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Structures of Zinc Ketone Enolates
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Solution- and solid-phase structural characterizations of a series of simple zinc ketone enolates are
presented. The new enolate derivatives were prepared (isolated yieté9%8§ by the deprotonation of
ketones by the bis(arylzinc) speci@sZn,Ph, (1) (whereRL?" are bis(amidoamine) ligands). Ketones
used include 23,4',5,6 -pentamethylacetophenone, cyclohexanone, 2,2-dimethylcyclopentanone, 2,4-
dimethyl-3-pentanone, and isobutyrophenone. These ketones were chosen because they have varying
degrees of substitution at the acidic carbon (peto the carbonyl group). Thus, the effect of sterics on
the structural preferences of zinc enolates was examined. In all cases, both solid- and solution-phase
structural data indicate that the anionic enolate ligands have isolated (and uncoordinated} carbon
double bonds. The enolate anions bind to the Zn centers with O-bridged structures. Single-crystal X-ray
diffraction data are reported fdfeLZn,[OC(=CMe,)'Pr], (2a), PLZn,[OC(=CMe,)Pr], (2b), and
iPLZNn,[OC(=CH,)CsMes], (4b). The ZnO, core of2ais symmetrical with the four ZrO bond lengths,
varying only slightly (Zr-Oenolate = 1.975(2)-1.982(2) A). In contrast, the structures 2 and 4b,
which are supported by the more sterically hindered lig&hd-, display parallelogram-shaped Z»
cores and longer intermetal distances. These structural distortions are accompanied with changes in the
degree of polarization of the carbenarbon double bonds of the enolate ligands. This is observed by
considering the shift difference between the ##0 resonances arising from the carbons of the enolate
C—C double bond. The general trend is that the more hindered supporting li§&Ad, forms enolate
derivatives with less polarized carbenarbon double bonds. As expected, the Zn enolates also display
carbon-carbon double-bond polarizations that are intermediate to those of closely related Li and Si
enolates.

Introduction these species have been hindered by their tendencies toward
aggregation, disproportionation, and rapid self-condensation

Main-group and transition-metal enolates are carbon nucleo- PrOCesses.

philes of importance in both organic synthésesd metal- Metal enolates are known to adopt a variety of structural
mediated polymerizations of polar monomais. this context, motifs (Chart 1), which are dependent on the choice of metal,

. . solvent, and steric bulk of the ligan8%enerally, enolates of
alkali and alkaline-earth enolates are most frequently used, but o
. N ) . . electropositive metals prefer O-bound structures. For example,
there is growing interest in the use of zinc enolates due to their

. LS . the structurally characterized ketone enolate derivatives of the
ideal combination of good reactivity and tolerance of many

functional groups.To date, zinc enolates have been used in _ (4)(a) Drake, N. L; Eaker, C. M.; Shenk, W. Am. Chem. Sod 948
. . . - 70, 677-680. (b) Hansen, M. M.; Bartlett, P. A.; Heathcock, C. H.;
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(b) Ding, Y.; Zhao, Z.; Zhou, CTetrahedron1997, 53, 2899-2906. (c)
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group -4 metal§ and Lr° (Ln = lanthanides) nearly always

feature terminal or bridging O-bound structures. In contrast, the

related derivatives of soft metals, such as¥gu,'2 TI,13 and
Pbl“ strongly prefer terminal C-bound (2-oxoalkyl) structures.

Hlaka and Hagadorn

maintained in common solvert%:22 Following those studies
Boersma proposed that Zn ketone enolates adopt analogous C,O-
bridging structureg? Others, however, have proposed that Zn
ketone enolates are O-bound on the basis of IR absorptioddata.
To resolve this issue, additional solution- and solid-phase
structural information is needed. Currently, such data are limited
to one Na zincate specfdsand two chelate-stabilized Zn
enolates-amino-substituted enolate¥)Here we describe the
preparation and first structural characterizations of a series of
simple Zn ketone enolates supported by binucleating bis-
(amidoamine) ligand® These studies indicate a preference for
O-zincation without any ZaC interactions.

