very slmdar analysis also applies for n-butyl hgands on boron, although the selectlvlty in this case 1s 

reduced 

The calculanons reproduce the expenmental sense and degree of re SI face selecnvny relatively well The 

force field suggests that avoidance of allyhc stram in the aldol transmon snuctures IS Important, as suggested by 



x-Face selectrvrty in the aldol reacnons of bormates 689 

the Evans model m Scheme 2. It appears that the CH2OP moiety prefers to be duected mside the charr with the 

methyl takmg the outside posmon This cannot be due to their mlaave steric hmdrance (A = 175 for CH2OlvIe, 

A = 170 for Me),11 but may be related to an unfavourable electrostanc mteracuon between the oxygen atoms of 

the enol bormate and the CH2OP group (or lone-pan repulsion) 12, which is expected to be greater m 22 than in 

21 The calculatron was repeated usmg a CH2CH2Me substrtuent (A = 1 75)11 instead of CIWMe, and a 53 . 

47 (~&VI 2,4-antr) rano of products was predtcted The lowest energy transmon stn~ctures for re- and sr-face. 

attack are analogous to 21 and 22 (8 = +2’ and +13’), but now have apprommately the same energy Repeatmg 

the calculatron wrth a CH2CH2OMe subsntuent instead of CH2OMe suggested a smular 53 .47 rano of 2&yn 

2,4-antr rsomers 

21 (chair) 22 (thaw) 

fe-face attack 0 00 kcal mol-i sr-face attack 0 71 kcal mob1 

Figure 1 

e = +l& 

The role of the ether oxygen ut thts system 1s also underlined by the followmg two expenments 

Replacement of the ether oxygen in enol bormate 8 by a methylene led to a substannal lowermg m x-face 

selecttvrty 72 28 w 98.2 for 8 itself 13 The sense of mduchon has not been deternuned, but 1s probably now 

turned over tn favour of the 2,4-syn isomer Replacement of the benzyl wrth a bulkier mrsopropylsrlyl (TIPS) 

ether m enol bonnate 8 gave a nonceable mductron m selecbvtty for the 2,4-anrr rsomer 19 . 20 = 10 1 for P = 

TIPS 14 Hence, the combmatron of A( 1,3) allyhc stran 10 and the electromc effect of the proximate ether oxygen 

seem to account for the high level of selectrvtty shown by enol bormate 8 A simrlar electronic effect 1s 

presumably operating from the N-acyloxaxohdmone group m the Evans enolate 10 (entry 3). but now stenc 

factors will act m opposmon leadmg to reduced selechvrty (as 1s also observed for the TIPS analogue of 8) 

The aldol reactron of the more highly subsmuted E enol bonnates 11 reported by Paterson ef al 7c 

(Table, entry 4) was next mvesngated In thrs case, the Evans model predrcts a-face attack on the aldehyde m 
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agreement wtb the observed selectivity for formatton of the 2.4~syn adduct 23 (Scheme 4) The transmon 

stmchms calculated far tius aldol reaction, where P = TMS was used III place of TBS. axe shown III Figure 2. 
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The calculated sr : t-e face selectrvrty m thrs reactron 1s 90 * 10 (P = TM!Q, which compares favourably wrth the 

experimental ratros of 82 18 (P = TBS) and 87 13 (P = TIPS) 7c For the preferred s&face attack 3 23, three 

groups (of twenty three, eleven, and SIX charr transitton structures each) were found wrtlun 2 0 kcal mol-l of the 
nummum. The first group, mcludmg the lowest energy transmon structure 2S (6 = +l’), IS chamctensed by a 

