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Reactions of isocyanates XNCO (e.g.,=X p-An, Ph,i-Pr) with (MeO}P=O)CH,CO.R [R = Me,
CFsCH,, (CR;),CH] gave 15 formal “amides” (MeQP(=0O)CH(CQR)CONHX (6/7), and with (Ck-
CH;0),PEO)CH,CO.R [R = Me, CRCH;] they gave eight analogous amide/endlg18. X-ray
crystallography of twdb/7, R = (CR;).CH systems revealed-enols of amides structures (Me®Pf=
O)C(COCH(CRs),)=C(OH)NHX 7 where the OH is cis and hydrogen bonded to tkeRQOMe) group.

The solid phosphonates with R Me, CRCH, have the amid® structure. The structures in solution
were investigated byH, 1°C, 1°F, and*!P NMR spectra. They depend strongly on the substituent R and
the solvent and slightly on thie-substituent X. All systems displayed signals for the amide andethe
andZ-isomers. The low-field tw@d(OH) and twod(NH) values served as a probe for the stereochemistry
of the enols. The lower field(OH) is not always that for the more abundant enol. The % enol, presented
asKeno, Was determined biH, °F, and®'P NMR spectra, increases according to the order for R,<Me
CFRsCH; < (CF3),CH, and decreases according to the order of solvents, EGIDCl; ~ THF-dg >
CDsCN >DMSO-ds. In DMSO-ds, the product is mostly only the amide, but a few enols with fluorinated
ester groups were observed. Thésomers are more stable for all the endlwith E/Z ratios of 0.3%

0.75, 0.15-0.33, and 0.0470.16 when R= Me, CRCH,, and (Ck),CH, respectively, and for compounds
18, R= Me, whereas th&-isomers are more stable than #ésomers. Comparison with systems where
the O=P(OMe}, is replaced by a CE&R shows mostly highefeno values for the G-P(OMe}-substituted
systems. A linear correlation exists betwe¥@®H)[Z-enols] activated by two ester groups ab@®H)-
[E-enols] activated by phosphonate and ester groups. Compounds Q) CH(CN)CONHX show
<7.3% enol in CD{ solution. For [(MeO)P(=0)].,.CHCONHX, activated by two &P(OMe} groups,
only the amides were observed in solution and in the solid. DFT calculations reproduce the general
effect of R onKeno, but the correlation between observed and calculltgg values is not linear. The
roles of electron withdrawal by the activating phosphonate and ester groups, and the importanté of N
and O-H hydrogen bonding to them in stabilizing the enols are discussed.

Introduction and hence, the enol and related enols are unobservable by
spectroscopic techniques such as NMR at room temperature.
Increase of the stability by substitution with twe-bulky
aromatic substituents incread€s,, appreciably, but even then
the enol of amide is observable by NMR or UV spectroscopy

Simple enols of carboxamides are very unstable compared
with their isomeric amides. For example, the calculated equi-
librium constantKeno = [enol)/[amide] between the parent
acetamide CECONH, and its enol C=C(OH)NH, is 1072161

T The Hebrew University. (1) Sklenak, S.; Apeloig, Y.; Rappoport, 4. Am. Chem. Sod.998
* Rikkyo University. 120, 10359.
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only rarely, and if at all, as a short-life or medium-life
intermediate of some kinetic but not thermodynamic stabiltty.

In recent years, we used a different method and increased th
stability of the enols by substituting sgGwith two electron-
withdrawing groups (EWGSs) by resonance Y and Yhe
contributing dipolar pushpull structurelb to the enol hybrid
1a/lb is much more stabilizing than the contributing structure
2b to the amide hybrida/2b, and the right-hand side of eq 1
becomes frequently more stabilized than the left-hand side

giving in favorable cases observable enols of amides with easily HORRN)C=C(CO:R')CO:R?

measureKeno Values and isolable enols in several systems.
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bonding ability of phosphonate vs ester group, and we want to
compare the dialkoxyphosphinyl-substituted systems with di-
eesters likeE-3 and Z-357abor with the cyanoesterg-4.7ab8
These systems showed a systematic behavior relaté&d.tp
values,0(OH) andd(NH) values, theE/Z ratios, and the solid-
state structures, with the increase in the number of fluorine atoms
in the ester group(s). We want to find out if these features are
also reflected in dialkoxyphosphinyl ester activated systems.

HORRN)C=C(CN)CO-R1

E- and Z-3: R! = Me; R2 = CF3CHy, (CF3CH  Z-4: R! = Me, CF3CHy, (CF3)2CH

Results and Discussion

Synthesis.Four groups (ad) of “formal”’®> amido phospho-
nate systems had been prepared by the general method used
previously for obtaining amides activated by Y'.46.7-10

(a) Reactions of 2,2,2-trifluoroethyl or 1,1,1,3,3,3-hexafluoro-
2-propyl chloroacetate (obtained from chloroacetyl chloride with
2,2,2-trifluoroethanol or with 1,1,1,3,3,3-hexafluoro-2-propanal,
respectively) with trimethyl phosphite gave the phosphonate
estersbb and5c¢. The methyl estebais commercial. The three
esters were converted to their conjugated bases with Na in THF
or in ether, and each of the anions was reacted with three

Enols of amides were isolated and their solid-state structuresaromatic and two aliphatic isocyanates XNCO=xp-An, Ph,

determined when YY = Meldrum’s acid® or indandion&
moieties or when Y,Y = CO,R,CO,R";#57¢ CN,CN# CN,-
COR;”8 CN,CONRR2 CN,CSNRR?19 NO,,CONRR2,11 or

CeFs, i-Pr, t-Bu) to give 15 of the formal amido phosphonate
esters (eq 2). The actual structures are either the arfimes
or theE,Z-enols7a—o or their mixtures which were determined

observed together with the amides in solution in these casesby H, 2*C, 1F, and3!P NMR spectra.

and in low concentrations in other cases such as when ¥,Y
COR,NG® or SOR,CO,R.12 When Y = Y’, E- and Z-enols

are frequently observed and their relative stabilities are deter-

mined to a significant extent by intramolecular hydroge
bonding to the enol hydrogeKeno values were measured for
many enols as a function of Y;Ythe amiddN-substituents and

n

the solvent, and NMR spectra serve as important probe in the (MeO):PEOCH(COR)(CONHX)

structure assignment.

The present work investigates the possibility of generating
enols when Y,Yare two dialkoxyphosphinyl (RGP=0O groups
or a combination of (RQP=0 and CQR or CN. There are

literature cases of enol formation activated by the presence of

dialkoxyphosphinyl groups, but these are enols of aldehydes
and ketones and not of carboxylic acidg4We are interested
in the activating effect for enol formation and in hydrogen

(2) Frey, J.; Rappoport, 1. Am. Chem. Sod 996 118 3994.

(3) Rappoport, Z.; Frey, J.; Sigalov, M.; Rochlin, Fure Appl. Chem
1997 69, 1933.

(4) Mukhopadhyaya, J. K.; Sklenak, S.; Rappoport].ZAm. Chem. Soc
200Q 122, 1325.

(5) Lei, Y. X.; Cerioni, G.; Rappoport, Z. Org. Chem2001, 66, 8379.

(6) Song, J.; Rappoport, Z. The 10th European Symposium on Organic
Reactivity (ESOR 10), Rome, ltaly, July 280, 2005, Abstract book, p
46.

(7) (@) Lei, Y. X.; Casarini, D.; Cerioni, G.; Rappoport,Z.Org. Chem
2003 68, 947. (b) Lei, Y. X.; Casarini, D.; Cerioni, G.; Rappoport, Z.
Phys. Org. Chem2003 16, 525. (c) Basheer, A.; Rappoport, Z. Org.
Chem 2004 69, 1151.

(8) Mukhopadhyaya, J. K.; Sklenak, S.; RappoportJZOrg. Chem
2000Q 65, 6856.

(9) Basheer, A.; Yamataka, H.; Ammal, S. C.; Rappoport]ZOrg.
Chem 2007, 72, 5297.

(10) Basheer, A.; Rappoport, Z. Submitted for publication.

(11) (a) Simonsen, O.; Thorup, Mcta Crystallogr. Sect. B979 57,
1177. (b) Basheer, A.; Rappoport, Z. Unpublished results.

(12) Basheer, A.; Rappoport, Z. The 17th IUPAC Conference on Physical
Organic Chemistry, Shanghai, China, August-2B, 2004, Abstract IL-
10, p 84.
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(MeO);P

CICH,COCI + ROH ——2N —» CICH,CO.R
80-90°C 48-60h

CH,CI,

1. Na/THF or Et,0, 0°C
(MeO),P(=0)CH,CO,R orth

5a: R = Me 2. XNCO,0°C

5b: R = CF3CH,

5¢: R =(CF3),CH

(MeO),P(=0)C(CO,R)=C(OH)NHX
(Eor 2) )

6a: R =Me X =p-An 7a: R =Me X =p-An
6b: R =Me X =Ph 7b: R =Me X =Ph
6c: R =Me X =CgFs 7e: R=Me X =Cg¢Fs
6d: R =Me X =i-Pr 7d: R =Me X =1i-Pr
6e: R =Me X =1tBu 7e: R=Me X =t-Bu
6f: R =CF;CH, X =p-An 7f: R = CF;CH, X =p-An
6g: R = CF;CH, X=Ph 7g: R = CF;CH, X =Ph
6h: R = CF;CH, X =CgFs 7h: R = CF;CH, X =CgFs
6i: R =CF;CH, X=i-Pr 7i: R=CF;CH, X=iPr
6j: R=CF;CH, X=tBu 7j: R=CF;CH, X =1tBu
6k: R = (CF;),CH X =p-An 7k: R=(CF;),CH X=p-An
6l: R =(CF;),CH X =Ph 71: R = (CF3),CH X =Ph
6m: R=(CF;),CH  X=C¢Fs 7m:R =(CF3),CH X =Cg4Fs
6n: R=(CF;),CH X=i-Pr Tn:R=(CF3),CH  X=iPr
60: R=(CF3;),CH X=tBu 70: R=(CF;),CH X=tBu

(b) By reacting chloroacetonitrile with trimethyl phosphite
the dimethoxyphosphinylacetonitri®2was obtained, and reac-
tion with Na, followed by reaction with XNCO (% p-An,
Ph, GFs, t-Bu) gave the corresponding formal cyanoami-
dophosphonates which can be the amiflasd or the enols
10a—d (eq 3).

(13) (a) Breuer, E. IThe Chemistry of Organophosphorus Compounds
Hartley, F. R., Ed.; Wiley: Chichester, 1996; Vol. 4, Chapter 7, pp-694
698. (b) Afarinkia, K.; Echenique, J.; Nyburg, S. Tetrahedron Lett1997,

38, 1663.

(14) There are slightly related phosphato-substituted enols in biological
systems such as phosphoenol pyruvate (Richard, J. FhérChemistry of
Enols Rappoport, Z., Ed.; Wiley: Chichester, 1990; Chapter 11).

(15) We use the term “formal” since in solution the compounds exist an
amide/enols E and Z) mixtures and in the solid state they may have an
amide or an enol structure.



Dialkoxyphosphinyl-Substituted Enols of Carboxamides

1. Na/THF, 0°C
2. XNCO,0°C

MeO);P
ClCHZCN% (Me0),P(=0)CH,CN
80-90°C 48-60h

8
(MeO),P(=0)CHCN(CONHX) (Me0),P(=0)C(CN)=C(OH)NHX (3)
9a: X =p-An 10a: X = p-An
9b: X =Ph 10b: X =Ph
9¢: X = C6F5 10c: X = C6F5
9d: X =-Bu 10d: X =#-Bu

(c) Similarly to the reaction of group (a) above, reaction of
the methylenebisphosphondtéwith the five isocyanates gave
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five formal bisphosphonate amides which could be either the FIGURE 1. ORTEP drawing of the amidéc.

amidesl2a—e or the enolsl3a—e (eq 4).

1. Na/THF, 0°C
[(MeO),P(=O0)[,CHy ——————>

u 2. XNCO,0°C
[(MeO),P(=0)],CH(CONHX) [(MeO),P(=0)],C=C(OH)NHX (4)
12a: X =p-An 13a: X =p-An
12b: X =Ph 13b: X =Ph
12¢: X = C6F5 13¢: X = C6F5
12d: X =i-Pr 13d: X =i-Pr
12e: X =1-Bu 13e: X =1-Bu

(d) When commercial methyl bis(trifluoroethoxy)phosphi-
nylacetatel5 was refluxed with excess trifluoroethanol and
catalytic amount of KSO, the methyl ester group was
exchanged by a trifluoroethyl group to form the trifluoroethyl
bis(trifluoroethoxy)phosphinylacetaie. Reaction ofl5or 16
with Na in ether, followed by reaction with theAn, Ph,i-Pr,
andt-Bu isocyanates, gave the eight formal bis(trifluoroethoxy)-
phosphinyl amidoesters7a—h or their enolsl8a—h (eq 5).

(CF5CH,0),P(=0)CH,CO,Me + CF;CH,0H (excess)%

15 rerlux
(CF;CH,0),P(=0)CH,CO,CH,CF;
16

Na/EbO  XNCO

(CF5CH,0),P(=0)CH,CO,R —oc T
(CF3CH,0),P(=0)CH(CO,R)CONHX (CF3CH,0),P(=0)C(CO,R)=C(OH)NHX

(E/2) )
18a: R =Me, X =p-An
18b: R=Me, X =Ph
18¢c: R=Me, X =i-Pr
18d: R =Me, X =¢-Bu
18e: R = CF;CH,, X =p-An
18f: R = CF;CH,. X=Ph
18g: R =CF;CH,, X =i-Pr
18h: R = CF3CH,, X =¢-Bu

17a: R=Me, X =p-An
17b: R=Me, X =Ph

17¢: R =Me, X =i-Pr

17d: R =Me, X =¢-Bu

17e: R = CF;CH,, X =p-An
17f: R = CF;CH,, X=Ph
17g: R = CF3CH,, X =i-Pr
17h: R = CF;CH,, X =1¢Bu

All 31 amidophosphonates excedt'® are new compounds.

The C=P(OMe)-substituted derivatives are not very stable.
The fluoro derivatives frequently decompose during crystal-
lization from 1:5-10 EtOAc—petroleum ether mixtures even
at ca.—20 °C. X-ray crystallography showed that the decom-
position product of6f/7f is 19 and that ofém/7m is 20; i.e.,
the fluorinated ester moiety was lost during the crystallization.
The crystallographic data df9 and 20 (CIF) are provided in
the Supporting Information.

(MeO),P(=0)CH,CONHAr
19: Ar = p-An
20: Ar = C¢Fs

(16) Hamlet, Z.; Mychajlowskij, WChem. Ind. (London, UKL974 (20),
829.

(17) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A.
G.; Taylor, R.J. Chem. Soc., Perkin Trans.1®87, S1.

Solid-State Structures. We were able to obtain suitable
crystals for X-ray diffraction of six of the amidophosphonates:
four belonging to series (a), one to series (c), and one to series
(d). We failed in obtaining suitable crystals in the cyano series
(b).

In series (a), we determined the solid-state structurescbf
7c with no fluorine atoms in the ester group, §/7ghaving
three fluorine atoms in the ester group, and&f7k and 6n/
7n, both having six fluorine atoms in the ester group. The
ORTEP drawing of6c and 7k are given in Figures 1 and 2,
respectively, and selected crystallographic parameters of the four
compounds are given in Table 1. Other ORTEPs and the full
crystallographic parameters are given in the Supporting Infor-
mation.

The structures of the first two compounds with none or three
fluorines in the ester groups are those of the am@tesnd6g.
Their bond lengths and angles, except for one bond length and
one angle, are identical within the experimental error, with
normal C-C and C-N bond lengths, while the short bonds of
1.18 and 1.21 A are characteristic of &0 of a C(CG=0)X
moiety1”

In contrast, the hexafluoroester derivatives display the enol
structures’k and7n. The data for both compounds are in Table
1. Characteristic important features for Ys&ctivated enols are
the elongated C(HC(2) bond, compared with a normaH=C
value, of 1.337 to 1.441.42 A (indicating a dipolar structure)
which is only 0.01 A shorter than the CEE(3) bond and the
conversion of the amido=€0 to a single G-O bond of 1.313
1.321 A, whereas the ester<® bond length remains 1.2¢
0.004 A. The angles around the C£J(2) bond are mostly
around 120. For compoundrk there are three independent
molecules in the unit cell. In two of them the ]NAn group
and the G=C bond are nearly coplanar, whereas they are nearly
perpendicular in the third molecule. Almost all parameters
involving heavy atoms are nearly the same.