Experimental Section

General Considerations.Standard Schlenk-line and glovebox
techniques were used unless stated otherwise. ZATP#LH,,26b
IP_H,,260 and MeLzZn,Phy2%0 (18) were prepared as described in

A few C,0O-bridging structures have also been observed for published procedures. 2,4-Dimethyl-3-pentanone, cyclohexanone,

derivatives of Mdt® Ru(ll),16 and Pd(Il)1” Importantly, these

and isobutyrophenone were Kugelrohr distilled from Gadrdor

structural preferences are generally thought to correlate with to use. 2,2-Dimethylcyclopentanone arig824',5,6-pentamethy-
reactivity. Thus metal enolates with O-bound ground states arelacetophenone were purchased from Sigma-Aldrich and were used

usually more reactive in nucleophilic additions with carbonyls

as received. Hexanes, B, toluene, tetrahydrofuran (THF), and

and nitriles. Mechanistically these species are thought to bind CHzCl2 were passed through columns of activated alumina and

the substrates to the metal center so that th€®ond forming

step occurs via a cyclic, chairlike transition state. Empirical t
observations and calculations also suggest that metal enolate%
with C-bound ground states rearrange to O-bound structures

prior to undergoing addition reactioi®.

The structural preferences of zinc enolates remain uncertain.

sparged with N prior to use. GDg and GDg were vacuum
ransferred from Na-benzophenone ketyl. LB and CDC} were
acuum transferred from CaHeElemental analyses were determined
y Desert Analytics.

Me| Zn ,J[OC(=CMe,)'Pr], (2a). Toluene (20 mL) was added to
ZnPh (0.273 g, 1.24 mmol) an¥eLH, (0.212 g, 0.622 mmol) in
a 100 mL round-bottomed flask. The clear, colorless solution was

We recently reported that Zn amide enolates adopt C,0-bridging gtirreq for 2 h, during which time a white precipitate formed. 2,4-

structures with extensive delocalization of the anionic chétge.

Dimethyl-3-pentanone (0.88 mL, 6.2 mmol) was added, and the

These results were similar to those reported earlier by Boersmamixture was heated to 7%. After 3 days, the clear solution was
and co-workers for ester enolates. These species were showRoncentrated to 10 mL under reduced pressure. Coolirgi®°C

by X-ray diffraction to adopt C,O-bridging structures that are

(9) Selected examples of derivatives of group 1: (a) Henderson, K. W.;
Dorigo, A. E.; Liu, Q.-Y.; Williard, P. G.; Schleyer, P.; Bernstein, P.JR.
Am. Chem. Sod.996 118 1339-1347. (b) Williard, P. G.; Carpenter, G.
B. J. Am. Chem. S0d.985 107, 3345-3346. (c) Williard, P. G.; Hintze,
M. J.J. Am. Chem. So0d99Q 112 8602-8604. (d) Pospisil, P. J.; Wilson,
S. R.; Jacobsen, E. N. Am. Chem. Sod992 114, 7585-7587. (e) Veya,
P.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, COrganometallics1994 13,
214-223. Group 2: (f) Allan, J. F.; Henderson, K. W.; Kennedy, A. R;
Teat, S. J.Chem. Commun200Q 1059-1060. (g) Alexander, J. S.;
Ruhlandt-Senge, KChem. Eur. J2004 10, 1274-1280. Group 3: (h)
Basuli, F.; Tomaszewski, J.; Huffman, J. C.; Mindiola, DOdganometallics
2003 22, 4705-4714. (i) Evans, W. J.; Dominguez, R.; Hanusa, T. P.
Organometallicsl986 5, 1291-1296. Group 4: (j) Agapie, T.; Diaconescu,
P. L.; Mindiola, D. J.; Cummins, C. @rganometallic2002 21, 1329~
1340. (k) Curtis, M. D.; Thanedar, S.; Butler, W. @rganometallicsL984
3, 1855-1859. (I) Howard, W. A.; Parkin, GJ. Am. Chem. Sod 994
116, 606-615.

(10) Wu, Z.; Xu, Z.; You, X.; Zhou, X.; Huang, XI. Organomet. Chem.
1994 483 107-113.

(11) Bebout, D. C.; Bush, J. F., Il.; Crahan, K. K.; Bowers, E. V.;
Butcher, R. JInorg. Chem2002 41, 2529-2536.

(12) Ito, Y.; Inouye, M.; Suginome, H.; Murakami, M. Organomet.
Chem.1988 29, C41-C44.

(13) Vicente, J.; Abad, J.; Cara, G.; Jones, PAGgew. Chem., Int. Ed.
199Q 29, 1125-1126.

(14) Morgan, J.; Buys, I.; Hambley, T. W.; Pinhey, J.JT Chem. Soc.,
Perkin Trans.1993 1677-1682.