C=C-C*-H drhedral angle of 8 = +13 f 12O The second and thud groups have 8 = -43 f 2’ (lowest relatrve 

energy = +O.l 1 kcal mol-*) and +145 f 2O (lowest relatrve energy = +l 34 kcal mol-I), respecuvely Within 

these groups there are many vanatrons m the conformanon of the CH(OTMS)C(Me)=CH2 group and of the 

equatonal boron hgand. Boat transmon structures for sr-face attack were found at relatrve energy 2 1 35 kcal 

mol-1 above the global muumum, and were characterrxed by C=C-C*-H drhedral angles smular to the ones 

described for the charm 

For re-face attack + 24. two groups of transmon structures were found wrthm 2.0 kcal mol-1 of the 

lowest energy transrtron structure. The first 1s a group of fourteen boat transmon structures charactensed by a 

C=C-C*-H &hedral angle of 8 = -22 f 4’ and Its lowest energy structure 26 (8 = -18’) IS 1 13 kcal mol-t 

above 25 The second group (two charrs) has 8 = -35” and the lowest relauve energy = +173 kcal mol-l The 

enol bonnate IS now reactmg on the same side as the large group and so the re-face pathway IS &sfavoured on 

stenc grounds 

The aldol reachons of a stmtlar sertes of chual E-enol bonnates (Table, enmes 6.7) have been studred 

by the Evans group.8 The enol bonnate 13 grves predommantly the 2,4-syn adduct 27 vlu a-face attack on 

rsobutyraldehyde (27 28 = 94 6, Scheme 4) The transmon structures calculated for ttus aldol reaction (p = 

TMS) are shown in Figure 3 

0 = +24’ 

29 (boat) 
sr-face attack 0 00 kcal mot-’ 

Figure 3 

30 (chair) 31 (chair) 
reface attack +0 74 kcal mol-’ reface attack +I 55 kcal mot-l 
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kcal mol-1 above 34. For attack on the re-face of the aldehyde + 33.35 (0 = +31’) is the lowest energy 

structure of three boats found w&m 2 0 kcal mol-t of the global mmimum. 

In these last three cases, attack on the aldehyde sr-face by the enol borinate 1s clearly preferred on stenc 

grounds where the aldehyde approaches away from the large group RL = CH(OP)r-Pr or C!H(OP)C(Me)=CH~. 

The hydrogen of the stereocentre eclipses the E-enol borinate double bond, locking the posmon of the large 

group For re-face attack on the aldehyde, the enol bormate IS reactmg on the same side as the large group and 

this is Qsfavoured on stenc grounds 

Conclusions 

The stereoselecavvlty of the aldol reaction of clural E enol bonnates appears to be dcclded by a large 

number of competmg effects rather than one or two factors, and so is best described by a force field analysis 

Our molecular modelhng studies suggest that the favoured TS-A in Scheme 5, correspondmg to re-face attack 

on the aldehyde, explams the preference for the 1,2-am-2,4-am mmer obtamed for the E-enol bormate 8 

Scheme S 

[E enol bonnates 1 FAVOURED TS MAJOR aklol Isomer 

HO 0 0611 
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.o OP 
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Me TS-C (chair) 

There must be an electromc repulsion mvolvmg the benzyl ether and enolate oxygens, which 1s more 

serious for attack on the aldehyde St-face Replacing the CH20Bn group by a larger subsntuent like 

CH(OP)C(Me)=CH~ or CH(OP)Gr leads to the aldol reactlon proceeding preferentially via TS-B (which can be 
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e~ther a chrur or a boat), devised by inspection of the preferred transition structures 25,29, and 34 Thus IS 

dvectly comparable to Evans model m Scheme 2.8 The hydrogen on the a-stereogemc cenhe of the en01 

bormate IS approximately eclipsed with the enol bormate double bond (1 e the tie&al angle C=C-C*-H, 8, IS 