The enol can have aB or Z-configuration. The enolic OH
was found to be cis to the=€P(OMe), group, rather than to
the CQCH(CR;), in both enols. The nonbonded O{£P(3)
distances of 2.4882.513 A indicate a moderate to strong-O
H---O=P hydrogen bond. This resembles the configuration in
enols3, R? = (CFs),CH, where the hydrogen bondingrist to
the CQCH(CFR), group®

The hydrogen bond is asymmetric with O{H and
O(3)---H bond lengths or distances of 1.02(6) and 1.54(6)A in
7nand 1.00(4) and 1.52 A for one molecule®X, i.e., Aoy =
0.52 A. HoweverAon values are 0.68 and 0.74 A in the other
two independent molecules @k. This may reflect the difficulty
in locating hydrogens in the X-ray diffraction. The O(1)HO(3)
angles are 158(4)162(4Y¥; i.e., the hydrogen bond is not far
from being linear.

J. Org. ChemVol. 72, No. 20, 2007 7607
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The IH NMR 6(OH) andd(NH) and 6(CH) values for the
enols and the amides are given in Table 2. It is noteworthy that
for the amide the hydrogens of the O¢Hf 6 and the CH
hydrogens of the OCKCF; on P of17 appear as two doublets,
each one with®Jpy = ca. 11.5 Hz. This is ascribed to two
diastereotopic signals due to the chiral center. In ca. 15% of
the cases only one doublet was observed and this is attributed
to overlap of the two doublets. Two doublets appear also for
the carbons bearing these hydrogens (see below).

The full data are given in Table S1 in the Supporting
Information.

Selected'®C, 1%, and3P NMR data are given in Tables 3
and 4. The full data are given in Tables S2 and S3 in the
Supporting Information. In all cases, small unidentified signals
or signals due to decomposition are omitted.

IH NMR. Table 2 gives the lowest fieldH NMR range
which includes the OH and NH signals of the enols and amides
and the higher field CH signals of the amides. For series (a)
and (d) there are two sets of signals wittr 8.40 ppm in CCJ,
CDCls, THF-dg, and CRCN (except for7c, 7g, and 7h for
which few OH signals in some solvents were not observed,
perhaps due to fast intermolecular exchange), but none in
DMSO-ds. The lowest field set is ab 12.92-16.84, and the
higher field set is ath 8.40-12.00, and the values change
systematically depending on the nitrogen-X and the ester-R
substituents. Each signal in each group has a signal with identical
integration in the other group and by comparison with the
integration of the methyls of thg-anisyl,i-Pr, ort-Bu groups,
these signals are identified as one hydrogen signals. In parallel
with previously studied enol systerfis'? they were identified
as the enol of amide OH (at the lowest field) and NH (at the
higher field) signals. Moreover, in parallel with syste@s3/
Z-3° the two signals in each groups belong to theand Z
isomers. As with enol€-3/Z-3, the OH signal at the lowest
field for 7a—e belong to the same enol with the highest field
NH signal, whereas the “internal” signals between them belong
to the other isomer. The other two signals in Table 2 at a higher
field have similar integration in each species and are the NH
FIGURE 2. ORTEP drawing of the endik. (ato 6.42—_10.54_1) _and t_h_e CI—_I (ab 3.47—5.09_) of t_he amide.
The latter is easily identified since the proton is split to a doublet
by the phosphorus.

Similarly to the diester activated systems, there is an

additional N-H-+-O=C hydrogen bond to the ester group, with Inspection of Table 2 leads to several generalizations. (a) The
an N++O nonbonding distances of 2.695(4).726(3) A, N-H lowest field OH and NH signals are consistently in TiEd:-
and O-+H distances of 0.72(3)0.82(4) and 2.00(4)2.11(3) The order of the four signals as a function of the solvent at 298
A, and an N(1)HO(2) angles of 131¢3)42(4Y. K'is THF-dg > CDsCN > CDCl; > CCly, and the differences

The structural change from an ester carrying 0 to 3 and then between the extremeé values, e.g., fob(OH) of the E-enol,
6 fluorine atoms resembles the finding for the solid diester are 0.42-0.65 ppm for theb/7 series. Data for the other signals
systems, where the structure is that of an amide with 0 and 3and for thel7/18 series are given in Table 5a. (b) Thearyl
fluorines, but an enol for the 6-F compounds. In both cases the substituent effect in th&/7 series is not systematic. An increase
activation for enol formation increases, but the hydrogen bond in the electron-donating ability of the aryl ring results in the
accepting ability decreases with the increased electron-orderp-An < Ph > CgFs for 6(OH,E-enol), whereas fop-
withdrawal by the ester group. (OH,Z-enol) the order igp-An < Ph < CgFs. In the 17/18

Structure in Solution. The probes for the structure(s) and Systems the order is-An < Ph. ForN-aliphatic substituents
compositions of the mixtures in solution wekd, 13C, 19, 6(OH) andd(NH) values follow the order-Pr < t-Bu. These

and3P NMR spectra which were recorded for all systems in o values for thd\l-a'ky' substituents are always lower than for
five solvents of different polarity: CGl CDCl, THF-dg, the aromatic ones both in ti6é7 and17/18 systems, with more
CDsCN, and DMSOdG, most|y at 298 K and Occasiona”y at Significant differences for thé(NH) in the 6/7 series.

lower temperatures. All spectra were used for qualitative  (c) The mechanistically most revealing data are the differences
structural analysis, wheredl, 1°F, and3'P spectra were also  due to the change of the ester group R within the sé&fiand
used for quantitative determination of the compositions of the 17/18. All of the following quoted differences are for the same
various species in solution which were structure and solvent solvent andN-substituent. The differences between members
dependent. of the 7a—e (R = CO,Me) and the7f—j (R = CRCHy) series

7608 J. Org. Chem.Vol. 72, No. 20, 2007
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TABLE 1. Selected X-ray Data for 7n, 7k, 6g, and 6¢ at Room Temperature
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length, A
bond n 7k 69 6¢C
C(1)-C(2) 1.418(5) 1.414(4) [1.420(4)] (1.416(4)) 1.537(5) 1.524(2)
C(1)-N(1) 1.306(5) 1.306(4) [1.311(4)] (1.314(4)) 1.336(5) 1.352(2)
C(1)-0(1) 1.318(5) 1.321(4) [1.316(3)] (1.313(3)) 1.217(5) 1.213(2)
C(2)-C(3) 1.426(5) 1.427(4) [1.427(4)] (1.423(4)) 1.519(5) 1.524(3)
C(2)-P(1) 1.754(3) 1.751(3) [1.752(3)] (1.755(3)) 1.810(4) 1.8162(18)
C(3)-0(2) 1.213(4) 1.206(4) [1.208(3)] (1.206(3)) 1.183(5) 1.180(3)
C(3)—0(6) 1.375(4) 1.393(3) [1.387(3)] (1.384(3)) 1.333(5) 1.311(3)
0(3)-P(1) 1.484(3) 1.487(2) [1.484(2)] (1.485(2)) 1.449(3) 1.4654(14)
O(1)-H 1.02(6) 1.00(4) [0.93(4)] (0.90(4))
O(3)—-H 1.54(6) 1.52(4) [1.61(4)] (1.64(5))
0O(1)-0(3) 2.513(4) 2.488(3) [2.502(3)] (2.500(3))
N(1)—H 0.82(4) 0.85(3) [0.76(3)] (0.72(3))
O(2)-H 2.00(4) 2.08(3) [2.11(3)] (2.10(3))
N(1)—0(2) 2.695(4) 2.716(3) [2.726(3)] (2.709(3))
angle (deg)
bond angle mn 7k 69 6C
N(1)C(1)O(1) 114.9(4) 114.7(3) [114.2(3)] (114.5(3)) 125.2(4) 123.73(17)
N(1)C(1)C(2) 123.2(3) 123.6(3) [124.0(3)] (123.5(3)) 114.6(4) 113.89(15)
0O(1)C(1)C(2) 121.9(3) 121.7(3) [121.7(3)] (122.0(3)) 120.2(3) 122.38(16)
C(1)C(2)C(3) 119.4(3) 119.1(3) [119.2(3)] (119.4(3)) 110.6(3) 109.61(15)
C(1)C(2)P(1) 119.3(3) 119.1(2) [119.3(2)] (119.0(2)) 109.6(2) 110.11(12)
C(3)C(2)P(1) 121.3(3) 121.8(2) [121.6(2)] (121.7(2)) 111.0(3) 111.50(13)
0O(2)C(3)C(2) 128.4(3) 129.7(3) [129.2(3)] (129.1(3)) 126.1(4) 124.54(19)
0O(2)C(3)0(6) 120.5(3) 120.3(3) [120.5(3)] (120.6(3)) 124.2(4) 124.8(2)
0O(6)C(3)C(2) 111.2(3) 110.0(3) [110.3(3)] (110.4(2)) 109.7(3) 110.63(18)
O(1)HO(3) 159(5) 161(4) [162(4)] (158(4))
N(L)HO(2) 142(4) 131(3) [138(3)] (142(3))

are nearly constant. For tli§OH ,E-enol) they are 0.951.09

groups (Table 5d). Remarkably, the differences between systems

ppm for the aromatic substituents. There are differences in the 7 and18 for the (OH,E-enol) and the)(NH,Z-enol) were very

values forN-Ar andN-Alk substituents and the average values,

small, being 0.020.23 (average for 27 pairs 0.1#20.05) and

as well as the other signals discussed below are given in Table—0.13 to+0.03 (average for 32 pairs0.034 0.04), respec-

5b. The differences between tiie-j (R = CFCH,) series and
the 7k—o0 (R = (CFs),CH) series are also approximately
constant, being 0.761.01 ppm. For thed(OH, Z-enol) the
differences between théa—e and 7f—j series are negative,
being —0.16 to —0.27 ppm, and the differences between the
7f—) and7k—o series show a large variation ©0.07 to—0.28
ppm.

For the 6(NH,E-enol) signals, the differences between the
7a—e and the7f—j series are also negative , beir@.16 to
—0.27 ppm, and the differences between #fiej and 7k—o
series are—0.11 to —0.24 ppm. For thed(NH,Z-enol), the
differences between tt¥a—e and7f—j series are positive, being
0.20-0.37 ppm, and the differences betweenithej and7k—o
series are 0.150.32 ppm.

(d) The A6(OH)(E-enol — Z-enol) values for th&a—e (R
= Me) pairs also depend on thé-substituents, being 1.51
1.83 ppm. Values for thdl-Ar and N-Alk subgroups for these
and other systems and signals are given in Table 5c¢c7Feor
(R = CRCHy), the differences are much smaller: 0:2Y.76
ppm. For7k—o (R = (CFs),CH), the values are negative, being
—0.20 to—1.11 ppm.

The A6(NH)(E-enol — Z-enol) differences fob/7(R = Me)
are negative ~0.09 — —0.44 ppm. When R= CRCH, the
values are positive, being 0.66.54. When R= (CF;),CH the
values are more positive, being 0-44.02 ppm. Table 5c gives
the smaller ranges for the sub-groups.

(e) Electron withdrawal from the phosphorus for tt&a—h
system carrying (CfH,0), groups was probed by comparison
with the correspondin@ab,d—g,i,j systems carrying (MeQ)

tively. The largest difference is fab(OH,Z-enol) where the
values for serie§ are 0.84-1.14 ppm higher than for system
18 when R= Me and 0.92-1.21 ppm when R= CF;CH,. The
0(NH,E-enol) is also higher for systemthan for18 by 0.18
—0.61 ppm when R= Me and by 0.38-0.60 ppm when R=
CRsCH, (Table 5d).

AO(OH)(E-enol — Z-enol) values fod 8 are 2.33-2.67 when
R = Me (average 2.53 0.10). When R= CF;CH,, the range
is 1.21-1.58 (average 1.4Z 0.08). TheAd(NH)(E-enol —
Z-enol) values are negative:-0.63 to—0.94 ppm when R=
Me (average 0.7# 0.10 ppm) and-0.14 to—0.46 ppm when
R = CRsCH; (average—0.29 4+ 0.10 ppm) (Table 5c).

(f) For seven and eight compound¢©H) andd(NH) values
were determined also at 240 K in addition to 298 K. The
temperature effect depends on the isomer and the signal. In series
7, the values in ppm are as followg&-enol OH+0.03 to—0.16
(average—0.04 + 0.03),Z-enol OH 0.04-0.19 (average 0.10
+ 0.02), E-enol NH 0.06-0.17 (average 0.1% 0.03), and
Z-enol NH —0.03 t0+0.05 (average-0.01 + 0.01). For the
cyano enolsl0 the E-enol OH signal was not observed at all,
and it was observed only at 240 K for t@eenol OH. Forl0d
it decreased by 0.08 ppm from 298 to 240 K. In contrast, the
O(NH) signals were observed at both temperatures, and the
temperature effect was significantly larger than in sevidésr
seven of the eight values(NH) for the Z-enol increase at 240
K by 0.51, 0.59, 0.68, and 0.08 ppm and for the amide by 0.76,
0.66, 0.90, and 0.38 ppm. A similar 298« 240K change in
CDsCN was small: —0.02 &= 0.04, —0.08 + 0.02, —0.08 +
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TABLE 2. RelevantH NMR Data for All Enol/Amide Systems in Five Solvents at 298 K
Oom, ppm ONH, PpPM ONH, PPM Och,® ppm
compd solvent E-enol Z-enol E-enol Z-enol amide amide
6al7a CCly 16.03 14.44 (br) 10.93 11.22 8.59 3.64
CDCl3 16.35 14.57 11.02 11.46 9.05 4.22
THF-dg 16.63 15.10 11.53 11.62 9.23 4.26
CDsCN 16.49 14.85 11.26 11.42 8.84 4.28
DMSO-ds 10.09 451
6b/7b CCly 16.19 14.58 11.12 11.39 8.77 3.72
CDCl3 16.49 14.72 11.30 11.63 9.13 421
CDCl; (240 K) 16.53 14.65 11.24 11.64 9.40 4.33
THF-dg 16.84 15.20 11.73 11.80 9.38 4.31
CDsCN 16.63 15.00 11.47 11.62 8.98 4.31
DMSO-ds 10.23 4.57
6c¢/7c CCly 16.11 14.60 (br) 10.70 10.82 8.62 3.80
CDCl3 16.45 10.86 11.09 8.96 4.30
THF-dg 16.70 11.09 11.20 9.30 4.42
CDsCN 8.76 441
DMSO-ds 10.35 4.71
6d/7d CCly 15.52 13.90 8.89 9.20 6.61 3.51
CDCl3 15.77 14.00 9.12 9.46 7.00 4.01
THF-dg 16.10 14.59 9.50 9.63 7.16 4.03
CDsCN 16.02 14.36 9.28 9.53 6.88 4.04
DMSO-ds 7.93 4.27
6el7e CCly 15.69 13.98 9.07 9.45 6.64 3.47
CDCl3 15.89 14.06 9.33 9.75 7.07 3.99
THF-dg 16.27 14.68 9.71 9.90 7.11 3.98
CDsCN 16.15 14.43 9.51 9.80 6.84 3.99
DMSO-ds 7.67 4.34
6f/7f CCly 15.03 14.64 11.14 10.86 8.53 3.77
CDCl3 15.38 14.78 (br) 11.29 11.15 8.88 4.31
THF-dg 15.54 15.27 11.69 11.26 9.18 4.43
CDsCN 15.45 15.02 11.42 11.10 8.74 4.41
CDsCN (255 K) 15.47 14.94 11.36 11.08 9.00 4.47
DMSO-ds 10.15 4.68
6g/7g CCly 15.18 14.81 11.28 11.02 8.86 3.99
CDCl3 15.52 14.94 (br) 11.53 11.32 9.05 4.36
CDCl; (240 K) 15.58 14.90 11.43 11.35 9.33 ov
THF-dg 15.79 15.47 11.87 11.44 9.38 452
CDsCN 11.62 11.28 8.92 4.46
CD3CN(240K) 15.66 15.14 11.57 11.29 9.25 4.55
DMSO-ds 10.29 4.74
6h/7h CCly 15.01 10.88 10.40 8.71 4.03
CDCl; 15.39 11.06 10.75 8.89 4.43
CDCl3 (240 K) 15.55 14.98 10.93 10.75 9.39 ov
THF-dg 11.37 10.76 9.33 ov
THF-ds (240 K) 15.75 15.60 11.25 10.81 9.71 4.79
CDsCN 15.56 11.19 10.65 8.68 4.57
DMSO-ds 10.45 4.89
6i/7i CCly 14.60 14.14 9.10 8.90 6.64 ov
CDCl3 14.88 14.20 9.30 9.20 6.90 411
THF-dg 15.16 14.76 9.68 9.34 7.19 4.22
CDsCN 15.07 14.52 9.47 9.28 6.91 4.22
DMSO-ds 14.64 9.29 8.01 4.44
6j/7j CCly 14.78 14.23 9.30 9.15 6.63 3.64
CDCls 15.03 (t) 14.27 (br) 9.54 9.48 6.92 4.07
CDCl; (240 K) 15.00 14.18 9.47 9.49 7.04 4.16
THF-dg 15.34 14.88 9.92 9.62 7.09 4.17
CDsCN 15.21 14.62 9.72 9.53 6.76 4.13
CDsCN (240 K) 15.24 14.55 9.63 9.56 6.92 4.18
DMSO-ds 14.70 9.54 7.79 451
6k/7k CCly 14.27 14.81 11.25 10.59 8.41 b
CDCl3 14.62 14.95 (br) 11.43 10.91 8.82 4.38
THF-dg 14.71 15.33 (br) 11.81 10.96 9.24 4.64
CDsCN 14.55 15.15 11.60 10.82 8.71 4.55
CDsCN (240 K) 14.48 15.03 11.49 10.75 8.98 4.61
DMSO-ds 10.85 10.21 4.84
6l/71 CCly 14.40 15.03 11.43 10.73 8.79 4.07
CDCl3 14.75 15.12 11.59 11.07 8.73 4.42
CDCl; (240 K) 14.79 14.99 11.46 11.08 9.22 4.58
THF-dg 14.87 15.54 12.00 11.12 9.39 4.69
CDsCN 14.66 15.32 (br) 11.76 10.97 8.85 4.59
DMSO-ds 10.34 4.90
6m/6m CCly 14.23 15.30 (br) 11.11 10.11 8.61 4.13
CDCl3 14.60 15.34 (br) 11.26 10.47 8.79 4.53
CDCl3 (240 K) 14.61 15.26 11.14 10.50 9.73 4.76
THF-dg 14.65 15.76 11.53 10.51 9.37 4.86
CDsCN 14.55 15.60 11.34 10.35 8.64 4.75
DMSO-ds 10.54 5.09
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Table 2 (Continued)