(15) Dove, A. P.; Gibson, V. C.; Marshall, E. L.; White, A. J. P.;
Williams, D. J.Chem. CommurR002 1208-1209.

(16) Catalano, V. J.; Craig, T. lhorg. Chem2003 42, 321-334.

(17) (a) Veya, P.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, @rganome-
tallics 1993 12, 4899-4907. (b) Ruiz, J.; Rodriguez, V.; Cutillas, N.; Pardo,
M.; Perez, J.; Lopez, G.; Chaloner, P.; Hitchcock, POBganometallics
2001 20, 1973-1982.

(18) Dewar, M. J. S.; Merz, K. MJ. Am. Chem. So0d987, 109, 6553~
6554.

(19) Hlavinka, M. L.; Hagadorn, J. Rrganometallic2005 24, 4116—
4118.

yielded2a as colorless crystals (0.265 g, 61.2%). NMR (CD,-
Cly): 6 7.05 (t,J = 7.6 Hz, 2H), 6.86 (ddJ = 1.2, 7.6 Hz, 2H),
6.34 (dd,J = 1.2, 7.6 Hz, 2H), 3.30 (t) = 5.6 Hz, 4H), 2.76 (t,
J=5.6 Hz, 4H), 2.74 (sepf = 6.8 Hz, 2H), 2.47 (s, 12H, Ney),
1.94 (s, 6H), 1.59 (s, 6H), 0.64 (d,= 6.8 Hz, 12H).13C{H}
NMR (CD.Cly): 6 157.2 (QC(=CMe,)'Pr), 145.3, 143.8, 124.7,
124.2,105.8, 102.9, 102.1 (O€CMe,)'Pr), 62.5, 45.9, 43.3, 30.3,
20.2, 20.0, 18.8. IR: 2954 (s), 2923 (s), 2854 (s), 1654 (w), 1620
(m), 1597 (w), 1577 (m), 1490 (m), 1465 (s), 1420 (m), 1377 (m),
1363 (s), 1339 (m), 1259 (w), 1203 (w), 1174 (w), 1149 (m), 1102
(w), 1087 (w), 1055 (m), 1038 (w), 1024 (m), 952 (w), 934 (w),
833 (w), 787 (w), 758 (w), 752 (m), 722 (m). Anal. Calcd (found)
for 2a, CsaHsN4OsZny: C, 58.71 (58.63); H, 7.54 (7.37); N, 8.05
(8.21).

(20) Dekker, J.; Budzelaar, P. H. M.; Boersma, J.; van der Kerk, G. J.
M.; Spek, A. L.Organometallics1984 3, 1403-1407.

(21) In the presence of strong Lewis bases (e.g., hexamethylphosphora-
mide) mononuclear species form, which presumably feature terminal
O-bound or C-bound enolate ligands. See ref 20.

(22) A C,0O-bridging structure has been observed for a zinc enolate
derivative of a chiral N-substituteé-carbony! sulfoximine (Pr,NC(O)=
C(H)S(O)(NMe)Ph]ZnEY): Bolm, C.; Muler, J.; Zehnder, M.; Neuburger,

M. A. Chem. Eur. J1995 1, 312-317.

(23) Meyer, R.; Gorrichon, L.; Maroni, R. Organomet. Chen1977,
129 C7-C10.

(24) Hevia, E.; Honeyman, G. W.; Kennedy, A. R.; Mulvey, R.JE.
Am. Chem. SoQ005 127, 13106-13107.

(25) (a) van Vliet, M. R. P.; van Koten, G.; Buysingh, P.; Jastrzebski,
T. B. H.; Spek, A. L.Organometallics1987, 6, 537-546. (b) Goel, S. C;
Chiang, M. Y.; Buhro, W. Elnorg. Chem.199Q 29, 4646-4652.

(26) (a) Hlavinka, M. L.; Hagadorn, J. Rhem. Commur2003 2686—
2687. (b) Hlavinka, M. L.; Hagadorn, J. Rorganometallics2005 24,
5335-5341. (c¢) Hlavinka, M. L.; McNevin, M. J.; Shoemaker, R.;
Hagadorn, J. Rinorg. Chem 2006 45, 1815-1822.