+l” 5 8 5 +W). The large group, RL, IS dn-ected away from the mcommg aldehyde and the smaller methyl 

group IS pomtmg towards it. The stenc effect from a large RL group now overcomes any electromc preference 

from the ether oxygen onentahon, leadmg to a reversal m x-face selectlvlty and formatmn of the l&an&2&n 

isomer. The Evans oxazohdmone-substituted system 10 presumably also reacts largely through TS-A for smular 

electroruc reasons to that for enolate 8, but the greater stenc demands of the atuuhary group relaave to benzyloxy 

lead to competmg reachon through TS-B and lower overall stereoselectlvlty (as IS also found for the TIPS ether 

analogue of 8) 

The above E-en01 bormate models differ substantially from that developed for the correspondtng Z 

enolates, which have previously been stu&ed usmg the aldol force field.48 For the Z-cnol bonnate 12 (cf entry 

5 m the Table), the preferred aldol tranntion structure TS-C corresponds to re-face attack on the aldehyde 

leadmg to the 1.2~syn-2,4-syn isomer 9 Here stenc factors m agam dominant, but Since there 1s no E methyl 

group on the enolate, the mhedral angle 8 can be much larger (2 133’) and the aldehyde attacks from the face 

away from the bulky RL group For the Z-enol bonnate 9 (c$ entry 2).7b there is neghgble selecttvity due to the 

sumlar stenc demands of the BnOCH2 and Me groups 

This study further demonstrates that the force field mode12-5 1s useful in understanding the ongms of 

reaction stereoselectivity m the boron aldol transition state over a wide range of substrates and may have 

preduxwe value in new situaaons 

Computational Methods 

The parameters developed m our earlier work2 were augmented and mo&fied as follows. Addrtronal 

torsional parameters (see ref 4b, lob) (a) C(sp2)=C(sp+C(sp3)-H V1 = 0 00, V2 = 0 00, V3 = -0 30 (b) 

C(sp2)=C(sp2)-C(sp3)-C(sp3) V1 = -0 54, V2 = 0 44, V3 = -0 60 (c) C(enolate)---C(carbonyl)-C(sp3)-C(sp3) 

Vt = 0 50, V2 = 0 00, V3 = 0 00 Addrtronal be&q parameter C(enolate)---C(carbonyl)-C(sp2) = 100’ (0 1 

mdyn rad-2) 

MacmModellsa was used to generate accessible transmon stmctunx for the enol bonnate aldol reactions of 

interest The conformational space was searched with the Still-Chang-&da usage-dmxted torsional Monte 

Carlo routine16 as implemented by the BATCHMIN program 15b Four different Monte Carlo runs were 

necessary to fully establish the product dlsmbutron of E-enol bonnates, I e the relative energes had to be 

evaluated for structures featunng (1) sr-face attack, 1,2-untr Elauve stereochenustry, (2) re-face attack, 1,2_am 

relative stereochermstry, (3) St-face attack, 1,2-syn relauve stereochenustry, (4) re-face attack, 1,2-syn relative 

stereochermstry This full search was done in selected cases to confii that E-enol bonnates were completely 

1,2-am selecave Routmely only two runs (sz face attack vs re face attack) were used The presence of boat 

transmon structures was tested by rncluchng all rotatable bonds of the transmon structure “core” Torsional 

constramts were applied to preserve the enol bonnate geometry and prevent Z/E mming Chlrahty checks were 

used for all stereocentres, and were also apphed to the carbonyl carbon and the enol bonnate pcarbon. to ensure 

stereochenxcal mtegnty of the products The energy wmdow for the search was 12 kcal mol-l, and S~IVC~URS 

were stod within 2 5 kcal mol-1 Occasionally an alternative procedure makmg use of Multxonformer17 with a 
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30” or 60” resoluaon for each dihedral angle was also used. The results were comparable ~rlth those obtamed 

usmg the Monte Carlo procedure and showed that our conformational analysis was not dependent on the search 

method used 18 The hmenc ratios (unn vs syn and re vs. si) were calculated by a Boltzmann &stnbutlon 

at the reported temperature (195 K or 273 K) of all conformers within 2.5 kcal mol-l above the global 

muumum 
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