JOC Article

doH, ppmM OnH, PPM OnH, PPM Och,® ppm
compd solvent E-enol Z-enol E-enol Z-enol amide amide
6n/7n CCly 13.91 14.36 9.29 8.70 b b
CDCl; 14.22 14.42 9.54 9.05 6.87 4.20
CDClz (240 K) 14.20 14.29 9.41 9.05 7.03 431
THF-dg 14.37 14.95 9.91 9.12 7.24 4.38
CDsCN 14.22 14.69 9.65 9.04 6.79 4.32
DMSO-ds 14.64 9.11 8.11 4.61
60/70 CCly 14.07 14.44 9.50 8.93 b b
CDClz 14.34 14.45 9.72 9.28 6.87 4.13
CDCl3 (240 K) overlap Z-enol 14.26 9.55 9.23 6.95 4.19
THF-dg 14.53 15.03 10.10 9.38 7.13 4.37
THF-dg (240 K) 14.88 15.06 9.89 9.28 7.47 4.45
CDsCN 14.35 14.75 9.89 9.28 6.76 4.29
CDsCN (255 K) 14.32 14.70 9.83 9.28 6.82 4.36
DMSO-ds 14.73 9.34 7.90 4.68
9a/10a CDClz 7.58 8.83 4.33
CDCl; (240 K) 13.34 8.09 9.59 4.57
9b/10b CDClz 7.92 9.12 4.46
CDCl; (240 K) 13.45 8.51 9.78 4.64
9c/10c CDClg 7.98 9.01 4.45
CDCl; (240 K) 8.66 9.91 4.65
9d/10d CDClz 13.07 5.58 6.53 3.98
CDCl; (240 K) 12.99 5.66 6.91 4.17
12a/13a CDCl; 8.78 3.79
12b/13b CDClz 9.04 3.91
12c/13c CDClz 8.84 3.98
12d/13d CDClg 6.67 3.56
12e/13e CDCl; 6.66 3.47
17al/18a CCly 15.95 13.30 10.34 11.22 8.52 ov
CDClz 16.21 13.57 10.59 11.44 8.82 4.39
THF-dg 16.47 (br) 14.03 (br) 10.96 11.59 9.28 4.45
CDsCN 10.77 11.40 8.66 4.50
DMSO-ds 10.22/10.17 4.82
17b/18b CCly 16.14 13.47 (br) 10.51 11.39 8.74 3.97
CDCl; 16.39 13.73 (br) 10.77 11.62 8.96 4.36
THF-dg 11.15 11.78 9.52 4.65
CDsCN 10.96 11.60 8.84 4.56
DMSO-ds 10.38 4.88
17c/18c CCly 15.46 (t) 12.92 8.40 9.28 6.42 ov
CDClz 15.67 (t) 13.16 8.72 (d) 9.56 (d) 6.75 (d) 4.19
THF-dg 15.95 13.62 9.01 9.68 7.25 (d) 431
CDsCN 15.79 13.41 8.90 9.57 6.72 4.26
DMSO-ds 8.11/8.03 (d) 4.58
17d/18d CCly 15.63 13.00 8.59 9.53 6.47 3.65
CDCl; 15.75 13.19 8.89 9.77 6.73 4.10
THF-dg 16.12 13.71 9.22 9.94 7.09 4.29
CDsCN 15.94 (br) 13.46 (br) 9.13 9.85 6.63 4.23
DMSO-ds 7.87 4.64
17e/18e CCly 14.99 13.53 10.57 10.92 8.48 ov
CDClz 15.24 13.70 10.75 11.15 8.45 ov
THF-dg 15.40 14.19 11.09 11.25 9.32 4.65
CDsCN 15.28 13.94 10.91 11.08 8.61 4.60
DMSO-ds 10.29 4.97
17f/18f CCly 15.16 13.70 10.74 11.08 8.28 ov
CDCl; 15.39 13.86 10.93 11.31 8.62 ov
THF-dg 15.64 14.26 (br) 11.28 11.42 9.45 4.69
CDsCN 15.38 14.09 11.10 11.26 8.75 4.64
DMSO-ds 10.42 5.03
179/18g CCly 14.55 13.14 8.65 (d) 9.01 (d) b b
CDClz 14.78 13.28 8.89 9.29 6.48 ov
THF-dg 15.05 13.76 9.22 9.41 7.32 (d) ov
CDsCN 14.92 13.54 9.09 9.31 6.71 4.37
DMSO-ds 9.16 (br) 8.20 (d) 4.74
17h/18h CCly 14.74 13.23 8.85 9.28 6.71 ov
CDClg 14.90 13.32 9.06 9.52 6.47 ov
THF-dg 15.21 13.84 9.42 9.67 7.19 4.46
CDsCN 15.01 13.59 9.27 9.56 6.62 4.36
DMSO-ds 7.97 4.80

agyv: overlaps another signdlThe signal is too weak to be observed.

0.02, and—0.01 + 0.03 ppm for three or four cases for the The magnitude of the temperature effect in THfwas larger,
E-enol OH,Z-enol OH,E-enol NH, andZ-enol NH, respectively.

but only two compounds were studied.
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TABLE 3. Selected®C NMR Data for Several Enol/Amide Systems in CDC§2
compd solvent T (K) species () Cu ACH,0-PQ? COR
6a/7a CDCl; 298 amide 54.2 158.7 54.4 166.2
6b/7b CDCl; 298 amide 54.41 158.9 54.42 166.2
6d/7d CDClg 298 E-enol 60.4 172.0 52.3 174.7
Z-enol 58.3 170.9 52.8 170.0
amide 160.0 54.20, 54.13 166.1
69/7g CDCl3 298 E-enol 61.81 171.9 52.69 172.4
Z-enol 60.43 170.8 53.16 167.5
amide 53.96 158.2 54.61, 54.54 164.0
6i/7i CDCl3 298 E-enol 60.85 170.93 52.32 172.09
Z-enol 58.46 171.98 52.85 167.31
amide 58.24 159.24 54.29, 54.22 163.92
6k/7k CDCl; 298 E-enol 62.4 171.2 52.70 170.1
Z-enol 59.8 170.7 53.15 165.4
61/71 CDClg 298 Z-enol 60.24 170.93 53.20 165.46
6m/7m CDCl; 240 E-enol 173.2 169.9
Z-enol 61.5 1721 53.7 165.2
amide 158.9 162.9
6n/7n CDCl; 240 Z-enol 57.57 170.17 53.16 164.91
9b/10b CDCl; 298 amide 39.2 156.4 55.4,55.3
9d/10d CDClg 298 amide 39.2 156.9 55.4,55.0
12a/13a CDClg 298 amide 48.3 158.5 54.3
12¢/13c CDCl; 298 amide 47.4 160.2 54.4
12e/13e CDClg 298 amide 48.3 159.4 54.0
17a/18a CDClg 298 Z-enol 59.57 169.79 63.20 169.14
E-enol 61.16 171.59 62.41 174.39
amide 54.44 157.78 63.47,63.30 165.35
17e/18e CDClg 298 Z-enol 59.89 169.86 62.86 166.80
E-enol 61.81 171.14 62.52 171.82
amide 54.18 158.20 162.44
179/18g CDCl3 298 Z-enol 58.43 170.16 62.41 166.69
E-enol 60.55 171.47 61.99 171.69
6j/7] CCly 298 E-enol 61.4 172.8 51.5 171.83
Z-enol 58.66 171.77 52.0 166.8
amide 53.51 158.1 53.43 166.8
CDClg 298 E-enol 61.3 173.0 52.45 172.3
Z-enol 58.9 171.9 52.96 167.6
amide 54.2 159.1 54.42,54.29 164.1
THF-dg 298 E-enol 61.6 173.4 51.21 172.6
Z-enol 58.7 172.3 51.92 167.2
amide 53.65 159.4 53.18, 53.06 163.6
DMSO-ds 298 amide 53.2 160.6 54.1 163.8
60/70 CCly 298 E-enol 61.6 172.3 51.5 169.6
Z-enol 58.6 171.7 52.1 164.8
CDCl3 240 E-enol 60.7 171.9 52.7 169.6
Z-enol 58.0 1711 53.1 165.1
THF-dg 240 Z-Enol 57.9 171.8 52.1 165.0
CDsCN 255 Z-enol 57.1 171.3 52.1 164.6
amide 52.2 158.9 53.5,53.4 161.8
DMSO-ds 298 Z-enol 58.6 171.8 52.9 163.8
amide 52.8 159.9 54.2,54.1 162.3
17d/18d CCly 298 E-enol 59.89 172.74 61.60 173.84
Z-enol 57.88 170.92 62.05 168.24
amide 54.09 157.71 62.95, 62.51 165.04
CDCl; 298 E-enol 60.15 172.89 62.29 174.42
Z-enol 58.31 171.10 62.73 169.34
amide 54.83 158.63 63.40, 63.07 165.46
THF-dg 298 E-enol 60.58 173.27 61.68 174.66
Z-enol 58.37 171.55 62.21 168.85
amide 54.41 159.83 63.07, 62.84 164.62
CD3CN 298 amide 54.52 159.99 62.96, 62.72 164.86
DMSO-ds 298 amide 54.20 160.61 62.93, 62.67 164.91

aSome signals are missing due to too weak intensity or to a difficulty in identificatian= H or CF.

(9) The range of thé(NH) signal for the amides is mostly ~ were (CR),CH > CRCH, > CHs.>7 The values of(OH) and
DMSO-ds > THF-dg > CDClz > CCly. In ppm for N-Ar O(NH) followed these values. In the present systems where
compounds it is at 8.289.52 (in DMSOés 10.09-10.54) and O=P(OMe) and G=P(OCHCFs), groups are present the
for N-alkyl compounds 6.427.47 (in DMSOds 7.67 — 8.20). changes i values are not monotonous, and hence, we present

How can the configuration of each group of species be them in Table 2 according to ttieand theZ species to which
deduced from these data? This was easy for s8@esl4 where they belong, and the reasoning for this is given below.
the orders of increased electron withdrawal of the ester R groups The two geometric isomers to be considered ardttsmers
and the decreasing hydrogen bond accepting abilities (E-21—E-25) and theZ isomers Z-21—Z-25). As in previous
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TABLE 4. Selected®®F and 3P NMR Data of All Enol/Amide substituent R. Qualitatively, the data suggest that the relative
Systems at 298K order changes when the number of fluorine atoms in the ester
19F NMR in CDCk 31p NMR in CCly (series a) or in the phosphonate (series d) group changes. The

compd E-enol Z-enol amide E-enol Z-enol amide presence of two hydrogen bonds ?n each enol complicates the
6al7a 2610 33.36  17.00 issue. The easiest way to unequivocally evaluatea(@H.)
6b/7b 2584 3329 16.92 values of both the £0O---H—0 and the P=O---H—N bonds in
6cl7c 2495 3196 1571 our system would be to obtain the values for compout®tse
6d/7d 26.55 33.87 17.21 (series c¢) where both hydrogen bonds are present simultaneously.
6el7e 26.81 34.15 17.46

6t/7f —74.81 —74.78 —74.41 24.05 31.47 16.3 O---H

69/79 —748 —7477 —74.4 23.79 3142 1622 / \

6h/7h —74.85 —74.81 —74.52 22.94 3029 15.34 (MeO),F Y

6il7i —749 —74.87 —745 2453 31.87 16.37 2

6j/7] —74.89 —74.86 —74.48 24.64 3212 15.60

6k/7k —74.25 —73.81 (m) 22.62 30.09 15.57

61/71 —74.27 —73.85 22.33 30.07 1543 o

6m/7m —74.24 ~73.87 2152 2917 14.90 (Me )ZP\ N—X

6n/7n —74.34 —73.89 22.89 30.38 15.69 \

60/70 ~74.32 ~73.88 23.06 30.66 16.00 0----H

9a/10& 13.64 3

9b/10L7 13.34

9c/10¢ 12.18 ) _

9d/10ck 14.19 Since the &-P(OMe) group is a better hydrogen bond

12a/13& 17.57 acceptor than a CfMe groupg?® (see below), we assumed that

gb//gg 12-33 the doubly G=P(OMe)-activated systems3will show a higher

123/13@ 1781 Kenol than the doubly activated GBle system3, Rl = R2 =

12e/13@ 18.05 Me, which show ca. 7% enol in CD@lvhen X= Ph# However,

17a/18% —75.90 —75.88 —76.16 26.05 31.92 17.01 the IH NMR spectra of all the fivel2a—e/13a-e systems in

17b/18% —75.93 —75.91 -76.22 2578 3179 16.89  CDCl; at either 298 or 240 K displayed no sigrmall0 ppm.

17c/18¢ —76.01 —75.98 —76.23-76.24 26.50 32.41 17.14 e ; ; ;
17d118¢ —7594 —7591 —76.16-7617 2671 3263 17.33 The possibility that the OH is lost in the baseline due to a

17e/188 —76.02 —76.00 —76.19 2428 302 16.06 coalescence process as found f8€C(CN)CO:Me activated
17f/180 —76.04 —76.01 —76.21 24.03 30.08 1593  system8is excluded since the signal should then be observed
17g/18§ —76.18 —76.13 2464 30.61 16.20 at the lower temperature, in contrast to the observation.
17h/18tF —76.15 -76.12 —76.29 2488 3087 1650  Moreover, in thel3C NMR C/H coupled spectra of all five
17e/186 —74.92 —74.86 —74.75
17118F —74.94 —74.87 —74.48 systems, the g£carbon at 47.448.4 ppm appears as a doublet
17g/18§ —75.06 —75.01 —74.61 of triplets due to coupling with both the geminal hydrog&lz
17h/18KF —75.04 —74.99 —74.59 = 135.1-135.5 Hz) and the geminal phosphortikf= 127.5-

a|n CDCl. ® §(CFs) of the O=P(CQ,CH,CFs)2 group.© §(CFs) of the 129.1 Hz). No vinylic carbon was observed. Likewise, tHe
CO,CH,CF;s group. NMR spectra displayed only one signal at 16-47.81 ppm.