(27) Ashby, E.; Willard, G.; Goel, AJ. Org. Chem1979 44, 1221~
1232.
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iPr. Zn ,J[OC(=CMe,)'Pr] (2b). Toluene (15 mL), ZnPh(0.152
g, 0.692 mmol), ané"LH, (0.156 g, 0.342 mmol) were combined
in a 100 mL round-bottomed flask to form a clear, colorless
solution. The solution was heated to 85 for 18 h. 2,4-Dimethyl-

Organometallics, Vol. 25, No. 14, 28663

J = 6.4 Hz, 6H), 0.72 (dJ = 6.8 Hz, 6H).13C{H} NMR (CD.-

Cl,, —20°C): 6 160.4 (QC(=CH,)Ar), 145.8, 143.8, 138.6, 134.5,
133.3, 132.8, 132.6, 132.0, 124.2, 123.8, 105.9, 102.6, 95.4 (OC-
(=CHy)Ar), 57.4, 51.8, 48.0, 46.2, 24.9, 24.5, 21.0, 18.6, 17.8, 17.0,

3-pentanone (0.49 mL, 3.5 mmol) was then added, and the solution16.8, 16.5 (One expected resonance is not observed, presumably

was heated to 78C for 2 days. The clear solution was cooled to
—40°C to yield2b as colorless crystals (0.172 g, 61.5%).NMR
(CD,Clp): 6 7.04 (t,J = 7.6 Hz, 2H), 6.84 (dd) = 1.2, 7.6 Hz,
2H), 6.32 (ddJ = 1.2, 7.6 Hz, 2H), 3.35 () = 5.6 Hz, 4H), 3.27
(sept,J = 6.8 Hz, 4H, N(BHMe,),), 3.13 (t,J = 5.6 Hz, 4H), 2.53
(sept,J = 7.2 Hz, 2H, OCCMe,)CHMe,), 1.65 (s, 6H), 1.50 (s,
6H), 1.31 (br, 24H, N(CMe,),), 0.58 (d,J = 7.2 Hz, 12H, OC-
(=CMe,)CHMey). 13C{H} NMR (CD,CL,):  157.5 (QC(=CMey)-
Pr), 145.2, 143.8, 124.5, 124.1, 106.1, 105.9 (©Ckle,)Pr),

103.0, 54.6, 53.6, 47.1, 34.9, 22.2, 20.9, 20.5, 18.6. IR: 2953 (s),

2923 (s), 2854 (s), 1652 (w), 1623 (m), 1601 (w), 1577 (w), 1492
(w), 1462 (s), 1422 (m), 1376 (m), 1364 (m), 1342 (w), 1209 (w),
1184 (w), 1151 (m), 1130 (w), 1099 (m), 1058 (w), 1047 (w), 1024
(w), 753 (w), 726 (m). Anal. Calcd (found) f&b, CyHesN4Os-
Zny C, 62.45 (62.44); H, 8.48 (8.28); N, 6.94 (6.87).

Me| Zn ,[O(=CMe;,)Ph]; (3). Isobutyrophenone (1544, 0.103
mmol), 1a (32.2 mg, 0.0516 mmol), andsDs (0.5 mL) were

due to overlap). IR: 2954 (s), 2923 (s), 2854 (s), 1620 (m), 1609
(w), 1579 (m), 1491 (w), 1462 (s), 1422 (m), 1376 (m), 1364 (m),
1340 (m), 1303 (w), 1271 (w), 1192 (w), 1177 (w) 1149 (w), 1025
(w), 949 (w), 818 (w), 752 (w), 724 (w). Anal. Calcd (found) for
4b, CssH7eN4OsZny: C, 67.56 (67.35); H, 7.98 (7.71); N, 5.84
(5.86).

Me| Zn ,(OC7H11), (5). Toluene (10 mL) was added to ZnPh
(0.211 g, 0.961 mmol) an¥eLH, (0.164 g, 0.480 mmol) in a 100
mL round-bottomed flask. The clear, colorless solution was stirred
for 2 h, during which time a white precipitate formed. 2,2-
Dimethylcyclopentanone (0.18 mL, 1.44 mmol) was added, and
the mixture was heated to 5%. After 2 days, the clear solution
was concentrated to 5 mL under reduced pressure. Cooling@o
°C yielded5 as colorless crystals in 37.8% yiefdd NMR (CD»-