Consequently, all systems display exclusively the amide struc-

studies, the intramolecular hydrogen bondingsQz:-H—0 and tures12a—e in solution. This is also the solid-state structure.
P—0O-H-0O and C=O--H—N and P=O---H—N H-bonds X-ray diffraction of12d/13d showed the amid&2d. Its CIF is
should be very important in determining the configurations. A N the Supporting Information. o ,

priori, the latter two N-H-+-O H-bonds are weaker than the We ascribe the absence al2% (the_llmlt of detection) of
O—H--+O bonds. A previous observation was that the stronger 1€ €nolsL3to the fact that the two gemina€P(OMe} groups

the bond, the higher is the correspondingalue (i.e., at alower ~ Créate atoo sterically congested situation for generating the enol
field). Another observation is that a bond to a certain ester group " Which both groups should preferably be in the same plane.
in 3 has a nearly constart(OH) regardless of the second This is reflected in the calculated structure of ehdb (Figure

Nt 7b 3) which clearly show that the two=€P(OMe) groups are
activating ester group: above and below tireeC(OH)NHPhH plane; i.e., the double bond
O---H O---H is twisted and the conjugation necessary for the enol formation
// \ \ (eq 1) is reduced.
(R'O)R N—X RO N—X Based on the observation in systeBsandZ-3 that 6(OH)
for a O—H---O=C-OR hydrogen bonding is nearly constant
when R is constarttput that it is reduced by ca. 1 ppm when
RO o (RO),P o R changes first for Me—~ CFCH, and then further by ca. 0.7
/ \\ / ppm for the change GEH, — (CF;),CH, we expect a similar
O----H O----H change i (OH) for the21 — 22 — 23 (or 24— 25) changes,
E-21 R=Me, R =Me 721 provided that the &P(OR), group has a minor influence on
E-22 R=CF;CH,,R'=Me zZ-22 this hydrogen bond. This was indeed found for the assigned
E-23 R=(CF3),CH, R'=Me Z-23 E-enol, where the change R Me — CRCH, — (CFs),CH
E-24 R=Me, R'=CF;CH, Z-24 [E-21— E-22— E-23] result in corresponding average changes
E-25 R=CF;CH,, R'=CF;CH,  Z-25 in 6(OH) of 1.02-0.83 ppm forN-Ar and of 0.92-0.76 ppm

for N-Alk substituents (Table 5b). The changesd§OH) for
The question for our systems concerns the relative strengths

of P=0---H—0 vs C=0---H—0 bonds as a function of the (18) Modro, A. M.; Modro, T.Can. J. Chem1999 77, 890.
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TABLE 5. (OH) and 8(NH) Differences

(a) Maximum Solvent Effect on the Values

O0(OH, THF-dg) — 6(OH,CCl) O(NH,THF-dg) — 6(NH,CCly)
compd E z E z
7 0.42-0.65 0.46-0.70 0.39-0.64 0.370.47
18 0.41-0.52 0.49-0.71 0.52-0.63 0.33-0.41
(b) Differences as a Function of the Ester Group
AJ(OH,E-enol) AJ(OH,Z-enol) AJO(NH,E-enol) AO(NH,Z-enol)
N-sub- o(7a—€) — o(7f=j) — o(7Ta—e) — o(7f—j) — o(7a—e) — o(7f=j) — o(7a—€) — o(7f=j) —
stituent o(7f—)) 0(7k—0) o(7f—j) o(7k—0) o(7f—)) o(7k—o0) o(7f—)) O(7k—o0)
Ar range 0.95-1.09 0.76-1.01 —0.17 to —0.07 to —0.16 to —0.23to 0.25-0.37 0.24-0.32
—0.27 —0.28 —0.27 —0.11
avg (no. 1.02+0.04 0.83+0.07 —0.21+0.02 —0.16+0.08 —0.21+ 0.04 —0.16+ 0.03 0.32+0.04 0.28+0.03
of pairs) (11) (10) ) 8) (10) (12) (12) (12)
Alk range 0.86-0.95 0.66-0.86 —0.16t0—0.25 —0.13t0—0.22 —0.16t0—0.24 —0.17t0—0.24  0.26-0.30 0.15-0.25
avg (no.  0.92+0.02 0.76+0.07 —0.20+ 0.03 —0.194+0.03 —0.21+ 0.02 —0.20+ 0.02 0.27+£0.02 0.22+0.02
of pairs) (® (C)] (C)] (®) (® (® (8 (C)]
(c) Differences betweeB- andZ-Enols
AO(OH)(E-enol — Z-enol) AJ(NH)(E-enol — Z-enol)
N-sub-
stituent Ta—e 7] 7k—o0 18a-d? 18e-h2 Ta—e 7] 7k—o0 18a-d2 18e-h2
Ar range 1.5+1.78 0.270.60 —0.33to 2.33-2.67 1.2+158 —0.09to 0.14-0.54 0.52-1.02 —0.63to —0.14 to
—1.11 —0.44 —-0.94 —0.46
avg (no. 1.63+0.07 0.42+0.10 —0.59+0.30 2.53+0.10 1.42+0.08 —0.21+0.10 0.36+0.11 0.79+0.13 —0.77+0.11 —0.29+0.10
of pairs) 9) @) (12) (13) (16) (11) (12) (12) (16) (16)
Alk  range 1.5%+1.83 0.46-0.76 —0.20t0—0.58 —0.13t0—0.42 0.06-0.34 0.44-0.79
avg (no. 1.68+0.08 0.56+0.09 —0.39+0.12 —0.29+£0.07 0.19+0.07 0.60+ 0.08
of pairs)  (8) ) (8) (8) (8) ®)
(d) Differences between Systemsnd18
AS(OH) (Z-enol) AJ(NH) (E-enol)
o(7a—e)P — o(7f=j)c — o(7a—e)P — o(7f=j)e —
0(18a—d) 0(18e-h) 0(18a—d) 6(18e-h)
range 0.841.14 0.92-1.21 0.18-0.61 0.38-0.60
avg (no. of pairs) 0.98 0.06 (13) 1.04+ 0.06 (16) 0.47:-0.08 (16) 0.50+ 0.06 (16)

2|ncluding all four N-substituents? Excluding 7c. ¢ Excluding 7h.

and—0.13+ 0.02 ppm, respectively, supporting this conclusion
for both O—H--:O=C—OR (R= Me, CRCH) hydrogen bonds.
This applies to all solvents studied, although the differences in
CCl, are smaller £0.06 + 0.01 and—0.04 + 0.01, respec-
tively).

The 6(NH) for the Z-isomers should behave similarly since
the NH is hydrogen bonded to the<€C—OR. They are 0.32
(0.27) and 0.28 (0.22) ppm fax-Ar(N-Alk) groups for the
changes in R of Me~ CRCH,; — (CFs).CH, Z-21 — Z-22 —
Z-23 (or Z-24 — Z-25). The differences resemble the related
changes in systen®&and4.5.7ab

By a similar argumenty(OH) of the Z-enols and)(NH) of
the E-enols should also be nearly constant since in both there
are identical G-H---O=P(OMe)} and N-H-:--O=P(OMe)
F|GURE 3. Sideview of the BSITYP/G-SlG**-CaICUIated StrUC.tUre of hydrogen bonds in Serigs provided that the CeR group does
13bwhich shows the nonplanarity of the $#P(OMe}],C=C moiety. not influence thed(OH). However, bothy(OH,Z-enol) andd-

System4 for the Me— CRCH, — (CF3)2CH Changes are ca. (NH,E-enoI) increase by ca. 0.20 ppm for each of the Changes
1.0 and 0.75 ppm, respectivé?From this analogy in solution =~ Me — CRCH; — (CR;).CH in R. This secondary effect which
the E-enol is the one with ©H---O—=C-OR hydrogen bond with is still unclear, may arise from transmitting the EW effect of R
the & values assigned to it in Table 2. Further support arises group through €&C double bond.

from comparison of the analogous systerrend18 (E-21 and The reduction of thé(OH) values of thez-enol by the Ckg
E-24 andE-22 and E-25). For theE-enol theAd(OH) values groups should be more pronounced on reducing the basicity of
are negligible, indicating that the OH is not bonded to the the hydrogen-bonded=FO, when the MeO groups of are
P=0 group, since)(OH) for 18 in which the P=O group is a replaced by the GIEH,O groups of18. Indeed, a significant
weaker hydrogen bond acceptor thashould have been lower  average decrease of 0.98 and 1.04 ppm for the change when R
than for7. Moreover, these differences apply for both it8a— of the CQR is Me or CRCH, was found. For the weaker
d/7ab,d,e and thel8e—h/7f,g,i,j pairs which are-0.12+ 0.02 N—H---O=P hydrogen bond of thE-enol the effect should be
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significant but smaller, and values of 0.47 and 0.50 for Me and
CRsCHy, half of those given above were found f6(OH E-
enol) anddé(NH,Z-enol) were observed.

13C, 19F and 3P NMR Data. (a) 13C Data. Selected'3C
NMR chemical shifts are given in Table 3. The relevant signals
are G and G, of the E- andZ- enols and the amide, the Gl
the (RO),PO group and the ester carbonyl. Thevalues are
given only in CDC} for several compounds, except for three
systems for which the values are given in five solvents in order
to demonstrate the solvent effect. The full data are provided in
Table S2 of Supporting Information.

JOC Article

negatived(F) values is amide (less negative)Z-enol > E-enol.
The differences between the two enols are small, between 0.02
and 0.07 ppm.

For the hexafluoro derivative8k—o/7k—o0 only two signals
are observed in all solvents except DM$i©due to overlap of
the E-enol andz-enol signals. Thé(F) values for the amides
are less negative. In the-H coupled spectrum all signals are
split to doubletsJur = 4.9 — 7.2 Hz) by the methine hydrogen.
For 61/7] two amide signals are observed in the non-coupled
spectra in DMSGds (see above), which appear as multiplets in
the coupled spectrum. As in the NMR spectrumpn—o/7n—o

The amide is recognized by its CH signal which appears at display theZ-enol signals in DMSGls, as well as traces of

the narrow range of 52:254.4 ppm in CDCJ (52.0-54.83 ppm

in all solvents) and in the C/H coupled spectra as a doublet of

doublets due to both€H and C-P coupling {Jcy = 127.9-
133.4 Hz,YJcp =120.8-136.6 Hz for6/7 andJcp = 129.4-
141.3 Hz forl7/18. In contrast, the enol Owhich appears at

Z-7k and Z-71.

The d(F) values are less negative for the hexa-F than for the
tri-F of the three species.

For systemd 7a—d/18a—d there is only one type of fluorine
signal in the (CECH,O),P=0 group. Forl7e-h/18e—h there

56.8-64.2 ppm, is easily distinguishable since it appears as aare two types of fluorine signals, for lCH,0),P=0 and G-»-

doublet, being coupled to the P withld.p = 201—211.8 Hz
for 6/7and 212.1222.1 Hz forl7/18 TheN-substituent effect
on 6(Cp) is GsFs > Ph> p-An > Alk. C, of the enols appears
as a doublet at 170.2-173.8 with 2Jcp = 16.3-20.3 Hz.
ConsequentlyAq s, Which may be regarded as a crude measure
of the polarity of the “G=C” bond of the enol (cf. structure
1b) is >113 ppm, a value higher than that found for the
corresponding diester system®.cThe amide N\C=O signal is

a doublet atd 157.4-161.5 ppm with2cp = 4.5-6.4 Hz.
Assignment of signals to the- and Z-enols is based on their
relative intensities and comparison with the intensities in the
IH NMR spectra. Consistently,4CC,, andCO,R of theE-enol
are at a lower field than for th&-enol, and this feature can be
used as diagnostic. For,Ghe differences are 1.8 0.2 for
7c—o and 1.5+ 0.3 for 18a—g. For G the differences are 2.3
+ 0.3 for 7c—0 and 1.8+ 0.1 for 18a—g and for 6(CO.R)
they are larger, being 448 0.1 ppm for7c—o and 5.13+ 0.10
for 18a—g. We ascribe these differences to the strongeHo
++O=C hydrogen bond to C4R in theE-enol than in the weaker
N—H---O=C hydrogen bond in th&-enol. This is supported
by the opposite differences in ti#éP NMR (Table 4) where
0(31P) is higher by 6- 7.5 ppm for thez-enol where the £0

is hydrogen bonded in the strongefr-@---O=P hydrogen bond
than in theE-enol with the N-H---O=P bond. This is due to
electron-withdrawal by the hydrogen bond from the= (M=

CH,OCO. The values for the former group Iva—h/18a—h
are more negative than those for the latter one@finj/7f—j.

(c) 3P NMR Data. Selected’P NMR data in CG{ only are
given in Table 4 based onsAO, as a reference. The complete
data are in Table S3 in the Supporting Informatiéf® NMR
is a better quantitative probe tha?iF NMR since the signals
are much better separated. Indeed, the relative integration of
the31P signals is closer in most cases to those oftRespectra
than to those of théH NMR spectra (Table S4). The three
signals observed in most cases were identified by their integra-
tion and splitting pattern in the HP coupled spectrum. In the
6/7 series thed(P) signal of thez-enol appears at the lowest
field of 29.17— 34.78 ppm in CD{ (28.92— 35.04 ppm in
all solvents), followed by thé&-enol signal at 20.38- 27.73
ppm as an heptet fd@/7 or quintet for17/18 due to coupling
with the two MeO groups. For the amidgP) is at a higher
field of 12.62-18.67 ppm. Thex-H-coupled signals display a
nine-line multiplet for6/7 and eight-line multiplet forl7/18
due to overlap of few lines. The difference in ppxd = 6(Z-
enol)— 6(E-enol) is appreciable, and slightly increase with the
increase in the number of fluorine atoms in the ester group.
For7a—eitis 7.15+ 0.19, for7f—j itis 7.32+ 0.12 and for
7k/70 it is 7.59 + 0.19. In the (CECH,0),P=0-substituted
systemsl8, the differences are smaller and within the combined
experimental errors: 5.92 0.04 for18a/18dand 5.99+ 0.03

C, P), which increases with its strength. The ester CO signalsfor 18e/18h

are at a lower field than the amide signals. T&;0OPO signals
of 6 are at the same region as the amide CH, and the &&H
CF3;CH,OPO 0f17is at lower field than the amide CH. In the

The Cyano-Activated Systems The four cyano-activated
systems9a—d/10a—d were analyzed byH NMR spectra. At
298 K in CDCE the lowest field signals were for the amides:

uncoupled spectra these signals of the amide appear mostly agt g g3-9.12 ppm when %= Ar (9a—c) and at 6.53 ppm for X

two doublets in6 or as two quartets of doublets i (3Jcp =
ca. 6.7 Hz). The doubling of the signals is ascribed to the C

= t-Bu (9d). The amides were the major species as judged from
their CH signals. In addition, small signals at 75898 ppm

chiral center and helps in unequivocally assigning these signals(10a-c) and 5.58 ppm¥0d) with 0.9—-7.1% intensities of the

to the amide.
(b) %F NMR Data. Selected(*°F) NMR values in CDQ

amide signals were observed. On cooling to 240 K, these signals
shifted to 8.09-8.66 and 5.66 ppm, and small new signals

using CFC4 as the reference are given in Table 4. The complete (except for9c) with identical intensity appeared at ca. 13.4 ppm.

data are in Table S3 in the Supporting Information. In the
noncoupled spectrum of the trifluoro derivativéfs-j/7f—j three
singlets are observed in all solvents, except for DM&OM
DMSO-de, only one signal, for the amide, is observed, except
for 6i—j/7i—j where traces of th&-enols were also observed.
In the H—F coupled spectrum all signals are tripletd¢ =
7.2—-10.9 Hz). The signals are identified by comparison with
the relative integrations in thé1 NMR data. The order of the

In analogy with other systems we ascribe the new low field
signal to an enolic OH, and the higher field signal to the NH of
the enol. The assignment is corroborated by*#ReNMR spectra
which display one small broad signal forXPh,p-An and an
heptet 8Jpp = 11.57 Hz) for X= CgFs at a low field of 27.58-
28.97 ppm, with intensities of 3-77.3% of the intensity of the
main amide specie8a—c at 12.84-13.64 ppm (d of heptets,
2Jup = 24.25-24.96 Hz 2Jyp = 11.44-11.68 Hz). Thé'H and
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31P NMR spectra enable calculation fno values at 298 K of
0.01-0.08 in CDC.

Thet-Bu derivative9d/10d already shows at 298 K in CD¢I
or in 2:1 CCl/CDClI; a broad signal at 13.22 ppm with 6.5%

Song et al.

(CRCH0),P=0 groups is also appreciable: by 8.55-fold
in CDCl; and by 4.9-6.1-fold in CCl, THF-dg, and CXCN.
The change caused by introducing six fluorine atoms in the
phosphonate group is shown by compariig values for

intensity of the amide signal at 6.53 ppm, as well as a signal of corresponding compounds in seri@3 and 17/18. Kenol (17/
the same intensity at 5.58 ppm. On lowering the temperature 18) > Kenoi (6/7) when R is Me (CECH;) by average values of
the low field signal sharpens. Both signals were ascribed to the 9.0 (4.3) in CCJ, 10.3 (10) in CDG4, 2.5 (1.7) in THFég and

enol10d. In the3P NMR spectrum a signal at 29.97 ppm (hept,
3Jpn = 11.66 Hz) with 6.6% of the intensity of the amide signall
at 14.19 ppm (d of hepBlpy = 24.57 Hz,3Jy = 11.65 Hz)
was observed.

The less sensitivéC NMR spectra in CDGl had shown
signals consisting only with the amidestructures. The CH
carbons at 38:539.2 ppm were doublets of doublets due to
coupling with both the geminal hydrogen and phosphotiis:(
= 135.1-135.5 Hz,%Jcp = 127.9-129.1 Hz).

5.0 (3.1) in CCN. The increase ifKenol ON increasing the
number of fluorine atoms in the carboxylic ester or the
phosphonate ester fit the expectation of higher % enol with
higher electron-withdrawal by the activating Y,§roups. The
effect is smaller in the phosphonate ester (despite the six fluorine
atoms) than by a carboxylic ester. Tentatively, the steric
hindrance of the former group offsets the EWG effect. The small
effect in THFdg may be connected with its hydrogen bonding
ability.

The behavior of the cyano-activated systems resembles that The Very lIowKeno values of the CN phosphonate systems
of some (CN)CGR activated system&-4 with N-Ar = Ph or in CDCIl; apparently contrast the hlgher activation of a
p-BrCeHs, in the absence of an enolic OH signal at rt and its (MeO}P=0O than of a C@Me group in other systems. The
appearance on coolif§The reason for this may be an exchange 'arger steric effect for (MeQP=0O suggested above for the
(and coalescence of signals) of the amide and the enol at rt.absence of enols3in solution, although (Me@C),C=C(OH)-
However, these systems are fully enolic both in the solid state NHPh is observable in CDgf may partially account for the

and in solution. Apparently, the activation by a single (Mg8)
O group is lower than that of a G8le group when both appear
together with a CN group.

K enotand E/Z Values. Solvent and Substituent EffectsThe
enols/amide distributions and the deriviégho values ande/Z
ratios are given in Table 6 for all of the systems, exck}13

effect.

The N-aryl substituent effect for compound&4 gives a
Hammett logKenoi VS 0 correlation with a small negative slope,
i.e., electron-donating substituents increasg,K? For com-
pounds6/7 the effect is not large and less systematic. The
changes fron6—7f to 6—7h and from6—7k to 6—7m parallel

in all of the solvents studied. The ratios were determined by those for compoundé but for6—7ato 6—7cKenafirst decrease
integration of the NH signals, and occasionally of the amide and then increase again. For pairsNop-An andN-Ph in 17/

CH signals in théH NMR spectra, by integration of the three
31p signals, and when available of the thi&é NMR signals.
There is a close similarity (within 1%) in the product distribu-
tions derived from théH and3'P spectra, which is somewhat
better than with théF derived values since tH& signals are

18 Kenol is higher for the more electron donatipgAn.

For N-alkyl substituentseno(i-Pr) > Keno(t-Bu), andKenor
(i-Pr) is mostly the highest among all thesubstituted systems,
as found for system8 where forKene i-Pr > p-An > Ph3

TheZ-enol predominates in all the-7/Z-7 systems; i.e E/Z

less spread. The enols/amide ratios are averages of the two firstatios are<1. They decrease when R in GR® carries more
values, or of the three (in parentheses) values. The integrationsfluorine atoms, e.g., in CDGE/Z = 0.75 (N-Ph) and 0.58N-
for all compounds are given in Table S4 in the Supporting i-Pr) when R= Me, 0.33 (-Ph) and (0.30) N-i-Pr) for R=

Information.

CRsCH, and 0.16 K-Ph), and 0.13N-i-Pr) when R= (CFs),-

The three signals are observed for all systems, except for theCH. In each case the ratios are higher in the chlorinated than in

bisphosphonates?/13 where only the amidel2 were observed.
They were observed in all solvents except for DM&On
which mostly, but not always, only the amide signal was
observed.

The solvent effect for 17 out of the 23 systems for which
data are available in five solvents follow the order Ka¥,o of
CCly > CDCl; > THF-dg > CDsCN > DMSO-ds. This order
differs from the order o(OH) or 6(NH) at 298 K which is
THF-dg > CDsCN > CDCIl; > CCl, (Table 2)

Changing the substituent in the ester group of systéffs
causes a significant change kno. The amide is the major
species for the C@Me esters in all solvents, the enols
predominate in the less polar solvents for the,CB,CF; esters,

the more polar solvents. In contrast, #©+18Z-18 R = CO,-
Me theE/Z ratio > 1, but for R= CRCH, it is <1. The other
characteristic features are the same as foEH1#Z-7 systems.

There is a delicate balance between several effects to
determine the stability difference between theand Z-enols.
TheE/Z ratio in series/ is <1. When the (MeQP=0 groups
in 7 are replaced by the more EW (6FH,0),P=0 groups in
18 the O—H---O=P hydrogen bond irZ-18 become weaker
and the effect is more pronounced than on theHN--O=P
bond inE-18. Consequently, thE/Zratio increases and becomes
>1. For18e—h the same effect also increase & ratio over
that for 7a—e, but since R= CF;CH,, the E/Z value for 7f—j
is already lower than fora—e, and the increaseldl/Z value for

and the enols are the major species in all solvents , exceptl8e—h remains<1.

DMSO-ds for the CQCH(CF), esters. RoughlyKenoincreases

Relationship between the Stability of theE/Z Isomers and

by an order of magnitude when R in the ester changes from the Chemical Shifts.In compounds3 and 4 the order ofo-

Me to CRCHjy, and by a factor of 7 when R changes fromzCF
CH, to (CR;)2CH. The changes in loleno are roughly the same
but in the opposite direction, as thosedi{©H, ppm) for changes
in these R’s. Obviously, when th€eno is very high ¢100),

(OH) andd(NH) values as a function of R was the same as the
order of stability of the species and correlations were observed
betweend(OH) andd(NH) and Keno values? The higher the
0(OH), the higher theKeno value. This is not the case in the

the numbers and their ratios are very approximate, since apresent systems. Th®d(OH)(E-enol — Z-enol) values change

fraction of a percent change in one component chahGegs
enormously.

The increase ifKeno ON changing the substituent from=R
Me to CRCH, in the ester group for systenis/18 with the
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from high positive values of 1.68\Ar and N-Alk) for 7a—e

to 0.42 (N-Ar) and 0.56 N-Alk) for 7f—j to negative values of
—0.68 (N-Ar) and—0.39 (N-AIK) for 7k—o. Consequently, there
is an approximate additivity of ca. 1 ppm for addition of 3 and



Dialkoxyphosphinyl-Substituted Enols of Carboxamides

JOC Article

TABLE 6. Percentage ofE-Enol, Z-Enol, and Amide, Keno, and E/Z-Enol Ratio for the Amide/Enols at 298 K in Different Solvents$t

compd solvent E-Enol Z-Enol amide Kenol E/Z

6a/7a CCly 20.7 27.8 515 0.94 0.74
CDClz 4.35 5.85 89.8 0.11 0.74
THF-dg 4.0 7.5 88.5 0.13 0.53
CDsCN 0.6 1.2 98.2 0.018 0.50
DMSO-ds 100 <0.01

6b/7b CCly 13.8 23.9 62.3 0.61 0.58
CDClz 3.8 5.1 91.1 0.098 0.75
THF-dg 2.95 5.05 92.0 0.087 0.58
CDsCN 0.45 0.90 98.65 0.014 0.50
DMSO-ds 100 <0.01

6c/7c CCly 17.3 25.9 56.8 0.76 0.66
CDClz 4.20 5.75 90.05 0.11 0.73
THF-dg 1.35 4.35 94.30 0.06 0.31
CDsCN 0.35 1.05 98.60 0.014 0.33
DMSO-ds 100 <0.01

6d/7d CCly 18.4 34.1 47.5 1.11 0.54
CDClz 5.0 8.6 86.4 0.16 0.58
THF-dg 8.8 20.2 71.0 0.41 0.44
CDsCN 1.2 2.7 96.1 0.041 0.44
DMSO-ds 100 <0.01

6e/7e CCly 15.0 24.9 60.1 0.66 0.60
CDClz 3.45 6.0 90.55 0.10 0.58
THF-dg 5.3 12.2 82.5 0.21 0.43
CDsCN 0.8 1.55 97.65 0.024 0.52
DMSO-ds 100 <0.01

6f/7f CCly 19.6 (21.3) 70.4 (68.5) 10.0 (10.2) 9.0 (8.8) 0.28(0.31)
CDClz 13.35(14.5) 42.4 (41.5) 44.25 (44) 1.26 (1.27) 0.32 (0.35)
THF-dg 8.6 (8.7) 37.9(37.2) 53.5(54.1) 0.87 (0.85) 0.23(0.23)
CDsCN 2.25(2.5) 10.55 (10.6) 87.2(86.9) 0.15 (0.15) 0.21 (0.24)
DMSO-ds 100 <0.02

69/79 CCly 19.7 (20.4) 67.5 (66.6) 12.8 (13.0) 6.8 (6.7) 0.29 (0.31)
CDClz 12.7 (14.1) 38.9(38.1) 48.4 (47.8) 1.07 (1.09) 0.33(0.37)
THF-dg 6.25(7.1) 28.8 (28.6) 64.95 (64.3) 0.54 (0.56) 0.22 (0.25)
CDsCN 1.9(1.9) 8.2(8.3) 89.9 (89.8) 0.11(0.11) 0.23(0.23)
DMSO-ds 100 =<0.02

6h/7h CCly 17.2 67.5 15.3 (15.3) 5.53 (5.53) 0.25
CDCl; 11.0 (11.4) 37.1(36.4) 51.9 (52.2) 0.93(0.92) 0.30(0.31)
THF-dg 3.9(3.8) 28.0(28.7) 68.1 (67.5) 0.47 (0.48) 0.14 (0.13)
CDsCN 1.2 8.0 90.8 (90.5) 0.10 (0.10) 0.15
DMSO-ds 100 =<0.02

6i/7i CCly 19.6 (20.4) 71.9(71.2) 8.5(8.2) 10.8 (11.2) 0.27 (0.29)
CDClg? 14.85 (15.2) 48.7 (48.9) 36.45 (35.9) 1.74 (1.79) 0.30 (0.31)
THF-dg 11.0 (11.5) 60.0 (60.5) 29 (28) 2.45 (2.57) 0.18 (0.19)
CDsCN 4.8 (4.7) 22.9(23.1) 72.3(72.2) 0.38(0.39) 0.21(0.21)
DMSO-ds 4.2(4.2) 95.8 (95.8) 0.04

6j/7j CCly 18.0 (18.7) 70.4 (69.7) 11.6 (11.6) 7.62 (7.62) 0.26 (0.27)
CDCI 12.8 (13.2) 42.0 (42.2) 45.2 (44.6) 1.21(1.24) 0.30(0.31)
THF-dg 9.6 (10.3) 50.1 (50.2) 40.3 (39.5) 1.48 (1.53) 0.19 (0.21)
CDsCN 3.1(3.2) 14.5 (14.4) 82.4 (82.4) 0.21 (0.21) 0.21 (0.22)
DMSO-ds 2.7(2.7) 97.3(97.3) 0.028 (0.028)

6k/7k CCly 11.6 86.8 1.6 (1.7) 61.5 (57.8) 0.13
CDClz 13.1 80.6 6.3 (6) 14.9 (15.7) 0.16
THF-dg 7.6 80.8 11.6 (11.9) 7.6 (7.4) 0.094
CDsCN 4.9 55.2 39.9 (40.4) 1.51(1.48) 0.089
DMSO-ds 4.1 95.9 (95.4) 0.043 (0.048)

6l/71 CCly 11.9 86.2 1.9(2) 51.6 (49) 0.14
CDClz 12.9 79.9 7.2(7.1) 12.9 (13.1) 0.16
THF-dg 7.0 74.6 18.4 (18.8) 4.43 (4.32) 0.094
CDsCN 4.5 47.9 47.6 (47.2) 1.10 (1.12) 0.094
DMSO-ds 2.7 97.3(97.5) 0.025 (0.026)

6m/7m CCly 9.6 87.3 3.1(3.6) 31.3(26.8) 0.11
CDClz 11.7 77.8 10.5 (10.3) 8.52(8.71) 0.15
THF-dg 4.6 70.9 24.5(24.7) 3.08 (3.05) 0.065
CDsCN 1.8 38.7 59.5 (58.7) 0.68 (0.70) 0.047
DMSO-ds 3.1° 96.9 (0.032y

6n/7n CCly 10.3 89.5 0.2 ca. 496 0.11
CDClz 11.25 85.55 3.2(3.23) 30.25 (29.93) 0.13
THF-dg 6.9 90.35 3.25(3.17) 29.92 (30.55) 0.08
CDsCN 6.1 76.6 17.3 (16.8) 4.78 (4.95) 0.08
DMSO-ds 25.0 75.0 (75.1) 0.33(0.33)

60/70 CCly 10.0 89.6 0.4 249 0.11
CDCl; 11.6 83.1 5.1(5.2) 17.9 (18.2) 0.14
THF-dg 7.15 85.9 6.95 (6.67) 13.4 (14.0) 0.08
CDsCN 5.6 65.2 29.2 (28.7) 2.42(2.48) 0.09
DMSO-ds 15.4 (15.6) 84.6(84.4) 0.18 (0.18)
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Table 6 (Continued)
compd solvent E-enol Z-enol amide Kenol E/Z
9a/10a CDCl; 7.2 92.8 0.08
2.3 97.# 0.0#
9b/10b CDClz 4.0 96.0 0.04
I 9y 0.0¢
9c/10c CDClz 0.9 99.1° <0.0F
4° 96° 0.0#
1.4 98.¢ 0.0M
9d/10d CDClz 6.6 93.4 0.07
5d 95t 0.08!
17al/18a CCly 55.0 31.8 13.2(13.1) 6.58 (6.63) 1.72
CDCls 31.1(29.5) 20.1(21.6) 48.8 (48.9) 1.05 (1.04) 1.55(1.37)
THF-dg 14.0 11.2 74.8 (75.0) 0.34 (0.33) 1.25
CDsCN 4.5(4.8) 3.7(33.7) 91.8 (91.5) 0.09 (0.09) 1.22 (1.30)
DMSO-ds 100 =<0.02
17b/18b CCly 55.1 28.9 16.0 (16.0) 5.25 (5.25) 191
CDClg 30.1(31.4) 18.1 (16.2) 51.8 (52.4) 0.93(0.91) 1.66 (1.94)
THF-dg 10.7 7.8 81.5(81.4) 0.23(0.23) 1.37
CDsCN 4.1 2.7 93.2(92.7) 0.07 (0.08) 1.52
DMSO-ds 100 <0.02
17c/18c CCly 56.5 (55.7) 35.0(35.7) 8.5(8.6) 10.7 (10.6) 1.61(1.51)
CDCl; 36.7 (38.8) 27.1(25.1) 36.2(36.1) 1.76 (1.77) 1.35(1.55)
THF-dg 23.1 22.2 54.7 (54.2) 0.83(0.85) 1.04
CDsCN 9.5 7.8 82.7 (82.0) 0.21(0.22) 1.22
DMSO-ds 100 <0.02
17d/18d CCly 51.5(52.1) 31.3(30.8) 17.2 (17.0) 4.80 (4.88) 1.65 (1.69)
CDCl; 30.2 (30.0) 22.2(21.8) 47.6 (48.2) 1.10 (1.07) 1.36 (1.38)
THF-dg 19.2 16.5 64.3 (64.7) 0.55 (0.55) 1.16
CDsCN 5.9 4.7 89.4 (89.0) 0.11(0.12) 1.26
DMSO-ds 100 <0.02
17e/18e CCly 41.4 56.4 2.2 44.5 0.73
CDCl; 40.6 53.4 6.0 15.7 0.76
THF-dg 21.3 38.9 39.8 151 0.55
CDsCN 11.6 21.0 67.4 0.48 0.55
DMSO-ds 100 <0.02
17f/18f CCly 42.7 54.3 3.0 323 0.79
CDCl; 40.7 51.3 8.0 11.5 0.79
THF-dg 17.7 30.2 52.1 0.92 0.59
CDsCN 9.7 16.0 74.3 0.35 0.61
DMSO-ds 100 <0.02
179g/18g CCls 40.1 59.7 0.2 499 0.67
CDClz 38.0 56.9 5.1 18.6 0.67
THF-dg? 27.0 55.5 175 471 0.49
CDsCN 17.3 35.3 47.4 1.11 0.49
DMSO-ds 6.1 93.9 0.06
17h/18h CCly 40.2 55.7 4.1 23.4 0.72
CDCl; 36.6 53.7 9.7 9.31 0.68
THF-dg 23.9 44.3 31.8 2.14 0.54
CDsCN 141 25.1 60.8 0.64 0.56
DMSO-ds 100 <0.02

aData for systeni2/13 which forms the amide exclusively are not given. The ratios are averages of integrationstef(tie) signals and!P signals
(without parentheses) and of thid, 3P, and!®F values (in parentheses) for the fluoro-containing compouhBased on OH and NH of amide due to a
partial overlap of the NH signals @&- and Z-enols.¢ Based or?’P NMR. No enol was observed Bid NMR. 4 Measured at 240KE Based on'H NMR.