Cly): 6 7.06 (t, 7.6 Hz, 2H), 7.86 (ddl = 1.2, 7.6 Hz, 2H), 6.36
(dd,J = 1.2, 7.6 Hz, 2H), 4.44 (t) = 2.5 Hz, 2H, OC£CH)),
3.33 (t,J = 5.6 Hz, 4H), 2.83 (tJ = 5.6 Hz, 4H), 2.58 (s, 12H,

combined in a NMR tube. The clear, colorless solution was heated NMey), 1.99 (dt,J = 2.5, 6.0 Hz, 4H), 1.59 (t) = 6.0 Hz, 4H),

to 75°C for 2 days. Analysis byH NMR spectroscopy indicated
>95% conversion t@. 'H NMR (C¢Dg): 0 7.46 (t, 7.6 Hz, 2H),
7.43 (m, 4H, OCCMe,)Ph), 7.35 (ddJ = 1.2, 7.6 Hz, 2H), 6.96
(m, 4H, OCECMey)Ph), 6.87 (m, 2H, OCGECMe,)Ph), 6.62 (dd,
J =12, 7.6 Hz, 2H), 3.11 (tJ = 5.6 Hz, 4H), 2.12 (t, 5.6 Hz,
4H), 1.76 (s, 12H, Ney), 1.74 (s, 6H, OGECMe(Me))Ph), 1.59
(s, 6H, OCECMe(Me))Ph).22C{1H} NMR (C¢Dg): 0 150.9 (CC(=

CMey)Ph), 146.2, 143.6, 142.2, 129.4, 128.9, 127.0, 125.6, 124.6,

107.8 (OC&CMe,)Ph), 106.8, 104.7, 62.1, 45.2, 43.4, 21.2, 19.0.

Mel Zn ;[OC(=CH,)Ar] ; (Ar = C¢Mes) (4a). Toluene (25 mL)
was added to ZnRh0.464 g, 2.11 mmol) an&*LH, (0.360 g,

0.83 (s, 12 H).I13C{H} NMR (CD,Cly): o0 169.4 (QC(=CH)),
145.7, 143.7, 124.7, 124.2, 105.8, 103.1, 99.2 (8CK)), 62.1,
46.5, 43.3, 43.2, 39.8, 26.3, 24.5. IR: 2953 (s), 2924 (s), 2854 (s),
1619 (m), 1603 (w), 1580 (m), 1491 (m), 1465 (s), 1420 (m), 1377
(m), 1363 (s), 1337 (m), 1294 (w), 1283 (w), 1234 (m), 1205 (w),
1171 (w), 1146 (m), 1135 (w), 1096 (w), 1057 (w), 1022 (w), 955
(w), 931 (w), 832 (w), 786 (w), 751 (m), 721 (m). Anal. Calcd
(found) for5, Cs4H76N4O3Zn,: C, 59.05 (5926), H, 7.00 (7.18);
N, 8.10 (8.35).

Me| Zn ,(OCgHg), (6). Cyclohexanone (35.3L, 0.340 mmol),
1a (106 mg, 0.170 mmol), and GBI, (5 mL) were combined in

1.06 mmol) in a 100 mL round-bottomed flask. The clear, colorless & 25 mL round-bottomed flask. The clear, colorless solution was

solution was stirred for 2 h, during which time a white precipitate
formed. 2,3,4,5,6-Pentamethylacetophenone (0.503 g, 2.64 mmol)

stirred overnight. Removal of the volatiles under reduced pressure
yielded 6 as a colorless solid (0.11 g, 90% yield). Attempts to

°C for 40 h. Colorless crystals of the product formed as the solution indicated approximately 90% purityHd NMR (CeDs): 0 7.46 (t,

slowly cooled to room temperature. Further cooling-t@5 °C
yielded additionaka (0.663 g, 69.4% yield)!H NMR (CD,Cl,):
0 7.11 (t,J = 7.6 Hz, 2H), 6.89 (ddJ = 1.0, 7.6 Hz, 2H), 6.35
(dd,J= 1.0, 7.6 Hz, 2H), 4.46 (FJun = 0.5 Hz,"Jcyy = 153 Hz,
2H, OCECHH)AY), 3.57 (d,2y = 0.5 Hz,Jcy = 159 Hz, 2H,
OCE=CHH)Ar), 3.17 (t,J = 5.6 Hz, 4H), 2.19 (s, 6H), 2.1 (br,
28H), 2.01 (s, 12H, Ney). 13C{H} NMR (CD,Cl): o 162.8
(OC(=CH)Ar), 146.6, 143.9, 139.7, 134.5, 132.6, 132.4, 124.7,
124.3, 105.8, 103.0, 90.8 (O€CH,)Ar), 61.2, 45.7, 43.4, 18.3,
16.9, 16.7. IR: 2954 (s), 2923 (s), 2853 (s), 1637 (w), 1619 (m),
1598 (m), 1580 (m), 1491 (m), 1463 (s), 1423 (m), 1378 (m), 1366
(m), 1338 (m), 1307 (w), 1274 (w), 1198 (w), 1171 (w), 1145 (w),
1096 (w), 1058 (w), 1022 (w), 975 (w), 956 (w), 934 (w), 832
(w), 804 (w), 759 (w), 751 (w), 721 (m). Anal. Calcd (found) for
4a:(toluene) 5, Csg Heo dN4O3ZN,: C, 68.18 (68.15); H, 7.32 (7.24);
N, 5.85 (5.69).