6 fluorine atoms in the ester group. Likewise, the sigmof
(NH)(E-enol — Z-enol) also changed from0.29 (N-Ar) and
—0.36 (N-Alk) for 7a—c to 0.36 (N-Ar) and 0.19 N-Alk) for
7f—j to 0.71_N-Ar) and 0.58 N-Alk) for 7k—o. There is less
than an additive change ito(NH) of ca. 0.6 and 0.37 ppm i each enol. The decreased strength of theH>-O=M (M

for the OF— 3F — 6F change. , = P, C) hydrogen bonds is accompanied by an increased

From Table 6 theZ-enol is alyvays formed in excess, except strength of the N-H---O=M (M = C, P) hydrogen bond, so

for 17a-d/18a—d and hence, it is the more stable enol. This ot the overall stability of the species reflects the energy

ﬁaifﬁgfgtgﬁsiilgﬂhz%gses with the increased number of iterence between the two hydrogen bonds. This is the reason
Both facts fit a single péttern. The shift i(OH) with the why the E/Z ratios, translated to energy differences of 6:17

number of fluorines in R ofE-7 is due to the decreasing Jrﬁgll}((:)?lgrggl_fg/r%;irédgzee;gillgg: aerrgglci)r.lsg;ttcc)) _S%ésbg%l/

hydrogen bond accepting ability by the-0 oxygen resulting andz-7 (andE-18 andZ-18) in solution. When one hydrogen

since R is better EWG. The effect on tizeenol should be bond t be f d in th A due to the I
smaller since the same=f® group is hydrogen bonded to the ond cannot be formed, as In the cyano esters, due o the inear
geometry of the CN group, only th&isomer is observed in

O—H in all systems. In practicé(OH) is slightly increasing, uti
probably the G-H bond is more acidic due to the increased So'ution. _ _
The similarity between the enols of diesters with 0, 3, and 6

electron-withdrawal from this bond by the remote REC
group. The weaker hydrogen bond to-@ in the E-isomer F atoms and the dialkoxyphosphinyl esters with a similar pattern

reduces its stability together with the slightly increased hydrogen of fluorine substitution is shown in a plot of the literatuse

bond strength of the&Z-isomer which increases its stability,
results in the parallel decrease of tB& ratios.

A complete analysis of the relative stabilities should take into
account the other weaker hydrogen bonds to theH\present
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18 r = 0.9995). The inversion in the positions &fE-enol) ando-
(Z-enol) is reflected by the negativied(OH) value when R=
(CF3)CH.

Comparison of (RO),P=0 and CO,R Groups. The dif-
ference in electron-withdrawing power of phosphonate and ester
groups and of hydrogen bonding abilities of the phosphoryl and
carbonyl groups affects thifOH), 6(NH), E/Z enol ratios and
Kenol Values, and their differences from those of compoudids
and 4. Evaluation of these differences is therefore necessary
for understanding the behavior of our systems.

s | CH(CF3), A single phosphonate ester is a better electron-withdrawing
and somewhat better negative charge delocalizing substituent

14 ‘ ‘ ‘ ‘ ‘ ‘ ‘ than a single methyl ester as judged by various types of Taft’s,

L R Hammett's, and Brown’s parameters. For (MeGOog, or™,
8 (0H, E-enol) of phosphonate system, (ppm) Om, Op_, Op, and0p+ are 0.21, 0.33, 0.46, 0.87, 0.59, and 0.73,

FIGURE 4. Plot of 6(OH, Z-enol) of the diester8 (N-substituents= respectively, and for CQM(? they are 0.11, 0.30, 0.36, 0.74,
Ph, p-An, p-MeCsHs, aEndp-BrCest vs O(OH, E-eno(l) of the dialkoxy- 0.44, and 0.49, respectivel§2 The ¢* values are 2.45
phosphinyl ester systen®and 18 (N-substituents= Ph, p-An, and ((MeO)PO)** and 2.00 (C@Ve).1%
CgFs) in CDCls at 298 K.6(OH, Z-enol)= 1.149(OH, E-enol) — 1.161 The P=0O group is a well-known strong hydrogen bond
(R? = 0.9933). acceptor? e.g., in an intramolecular hydrogen bond with OH
in HO(CH,),P(=0)Ph2¢ or in (ROYP(E0)CH,CH(OH)R 2
but only a few works address the question of the relative
hydrogen bond accepting ability in competition of &® with
a C=0 group. Deshielding of the P in 2-hydroxyalkylphospho-
nates was ascribed to a decreasedonation from intramo-
lecular hydrogen bonding between the=® oxygen and the
OH group?2P=0---H—0 bonding was also found in polymers
and it is assumed that in the hydrogen bond teOFbecomes
softer?1b By conformation analysis based éH NMR spectra
the “P=0" is favored over &0 in an intramolecular interaction
with a 8-OH group?? From [K's of P=0O and G=0 groups it
was deduced that protonation of the former in ArCOPO(OH)-
OPh is preferred over that of lattét.

Quantitative data on hydrogen bond parameters of the
(MeO)P=0 and CQMe groups for use in LFERs indicate that

17.5

17

,_.
e
o

system, (ppm)
>

8 (OH, Z-enol) of diester

60

40

E-Enol, (%)
=

20

10

0 . . . ‘ ‘ - the former is a better hydrogen bond acceptorhe only
-1 0.5 0 0.5 1 L5 2 2.5 quantitative data relevant to our system comes from thA#R
A5 (=6 (E)-8(2)), (ppm) shift measurements of the formation constants of the hydrogen

. _ bond adducts between phenol and RBHR = R’ = MeCO,
FIGURE 5. Plot of the average %-enol in the enols mixture for MeO,C, (EtOpP=0) which give data on intermolecular com-

7a—ef—j,k—o0 vs the average\d(OH) = 6(E-enol) — &(Z-enoal) in e o .
cDCls a{ 208 K: (A)N-Ar gr%ups(, O/E)-enol(: 13.7%136 +( 18-13)R2 petition, and for R= (EtO)L,PO, R = CO,Et for intramolecular

= 0.9947); (B)N-alkyl groups, %-enol= 12.47A6 + 13.73 R =
0.9995). (19) (a) Charton, M. InThe Chemistry of CyclobutaneRappoport, Z.,
Liebman, J. F., Eds.; Wiley: New York, 2005; Chapter 10, p 441. (b)
Katzhendler, J.; Ringel, I.; Karaman, R.; Zaher, H.; Breuer).BEChem.
(OH, Z-enol) of the diesters series vs th@OH, E-enal) in the Soc., Perkin Trans. 2997, 341. (c) Taft, R. W., Jr. IrSteric Effects in
phosphonate series (Figure 4). In both cases, the OH is hydrogerpfgar‘('sC ghem'Sthewma” M. S., Ed.; Wiley: New York, 1956; Chapter

13, p .
bonded to a CR group, while the other group (Me ester or P (20) (a) Corbridge, D. C. EPhosphorus. An Outline of its Chemistry,

ester) is constant. The excellent linearif (= 0.9933) and  Biochemistry and Technologdth ed.; Elsevier: Amsterdam, 1990; Chapter
the slope of 1.14 indicate a similar behavior of the diesters and 14|1b1k(b) Gramstad, ﬁpectfochlmdlAct&963 19, 136(3(;) (©) Asknez G.;
Albriktsen, P.Acta Chem. Scandl966 22, 1866 Gramstad, T.;
of the-ph-osphonate esters. . Storesund, H. Spectrochim. Acta Part A97Q 26A 426. (e) Bel'skii, V.
A similar argument as forA6(OH) applies also for the  E.; Bakeeva, R. F.; Kudryavtseva, L. A.; Kurguzova, M. A.; Ivanov, B. E.
AS(NH)(E-enol — Z-enol) except that due to the weaker Zh Obshch. Khim. (Eng. Transilo7s 43, 2568. 87';32{‘3’5';'0"5(3)' (A)'?
A _ ilyazov, M. M.; Levin, Y. A., Zh. Obshch. Khim , . (g
N—H---O=M (M = P, C) bonds the effects are smaller. Bel'skii, V.. E.. Ashrafullina, L. Kh.zh. Obshch. Khim. (Engl. Tran1979
Although the lower field signal is not always that for the 49, 1968.

(21) (a) Genov, D. G.; Tebby, J. . Org. Chem1996 61, 2454. (b)
more stable enol, we may expect a correlation between theAIexandratos M.: Zhu, XMacromolecule005 38, 5981.

abundance of one enol in .the enols mixture akd(OH) (22) (a) Belciug, M. P.; Modro, A. M.; Modro, T. Al. Phys. Org. Chem.
between the two isomers, since both parameters are affectedl992 5, 787. (b) Belciug, M. P.; Modro, P. A.; Wessels, PJ.JPhys. Org.

he number of fluorin ms in th rar R. In Chem. 1993 6, 523. (c) Bourne S.; Modro A. M.; Modro, T. A.
by the number of fluorine atoms in the ester group deed, Phosphorus, Sulfur Silicoh995 102, 83

a plot of the average percentage of &enol (100% E-enol_]/ (23) Ta-Shma, R.; Schneider, H.; Mahajana, M.; Katzhendler, J.; Breuer,
([E-enol] + [Z-enol]) vs A6(OH) = d6(E-enol) - 6(Z-enol) in E. J. Chem. Soc., Perkin Trans.2001, 1404
CDCl; at 298 K is linear, but depends on tNesubstituent X. (24) () Abraham , M. H.; Duce, P. P.; Pirov, D. V.; Barratt, D. G;

; ; ~ Morris, J. J.; Taylor, P. JJ. Chem Soc., Perkin Trans. 2989 1355. (b)
Figure 5 shows two parallel lines, one for the aryl GAp-An, Hickey, J. P.; Passino-Reader, . Environ. Sci. Technol1991, 25, 1753.

Ph) S_UbStituenFS and one for the alkyl (Ak i-Pr, t-Bu) (c) Raevsky, O. A.; Grigor'ev, V. Y.; Kireev, D. B.; Zefirov, N. Ruant.
substituents, with slopes of 13.R¥= 0.9947) and 12.47R? Struct. Act. Relat1992 11, 49.
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TABLE 7. Comparison of Keno Values for Dialkoxyphosphinyl-
and Ester-Activated Carboxamides in Different Solvents at 298 K

(MeO)P(=0)CH(COR)CONHX and

MeOCOCH(CGR)CONHX
R X solvent Kenof’ Kenof Kenol/Kenof
Me Ph CDC} 0.098 0.08 1.96
i-Pr CCl, 1.10 1.4 0.79
CDCl3 0.16 0.7 1.6
CDsCN 0.041 <0.0P >4.1
CH.CR; p-An CCly 9.0 3.5 2.57
CDClg 1.26 0.52 2.42
CDsCN 0.15 <0.0Z >7.5
Ph CCh 6.8 2.3 2.96
CDCls 1.07 0.35 3.06
CDsCN 0.11 <0.0Z >55
i-Pr CCl 10.8 10.2 1.07
CDCls 1.74 r 1.74
CDsCN 0.38 <0.0P >38
CH(CR)2 p-An CCly 61.5 >50° <1.23
CDClz 14.9 4.9 3.04
CDsCN 1.5 <0.0Z >75
Ph CCh 51.6 13.2 3.91
CDCl3 12.9 3.8 3.39
CDsCN 1.10 <0.0Z2 >55
(CRCH0),P=0)CH(COR)CONHX and
(CRCH,0O)COCH(CQR)CONHX
R X solvent Kenof’ Kenof Kenof /Kenof
Me p-An CCly 6.58 3.5 1.88
CDClz 1.05 0.52 2.02
CDsCN 0.09 <0.0Zz >4.5
Ph CCh 5.25 2.3 2.28
CDClz 0.93 0.35 2.66
CDsCN 0.07 <0.0Z >3.5
i-Pr CCly 10.7 10.% 1.06
CDClg 1.76 1.0 1.76
CDsCN 0.21 <0.0P >21
CH,CF; p-An CCly 44.5 >50 <0.89
CDClg 15.7 7.3 2.15
CDsCN 0.48 0.08 6
Ph CCh 32.3 32 1.01
CDClg 115 6.7 1.72
CDsCN 0.35 0.05 7

aref 4. ref 7b.cref 5.

competition!® It was concluded that thesFO group is a strong

Song et al.

In most caseseno[(Me0):P=0] > Kenos{MeOC=0] when
the other group is constant. From the data quoted above the
O=P(OMe) group is a better H-bond acceptor and EWG and
hence a better enol stablizing group than @18, and more so
when the number of fluorines in the other ester group increases.

Such comparison may be misleading since kg, values
are composite. A dissection to the values for tBe and
Z-configurations is required and similar configurations of the
(MeO)P=0 and CGQMe derivatives should be compared. The
major Z-enol of the phosphonate has a similar configuration to
the majorE-enol of the ester because both (Me&FO and
CO:Me are cis to the OH. Th&enof(2)/KenoF(E) values (data
not shown) also support the conclusion that=wR§OMe) is a
better enol stabilizing group than Giae.

We did not findo values for the C@CH,CF; and CQCH-
(CRs), groups, but the gas-phase data show th@f acidity
values for CH(CO,Me), and CH(CO,Me)CO,CH,CF; are
341.3 and 333.5, respectively. We have no data for
hexafluoro-substituted ester, but for ggBN)COR the AG®
values are 334.5, 324.7 and 317.5 fo=RMe, CKCH, and
CH(CR),, respectively®> Hence, the fluorinated esters are
expected to be equal or better thar=P(OMe) as enol
promoting groups.

In CCly and CDCh, Kenof < KenoP™F, Kenof F (these
designations relate to the enols of fluorinated esters). In most
cases, theKenol/Kenof F and Kenof/Kenof F ratios are 0.12
0.28 and 0.0220.045, respectively, and even close to zero due
to complete enolization of some fluorinated ester derivatives.
Consequently, the fluorinated esters are equal or better than O
P(OMe) as enol stabilizing groups. However, in LN the
Kenol /Keno? ¥ values are 1.484.8 (for constant CéMe group
they are>0.6 and 0.75 for X= Ph andp-An, respectively).
Kenol/Kenof F values are=0.48. The values in CEEN (includ-
ing Kenof /KenoF) are much larger than the corresponding values
in CCly and CDC4. It is not simple to explain the difference in
term of solvation since four species (enol and amide in two
solvents) are involved in the comparison. In the more polar
DMSO-ds, enols of theN-i-Pr and N-t-Bu derivatives of
(MeO)PE=O)CH(CO,LCH(CR;),)CONHX are observed at 298
K with Kenoi = 0.33 and 0.19, respectively. In DMS@/CCl,
(v/v) mixtures the % ofE- and Z-enol of 60 decreases on
addition of DMSOe. At 0.08:1, 0.5:1, and 1:1 ratios, the %

the

hydrogen bond acceptor and with respect to phenol it is ca. 100-E-enol and %Z-enol areca. 7.8 and 84.5, 0 and 61.2, 0 and

fold more effective than a €0 group. As shown above, this
preference is an important factor in determining the configu-
ration of our enols.

Dialkoxyphosphinyl vs Ester Comparison.There are many
systematicKeno Values,E/Z ratios and structural information
from our previous work on diester-activated en@fs®"which
are analogs of system&7, 9/10, and 17/18. This enables
comparisons with systems such &8 R! = CO;Me, and
evaluation of the effect of, e.g., replacing a & group by a
(MeO),P=0 group. Comparative data are given in Table 7
where Kenof and Kenof are the equilibrium constants for the
compared phosphonate and ester groups, respectively.

For a system with a constant @@e group, theKeno(O=
P(OMe})/Keno(COMe) ratios are ca. 1.96 for x Ph in CDCE,
and 0.79, 1.6 ang4.1 for X=i-Pr in CCl, CDCl, and CL}-
CN, respectively. For a constant @CH,CF; group, theKenor
(O=P(OMe))/Keno(COMe) ratios in the same solvents are
2.96, 3.06,>5.5 when X= Ph, 2.57, 2.42, an& 7.5 when X
= p-An, and 1.07, 1.74, ang 38 when X= i-Pr, respectively.
For a constant C&CH(CFs), group, the ratios in CGJ CDCl,
and CXCN are 3.91, 3.39, ang55 for X = Ph, and<1.23,
3.04, and=75 for X = p-An, respectively.
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43.1, respectively. The data also indicate thatZkisomer is
more stable than thE-isomer and is even present in DMSO-
de.

DFT Calculations. The relative free energies and geometries
of the amide and the two enols (cf. Table S5 in the Supporting
Information) and theKeno values were calculated at B3LYP/
6-31G** for the N-Ph derivatives6b/7b, 6g/7gand6l/71, for
the cyano(phosphonate) derivati@/10b and for the bis-
(phosphonate)acetanilide2b/13h The enol with a hydrogen-
bonded OH to the €0 of ester group is the most stable species
E-7b, being 1.4 kcal/mol more stable than the ederb and
4.1 kcal/mol more stable than the most stable amide conformer
6b. The Keno values at 298 K are-3.0 and—2.0 for theE-
andZ- enols, respectively. Substitution by three or six fluorine
atoms inverts the stability and tl#®&7gis 1.7 kcal/mol more
stable tharE-7g and 7.4 kcal/mol more stable than the amide.
The Kenos are—5.4 and—4.2, respectively. LikewiseZ-71 is
0.5 and 6.9 kcal/mol more stable th&i7l and amide6l,
respectively and the derivedKpnos are—5.1 and—4.7. In

(25) Mishima, M.; Matsuoka, M.; Lei, Y. X.; Rappoport, Z.0Org. Chem
2004 69, 5947.
(26) Frey, J.; Rappoport, Z. 2. Org. Chem1997, 62, 8327.
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contrast, the amide@b and12b are calculated to be the more 25
stable species, by 1.6 and 5.7 kcal/mol thEdb and 13b,
respectively.

In order to evaluate the effect of the (Me®3=O and CQ-
Me reactions on both components of the enolization equilibria
the energies of the isodesmic reactions96were calculated
when R = (MeO)LP=0 and CQMe. In egs 6 and 8, the
CONHPh group is transferred from the amigléo CH,

-3.5

-4.5

Calculated pKenor (E)

(MeO),POCHRCONHPH+ CH, =
CH,;CONHPh+ (MeO),POCHR (6) 5.5

(MeO),POCR=C(OH)NHPh+ CH, = Observed pKenol

CH,=C(OH)NHPh+ (MeO),POCHR (7) FIGURE 6. Correlations of the observedp,o(total) or the observed
PK(e—eno) Vs the calculated K(g—eno): (A) calcd K(g-eno) VS Obsd
(MeO),POCHRCONHPH+ CH,=CH, = pKenoftotal), y = 0.79& — 3.923 R2 = 0.9414); (B) calcd K(g—eno)

CH,CONHPh+ (MeO),POCR=CH, (8) vs 0bsd K(e_eno), Y = 1.01K — 4.54 R = 0.9451).

(MeO),POCR=C(OH)NHPh-+ CH,—CH, = slopes of 0.80 R* = 0.9414) and 1.02R? = 0.9451),
2 2 respectively (Figure 6).
CH,=C(OH)NHPh+ (MeO),POCR=CH, (9) Conclusions.Carboxamides (®),P(=0)CH(CQR)CONHX

(R = Me, CRCH,, (CFs)2CH, R = Me, CRCH,) appear in
or to CH=CH,, formally eliminating the interaction between CcCl,, CDCl;, THF-ds, and CQCN solutions as mixtures of
the enolizing amide and the activating groups. In eqs 7 and 9 amide and th&- andZ-enols, and in DMSQis mostly as the
the transfer is similar from the precursor enol. amides d(*HO) values of theE-enols when R= Me are at the
The AG values for R= (MeO)P=0 are 0.0, 24.5, 0.8 and  |owest field andAd(OH) (E-enol — Z-enol) are at ca. 1.6 ppm
25.3 kcal/mol for egs €9, respectively, and the corresponding to a higher field. When R= CRCH, and (CF)>,CH AS(OH)
values for R= COMe are—2.2, 32.1,—7.6 and 26.7 kcal/ decrease by ca. 1 and 2 ppm, respectively, and fer (R F).-
mol, respectively. Hence, the main stabilizing interaction in the CH ¢(OH, Z-enol) > 6(OH, E-enol). TheZ-enols are more
6b/7b system is of the enol species, which is larger fo=R  gbundant (stable) than tieenol by 0.17-1.8 kcal/mol for6/7
CO;Me than for R= (MeO),P=0. Equation 10, which is the  and17e-h/18e-h and less abundant than tBeenol by —0.3
difference between egs 6 and 7, or 8 and 9 gives the calculatetto —0.13 kcal/mol for 17a—d/18a—d. Except when Ris
energetics of the equilibria betweéb and 7b relative to the CFCH,, the % of theE-enol in the E/Z mixtures is linear
enolization of acetanilide. with AO(OH) value. Analysis of the)(OH), 5(NH), 5(23C),
O0(*°F), and 6(3'P) values indicate that for each enol there
(MeO),POCHRCONHPht CH,=C(OH)NHPh== are two simultaneously hydrogen bonds-B---O=M and
CH,;CONHPh+ (MeQ),POCR=C(OH)NHPh (10) N—H---O=M with M = C and M= P. The hydrogen bond
strengths follow the order forPO > C=0, they decrease when
The AG values of reaction 10 are24.5 and—34.3 kcal/ the number of F atoms in R increase, and they are responsible
mol for R = (MeOLP=0 and CQMe, respectively, i.e., for the configurations of the enols. The solid-state structure when
enolization of the bis phosphonate derivative is much less R=R' = Me is that of the amide, but whenR (CF;).CH, R
favored than that of the phosphonate ester derivative, in line = Me it is theZ-enol. [[MeOYPOLCHCONHX form only the
with the experimental observations. amides in solution, and (Me@ROCH(CN)CONHX form only
From the isodesmic data the difference arises from the the Z-enol in<7.3%. DFT calculations confirm the experimental
interaction between the =€C bond and the MeOCO (vs trends, but theKeno values differ somewhat from the experi-
(MeO)%P=0) rather than from the interaction between the C  mental values.
C—OH and the MeOCO (vs (Me@)=0) (see eq 8), i.e., the The general message is that the effect sfR§OR), groups
[(MeO),P=0],C=C moiety is less stable than the [(MeB¥F on the extent of enolization of a CONHX group is mostly, but
O](COMe)C=C moiety. not always, consistent with conclusions obtained earlier with
Note that the increase ienoi ON substituting with fluorine other activating groups, especially @R The changes iKeno
atoms follows the experimental trend, although the close values by fluorine substitution, or by the change in the solvent
similarity between the Gfand the (CE), derivatives is not are determined by the EW ability and especially by the hydrogen
observed in the experiment. Few attempted correlations betweerbond accepting ability of the activating group. The latter effect
the observed and the calculateldep, values for enolgb, 7g, when applies to the simultaneous hydrogen bonding to the OH
71, and 10b were attempted. The correlation betwedfer and NH groups of the enol predominates in determining the
(calcd) and the observedpo is close to half a parabola for  E/Zenol ratios. On the other hand, caution should be exercised
the four available points when either the overall experimental in extrapolation from well understood systems to slightly less
pKeno(total) (= —log[K(g—eno) + K(z—enod]) Or the observed vs  understood ones, e.g., from the close analogy between O
calculated K(g—eno) Or PK(z—eno) are used. Attempted correla- P(OR),, COR'-substituted systems and two ester systems where
tions of observed Ifeno (total) vs calculated Igeno(total) and a single G=P(OMe) group is a better activator to enol formation
observed K(z—eno) VS calculated pK{_eno) and observedeno than a single CeMe, to a doubly activated system where two
(total) vs calculated pK(eno) gaveR? values of 0.639, 0.696, CO,Me groups are better activators than twe=B(OMe)
and 0.754, respectively. In contrast, a linear correlation of the groups. Likewise, a CN, ©8P(OMe) activated system is less
observeeno(total) or the observel (e—eno) Vs the calculated enolic than a CN, CeMe activated system. Hence, effects such
K(e-eno) value for the three available points are linear with as steric crowding should be also taken into account. The overall
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TABLE 8. Analytical Data and Melting Points for All Amide/Enol Systems

calcd, % found, %
compd formula mp;C C H N C H N
6a/7a Ci3H1gNO/P 108-110 47.13 5.44 4.23 47.40 5.44 4.16
6b/7b Ci2H16NOgP 85-8 47.84 5.32 4.65 47.97 5.37 4.44
6¢c/7c Ci2H11FsNOgP 98-101 36.83 2.81 3.58 36.76 2.88 3.43
6d/7d CoH1gNOsP 53-5 40.45 6.74 5.24 40.44 6.69 5.04
6el/7e C10H20NO6P 73-5 42.70 7.12 4.98 42.83 7.12 4.92
6f/7f Ci4H17F3NO7P 138-140 42.11 4.26 3.51 42.45 4.35 3.31
6g/79 Ci3H1sFsNOgP 61-3 42.28 4.07 3.79 42.52 4.34 3.46
6h/7h Ci3H10FsNOgP 104-7 33.99 2.18 3.05 34.20 2.26 2.88
6i/7i Ci10H17FsNOgP 46-7 35.82 5.07 4.18 35.65 5.18 4.23
6j/7j C11H19FsNOgP 60-3 37.82 5.44 4.01 38.13 5.58 3.78
6k/7k CisH16FsNO7P 92-4 38.54 3.43 3.00 38.83 341 2.94
6l/71 C14H14FsNOgP 74-7 38.44 3.20 3.20 38.76 3.13 3.12
6m/7m C14HoF11NOgP 104-7 31.88 1.71 2.66 32.14 1.92 2.56
6n/7n C11H16FsNOgP 90-2 32.75 3.97 3.47 33.03 3.95 3.44
60/70 Ci2H18FsNOgP 113-6 34.53 4.32 3.36 34.73 4.03 3.36
9a/10a C12H15N20sP 155-7 48.32 5.03 9.40 48.72 5.13 9.10
9b/10b C11H13N204P 120-2 49.25 4.85 10.45 49.28 4.91 10.20
9c/10c C11HgFsN204P 152-4 36.87 2.23 7.82 37.03 2.29 7.69
9d/10d CoH17/N204P 164-6 43.55 6.85 11.29 43.68 6.81 11.14
12a/13a Ci3H21NOgP> 152—4 40.95 5.58 3.67 41.04 5.57 3.65
12b/13b Ci12H1gNO7P2 109-111 41.03 5.45 3.90 41.17 5.43 3.69
12c/13c Ci2H14FsNO7P; 112-4 32.67 3.20 3.18 32.74 3.01 2.89
12d/13d CgoH21NO7P, 86—8 34.08 6.67 4.42 34.22 6.77 4.40
12e/13e Ci1oH23NO7P2 62—4 36.26 7.00 4.23 35.98 7.07 4.18
17a/18a CisH16FsNO7P 96-8 38.55 3.45 3.00 38.72 3.33 2.90
17b/18b C14H14FsNOgP 98-100 38.46 3.23 3.20 38.63 3.03 2.94
17c/18c C11H16FsNOsP 1012 32.77 4.00 3.47 32.89 3.73 3.21
17d/18d C12H18FsNOGP 96-8 34.54 4.35 3.36 34.43 4.12 3.23
17e/18e Ci6H15FoNO7P 82-4 35.90 2.82 2.62 35.74 2.71 2.56
17f/18f CisH13FoNOgP 94-95 35.66 2.59 2.77 35.81 2.66 2.61
179/18g Ci2H15FoNOgP 69-70 30.59 3.21 2.97 30.30 3.03 2.88
17h/18h Ci3H17FoNOgP 67-9 32.18 3.53 2.89 31.24 3.17 2.27

effects affect the relativEeno O=P(OR)2)/Keno( CO:R) ratios mL) and kept overnight at 4C. The solution was extracted with
for enol formation. EtOAc, washed with brine, and dried overJS&y. After evapora-

An important conclusion is that the previously used rule that tion of the solvent the residue was crystallized from EtOAc-
the lowesto(OH) value is always associated with the most petroleum ether (4660 °C) to afford 0.25 g (38%) o6a, 0.30 g
abundant isomer does not always apply. Analysis of the (56%) of 6d, or 0.21 g (37%) of6e as light yellow or white
appropriate hydrogen bonds should replace the formal “rule”. Powders. o ) )

The present work also demonstrates the ability of inverting ~ (P) No precipitate was formed f@b,c in the solution, and the
the order of stability of- andZ-isomers by proper substitution.  selution was directly added to ice-codl@ N HCI (40 mL), and
They also show that the -€P(OR), substituent is a suitable then followed procedure (a) above in order to obtain 0.26 g (43%)

activator for enolization since no competing enolization on the °f 60 or 0.28 g (36%) of6c as a white or pale yellow powder.
P=0 group was found. Analyses and NMR data are given in Table 8 and Tables S1

S3 in Supporting Information.
2,2,2-Trifluoroethyl Chloroacetate. The compound was pre-

Experimental Section pared by two methods.

General Methods.Melting points were uncorrectetH and*3C (a) Chloroacetic acid (9.45 g,100 mmol) was refluxed for 12 h
NMR spectra were recorded as described previdﬂsw_ in benzene (30 mL) containing excess 2,2,2-trifluoroethanol (11 g,
Solvents and Materials.CCl,, CDCl, THF-ds, CD:CN, DMSO- 110 mmol) and 98% kS0, (6 g) in a 100 mL round flask attached

ds, and the precursors for the synthetic work were purchased from to a Dean-Stark trap. The solution was washed with saturategl Na
a commercial supplier and were used without further purification. COs (3 x 20 mL) and brine (3x 10 mL) and dried (Nz5Qy).

Analytical and Spectral Data. Melting points and microanalysis ~ Distillation of the crude product afforded 2.4 g (13.6%) of the
data are given in Table 8. colorless ester, bp 124126 °C.

SelectedH, 13C, 1%, and®P NMR spectra in the various solvents (b) To a solution of 2,2,2-trifluoroethanol (26.4 g, 264 mmol)
studied are given in Tables—2, and the full data are given in  in CH.Cl; (70 mL) was added dropwise triethylamine (24.32 g,
Tables S3-S3 in the Supporting Information. 240 mmol) during 15 min, and then chloroacetyl chloride (27.15

Reaction of Dimethyl Phosphonoacetate with Organic Iso- g, 240 mmol) in CHCI, (70 mL) was added dropwise during 30
cyanates XNCO To Form 6a-e/7a—e. Na pieces (48 mg, 2.1  min. The solution was refluxed f@ h and stirred overnight at rt.
mmol) were added to the solution of dimethyl phosphonoacetate The formed triethylammonium salt was removed by filtration, and
(364 mg, 2 mmol) in dry THF (5 mL) fo6d,eor in ELO (20 mL) the filtrate was washed successivelytwz N HCI (2 x 50 mL)
for 6aat 0°C, and the mixture was stirred for. 6 h at 0°C and and saturated N&O; (2 x 20 mL) and dried (Ng5Qy). The solvent
for additional 18 h at rt. To this solution the isocyanate (2 mmol) was evaporated, the crude product was distilled and the fraction
in THF (1 mL) was added dropwise at’C, and the mixture was ~ with boiling range of 126-126 °C (23 g, 54%) was collected.

stirred for about 12 h and for additional 12 h at rt. (a) Barand IH NMR (CDCl, 298K) 6: 4.56 (q,3J4r = 8.28 Hz, 2H, CH-
6d—e, the precipitate formed in the reaction solution was filtered, CFs), 4.19 (s, 2H, CHCI). The compound is relatively unstable,
and washed with little BEO to give the Na salts dda (0.72 g), of and satisfactory elemental analysis could not be obtained.

6d (0.45 g) or of6e (0.32 g). A solution of the salt in DMF (24 2,2,2-Trifluoroethyl Phosphonoacetate A mixture of 2,2,2-

mL) was added dropwise to ice-codl@ N HCI solution (26-40 trifluoroethyl chloroacetate (23 g, 130 mmol) and trimethyl
7622 J. Org. Chem.Vol. 72, No. 20, 2007
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phosphite (17.8 g, 144 mmol) was heated at ca’@Cor 48 h.

JOC Article

liquid 1,1,1,3,3,3-hexafluoro-2-propyl chloroacetaféi NMR

The volatile components were evaporated under reduced pressuréCDCls, 298 K) 0: 5.70 (hept2Jyr = 6.01 Hz, 1H, CH), 3.71 (d,

and the residue was purified by column chromatography (silica,
EtOAC) giving 15.6 g (48%) of a liquid colorless 2,2,2-trifluoroethyl
phosphonoacetatéid NMR (CDCls, 298 K), 6: 4.51 (q,%3ur =
8.33 Hz, 2H, CHCF), 3.80 (d,2Jpy = 12.26 Hz, 6H, CHO), 3.59
(d, 2Jpy = 21.62 Hz, 2H, CHP). %F NMR (CDCk, 298 K) o:
—74.60 (1,334 = 7.9 Hz, CR). 3P NMR (CDC}, 298 K)o: 20.59
(t of hept,2Jpy = 21.61 Hz,2Jpyy = 11.10 Hz).13C NMR (CDClk,
298 K) 0: 164.2 (d of m2Jcp= 6.1 Hz, CO), 122.6 (q of tler =
277.1 Hz,2)cy = 4.8 Hz, CR), 61.0 (t of q,Jcy = 151.3 Hz,2)cr
=37.0 HZ,CH2CF3), 53.3 (q of d,JCH = 148.6 HZ,ZJCPZ 6.4 Hz,
CH30), 32.8 (d of t,Jcp = 135.1 Hz,Jcy = 130. 9 Hz, CHPO).

Anal. Calcd for GH1gF30sP: C, 28.80; H, 4.00. Found: C,
28.75; H, 4.08.

Reaction of 2,2,2-Trifluoroethyl Phosphonoacetate with Or-
ganic Isocyanates To Give 6fj. Na pieces (48 mg, 2.1 mmol)

3Jpn = 11.41 Hz, 6H, CHO), 3.08 (d 2Jpy = 22.00 Hz, 2H, CH)).

19 NMR (CDCk, 298 K)6: —74.45 (d,2J4r = 6.1 Hz, CF). 8P

NMR (CDC|3, 298 K) o: 19.00 (t of hept,zJpH = 2154 HZ,SJPH

= 11.58 Hz).13C NMR (CDCk, 298 K) 6: 162.8 (d of m2Jcp =

6.8 Hz, CO), 120.1 (q of mlcr = 283.0 Hz, CF), 66.9 (d of hept,
Jon = 151.0 Hz,2)cr = 35.1 Hz, CH), 53.1 (q of dJcy = 148.8
Hz, 2Jcp = 6.3 Hz, CHO), 33.3 (t of d,Jcy = 131.8 Hz,Jcp =

133.7 Hz, Gi-PO).

Anal. Calcd for GHoF¢OsP: C, 26.42; H, 2.83. Found: C, 26.26;
H, 2.88.

Reaction of 1,1,1,3,3,3-Hexafluoro-2-propyl Phosphonoacetate
with Organic Isocyanates To Form 6k-0.The procedure with
phenyl isocyanate is also representative of the reactions pfitme
CeFs, t-Bu, andi-Pr isocyanates.

Sodium (48 mg, 2.1 mmol) was added to the solution of

were added to a solution of 2,2,2-trifluoroethyl phosphonoacetate 1,1,1,3,3,3-hexafluoro-2-propyl phosphonoacetate (636 mg, 2 mmol)

(500 mg, 2 mmol) in dry THF (4 mL) at OC, and the solution
was stirred for ca6 h and for an addition® h at rt. Tothis solution
was added the isocyanate solution (2 mmol) in THF (1 mL)
dropwise at °C, and the mixture was stirred for ca. 18 h and an
additionad 6 h at rt. (a) Foi6f and6h, the solution was then poured
into ice-coolel 2 N HCI solution (50 mL) and kept overnight at
4 °C. The precipitate formed was filtered, washed with cold water,
and dried in air giving 0.36 g (45%) of a white powder &ffor
0.54 g (59%) of a light yellow powder ddh. A white analytical
sample was crystallized from EtOApetroleum ether (4660 °C).

(b) For6g and®6i, the solution was poured into ice-cooled 2 N
HCI solution (50 mL) and then extracted with gE,, washed with
brine, and dried (N£0,). Evaporation of the solvent afforded 0.65
g (88%) of a light yellow powder 08g, or 0.35 g (52%) of a light
yellow oil of 6i, which solidified at—20 °C after standing for a
long time. A colorless analytical sample was crystallized from
EtOAc—petroleum ether (4660 °C).

(c) For 6j, the precipitate formed in the solution was filtered,
washed with little EfO to give the Na salt 06j (0.25 g, 34%).
The salt was dissolved in DMF (1 mL) and added dropwise to an
ice-coolel 2 N HCI solution (10 mL) and kept overnight at’@.
The solution was extracted with EtOAc, washed with brine and
dried (N&S0Qy). The solvent was evaporated and the residue was
crystallized from EtOAc-petroleum ether (460 °C), giving 0.19
g (27%) of a white powder o6j.

Analyses and NMR data are given in Table 8 and Tables S1
S3 in the Supporting Information.

1,1,1,3,3,3-Hexafluoro-2-propyl ChloroacetateT o the solution
of 1,1,1,3,3,3-hexafluoro-2-propanol (24.5 g, 146 mmol) in,CH
Cl, (65 mL) at 0°C was added dropwise triethylamine (14.7 g,
146 mmol) during 15 min. Chloroacetyl chloride (18.3 g, 162 mmol)
in CH.CI, (65 mL) was then added dropwise during 1 h, and the
solution was stirred at OC for ca. 6 h and then overnight at rt.
The formed triethylammonium salt was removed by filtration, and
the filtrate was washed successivelylwz N HCI solution (2x
30 mL) and saturated N@O; solution (2x 20 mL) and dried (Na

in dry THF (4 mL) at 0°C, and the mixture was stirred for 12 h.
A solution of phenyl isocyanate (238 mg, 2 mmol) in THF (1 mL)
was added dropwise at°C, and the mixture was stirred for ca. 12
h and additional 12 h at rt. The precipitate was removed by filtration,
and the filtrate was poured into ice-codl@ N HCI solution (50
mL) and kept overnight at 4C. The precipitate formed was filtered,
washed with cold water and dried in air, giving 0.48 g (55%) of a
white powder of6l which was crystallized from EtOAc-petroleum
ether (46-60 °C). 6k andém—o were obtained similarly and their
yields, analyses and NMR data are given in Table 8 and Tables
S1-S3 in the Supporting Information.

Dimethoxyphosphinylacetonitrile. A mixture of chloroaceto-
nitrile (6.04 g, 80 mmol) and trimethyl phosphite (10.92 g, 88
mmol) was heated at ca. 8C for 48 h. The volatile component
was evaporated under reduced pressure and the residue was purified
by column chromatography (silica, EtOAc), giving 3.6 g (30%) of
colorless dimethoxyphosphinylacetonitrile which was solidified after
storing at—20 °C.

Anal. Calcd for GHgNOsP: C, 32.21; H, 5.37; N, 9.40. Found:
C, 32.82; H, 5.54; N, 8.66.

1H NMR (CDCl;, 298 K) 0: 3.69(d, 3Jpy = 11.50 Hz, 6H,
CH;0), 2.85(d,2Jpyy = 21.10 Hz, 2H, CH); 13C NMR (CDCk,
298 K) 0: 112.3 (d of t,2Jcp = 11.4 Hz,2Jcy = 10.9 Hz, CN),
53.5 (q of d,Jcp= 149.2 Hz,2Jcp = 6.7 Hz, CHO), 14.7 (d of t,
Jep = 143.7 Hz,Jcy = 135.6 Hz, CH); 3P NMR (CDCB, 298 K)
o: 17.03 (d of hept?Jpy = 21.62 Hz,3Jpy = 11.29 Hz, PO).

Reaction of Dimethoxyphosphinylacetonitrile with Organic
Isocyanates To Form 9a-d. Na (72 mg, 3.1 mmol) was added to
a solution of dimethoxyphosphinylacetonitrile (447 mg, 3 mmol)
in dry THF (5 mL) at 0°C and the solution was stirred for ca. 6 h
and then for additiora8 h at rt. Tothis solution the isocyanate
(447 mg, 3 mmol) in THF (1 mL) was added dropwise at@
and the mixture was stirred for ca. 12 h and for additional 12 h at
rt. It was then poured into ice-coae N HCI solution (60 mL)
and kept for a few hours at 4C. (a) For9a and9c, a precipitate
was formed in the aqueous solution, filtered, washed with cold

SOy). The solvent was evaporated, the crude product was distilled water, and dried in air. Crystallization from EtOApetroleum ether

and the fraction with boiling range of 164.08 °C (21.6 g, 61%)
was collected.
IH NMR (CDClg, 298 K) o: 5.78 (hept2Jyr = 5.93 Hz, 1H,
CHCRy), 4.24 (s, 2H, CHCI). 13C NMR (CDCk, 298 K)o: 164.8
(m, CO), 120.1 (q of micr = 282.3 Hz, Ck), 67.6 (d of hept,
Jen = 151.2 Hz,2Jcr = 35.1 Hz, CH), 39.5 (tiJcy = 152.8 Hz,
CH,). The compound is relatively unstable, and satisfactory
elemental analysis could not be obtained.
1,1,1,3,3,3-Hexafluoro-2-propyl Phosphonoacetaté. mixture
of 1,1,1,3,3,3-hexafluoro-2-propyl chloroacetate (21.6 g, 88 mmol)
and trimethyl phosphite (12.0 g, 97 mmol) was heated at ca&C80

(40—60°C) afforded 0.19 g (21%) of white cotton-like sola or
0.56 g (51.7%) of the yellow soli@c.

(b) For9b and 9d, no precipitate was formed in the aqueous
solution, and the solution was extracted with EtOAc and drieg-(Na
SQy), and the solvent was evaporated. The remaining solid was
crystallized from EtOAe-petroleum ether (4060 °C), giving 0.51
g (63%) of a light yellow solid oBb, or 0.44 g (58.5%) of a light
yellow powder of9d. Crystallization was from EtOAc.

Analyses and NMR data are given in Table 8 and Tables S1
S3 in the Supporting Information.

General Procedure for the Reaction of Tetramethyl Meth-

for ca. 48 h. The volatile components were evaporated under ylenebisphosphonate with Isocyanates to Form 12&e. Na (72

reduced pressure, and the residue was purified by column chro-

matography (silica, EtOAc) giving 9.64 g (34%) of the colorless

mg, 3.1 mmol) was added to a solution of tetramethyl methyl-
enebisphosphonate (696 mg, 3 mmol) in dry@{(20 mL) at rt
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and stirring continued until its complete disappearance. The organic noacetate (386 mg, 1 mmol) in dry,Bx(10 mL) at 0°C and stirring
isocyanate (3 mmol) in ED (3 mL) was added dropwise at’C, continued until all of the Na disappeared. The organic isocyanate
and the mixture was stirred for ca. 12 h at®© and additional 12 (1 mmol) in EtO (1 mL) was added dropwise at°®, and the

h at rt. The solution was filtered and the Na salt was washed quickly mixture was stirred for ca. 24 h at’€. The solvent was evaporated

with a small amount of EO and suspended in £ (10 mL). An and the remainder (except f&7g was washed with chloroform
ice-coolel 2 N HCI solution (50 mL) was poured into the for 17ef or with benzene fol7h and suspended in chloroform.
suspension, which was then extracted with chloroform &0 mL), Then 32% HCI (16-20 mL) containing ice (20 g) was poured into

dried (MgSQ) and the solvent was evaporated. The crude residue the suspension which was extracted with chlorofornx (30 mL)
was crystallized from EtOAc-petroleum ether (480 °C), giving and dried (MgSG@).The residue was crystallized from EtOAc
the desired compound 2a-9. Analyses and NMR data are given petroleum ether (4660 °C) and gave the desired compound.
in Table 8 and Tables SiS3 in the Supporting Information. Analyses and NMR data are given in Table 8 and TablesS3L
2,2,2-Trifluoroethyl Bis(2,2,2-trifluoroethyl)phosphonoace- in the Supporting Information.
tate. To a solution of bis(2,2,2-trifluoroethyl) phosphonoacetate (5  Computation Methods. The compounds investigated were
g, 15.7 mmol) in 2,2, 2-trifluoroethanol (32 g, 314 mmol) was added optimized by using the Gaussian 98 progfaat the hybrid density
98% sulfuric acid (0.8 g), and the solution was refluxed overnight. functional B3LYP/6-31G** metho# which was extensively used
After cooling, the solution was added to saturated@{; solution in recent calculations of enols of carboxylic acid derivatives and
(30 mL), and the organic layer at the bottom was separated. Theshown to give Keno Values reliable within 2 Keno Units2® All
aqueous layer was extracted twice with chloroform, and the optimized structures including higher energy conformers were
combined organic layer was dried over anhydrousS@. Evapo- confirmed by frequency analysis to be local minima on the potential
ration gave a 1:0.81 mol/mol mixture of the precursor and the energy surface¥eno values were calculated from the free energy
desired esters (based &1i NMR). The mixture was separated by  differences between the amide and enol forms at 298.15 K.
column chromatography (silica gel, 2:3 EtOAc/petroleum ether). . .
The first fraction was collected and evaporation afforded 1.6 g _ Acknowledgment. We are indebted to the Israel Science

(26%) of 16 as a colorless oil. Foundation for support, to Dr. Shmuel Cohen from the Depart-
Anal. Calcd for GHgFsOsP: C, 24.89; H, 2.09. Found: C, 25.69; ment of Inorganic and Analytical Chemistry, The Hebrew
H, 2.18. University, for the X-ray structure determination, and to

IH NMR (CDCl;, 298 K) 0: 4.53 (9,3Jur = 8.25 Hz, 2H, CG Professors Tony Kirby, Marvin Charton, and Eli Breuer for
CH,CF), 4.45 (m, 4H, CECH,OPO), 3.26 (d2Jpy = 21.54 Hz, discussions.
2H, CHy). %F—H coupled NMR (CDGJ, 298 K) §: —74.75 {(t,

3J4e = 8.09 Hz, 3F, CGCH,CFs), —76.37 (134 = 7.91 Hz, Ck- Supporting Information Available: Tables StS3 with com-
CH,0OP0).13C NMR (CDCk, 298 K) o: 163.2 (dm,2Jcp = 4.8 plete 1H_, 13C, 19_F, and®P NMR data, Table S4 with relative
Hz, CO), 122.4+ 122.3+ 122.2 (q of tJor = 277.2 Hz,2Jcy = integration of signals for all compounds, and Table S5 for the
4.6 Hz, CR), 62.7 (tqd,Jey = 152.6 Hz,2Jcr = 38.4 Hz,2)cp = calculated geometries of enols and amides. Full crystallographic

5.6 Hz, CRCH,0OPO), 61.3 (t of gJcn = 151.8 Hz,2Jcr = 37.3 data for the compounds in Table 1 and compouh2id 17b, 19,
Hz, CO,CH,CFs), 33.4 (d of t,Jcp = 144.5 Hz,Jey = 131.5 Hz, and 20 (CIF). This material is available free of charge via the
CH,PO). Internet at http://pubs.acs.org.

General Procedure for the Reaction of Bis(2,2,2-trifluoroet- JO0710679
hyl) Methoxycarbonylmethyl Phosphonate with Isocyanates to
Give 17a-d. Na (48 mg, 2.1 mmol) was added to a solution of (27) Gaussian 98, Revision A.6: Frisch, M. J.; Trucks, G. W.; Schlegel,
bis(2,2,2-trifluoroethyl) methoxycarbonylmethyl phosphonate (636 H: B-; Scuseria, G. E.; Robb, M. A, Cheeseman, J. R.; Zakrzewski, V. G.;

: . - . - Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
mg, 2 mmol) in dry E£O (20 mL) at rt with stirring which continued 3 M.?Danirgls, A.D. Kudin, K. N.: Strain, M. C.: Farkas?%.; Tomasi, J.:

until complete disappearance of the Na. The organic isocyanate (2garone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
mmol) in EO (2 mL) was added dropwise afQ, and the mixture Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.
was stirred for ca. 12 h at C and additional 12 h at rt. Ice-  Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
coolad 2 N HCI solution (40 mL) was poured into the solution, J- B.; Cioslowski, J.; Ortiz, J. VV.; Stefanov, B. B.; Liu, G; Liashenko, A.;
which was then extracted with chloroform 320 mL) and dried Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,

- T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
(MgS0y), and the solvent was evaporated. The crude residue WaSGij p. M. W.; Johnson, B.; Chen, W.. Wong, M. W.; Andres, J. L..

crystallized with EtOAe-petroleum ether (4960 °C) giving 17b— Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian,
d. The producti7aof p-methoxyphenyl isocyanate was crystallized Inc., Pittsburgh, PA, 1998.

from CCl-petroleum ether. Analyses and NMR data are given in (28) (a) Becke, A. DPhys. Re. 1988 A38 3098. (b) Lee, C.; Yang,
Table 8 and Tables S1S3 in the Supporting Information. W.; Parr, R. GPhys. Re. 1988 B37, 785.

: Ty (29) Apeloig, Y.; Arad, D.; Rappoport, 4. Am. Chem. Sod99Q 112
General Procedure for the Reaction of 2,2,2-Trifluoroethyl 9131. Sklenak, S.; Apeloig, Y.; Rappoport,Z.Chem. Soc., Perkin Trans.

Bis(2,2,2-trifluoroethyl) Phosphonoacetate with Isocyanates To 2200Q 2269. Yamataka, H.; Rappoport, Z.Am. Chem. So€00Q 122,
Give 17e-h. Na (25 mg, 1.1 mmol) was added with stirring to a  9818. Rappoport, Z.; Lei, Y. X.; Yamataka, Helv. Chem. Acta2001,
solution of 2,2,2-trifluoroethyl bis(2,2,2-trifluoroethyl)phospho- 84, 1401.
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