iPrL.Zn ,[OC(=CHy)Ar] , (Ar = CgMes) (4b). The compound
was prepared using a method analogous to that used to pi&pare
except that 2.5 equiv of 8,4',5,6'-pentamethylacetophenone was

7.6 Hz, 2H), 7.36 (dd) = 1.2, 7.6 Hz, 2H), 6.71 (ddl= 1.2, 7.6
Hz, 2H), 4.94 (tJ = 4.0 Hz, 2H, OC£CH)), 3.22 (t,J = 5.6 Hz,
4H), 2.29 (t,J = 5.6 Hz, 4H), 2.09 (s, 12H, Ney), 1.98 (t,J =
6.8 Hz, 4H), 1.87 (m, 4H), 1.33 (m, 4H), 1.24 (m, 2H), 1.13 (m,
2H). 13C{*H} NMR (CgDg): ¢ 157.1 (QC(=CH)), 146.7, 143.8,
125.7,124.8, 107.0, 105.0, 99.6 (G€TH)), 62.2, 45.7, 43.6, 32.0,
24.9, 24.2, 23.4.

NMR Spectroscopy.NMR spectra were measured on a Varian
Inova-400 NMR spectrometer, at'al observation frequency of
400.16 MHz. Chemical shifts)j for 'H NMR (400 MHz) spectra
are given relative to residual protium in the deuterated solvent at
7.16,5.32, 7.27, and 2.09 ppm fogls, CD,Cl,, CDCl, and GDs,
respectively.

X-ray Crystallography. Table 1 lists a summary of crystal data
and collection parameters for all crystallographically characterized
compounds. Additional data are presented as Supporting Informa-
tion.

General Procedure.A crystal of appropriate size was mounted
on a glass fiber using hydrocarbon oil (Paratone-N), transferred to

used in place of 5 equiv of 2,4-dimethyl-3-pentanone. The product a Siemens SMART diffractometer/CCD area detector, centered in
was isolated as colorless crystals from the toluene solution at the beam (Mo k; A = 0.71073 A; graphite monochromator), and
ambient temperature. Additional crystalline product formed as the cooled to approximately-127 °C by a nitrogen low-temperature

mother liquor cooled to-15 °C (total yield: 56.7%).!H NMR
(CD,Cl,, —20°C): 6 7.08 (t,J = 7.6 Hz, 2H), 6.88 (dJ = 7.6
Hz, 2H), 6.30 (dJ = 7.6 Hz, 2H), 4.46 (skcy = 154 Hz, 2H),
3.63 (s,1Jch = 159 Hz, 2H), 3.29 (br, 4H), 2.94 (br, 4H), 2.25 (s,
6H), 2.19 (s, 6H), 2.14 (s, 6H), 2.08 (s, 6H), 1.7 (s, 6H), 1.35 (br,
4H), 1.30 (d,J = 6.8 Hz, 6H), 1.26 (dJ = 6.4 Hz, 6H), 1.21 (d,

apparatus. Preliminary orientation matrix and cell constants were
determined by the collection of 60 frames, followed by spot
integration and least-squares refinement. A minimum of a hemi-
sphere of data was collected using®Q:8scans. The raw data were
integrated and the unit cell parameters refined using SAINT. Data
analysis was performed using XPREP. Absorption correction was
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Table 1. Crystallographic Data and Collection Parameters

Hleka and Hagadorn

2a 2b 4b(toluene) s
formula GaHs2N4O3Z1; CazHesN4OsZn, Cs7.3HgoN4O3Zn,
fw (g-mol™?) 695.54 807.74 1005.99
space group P2(1)lc (#14) Pna2(1) (#33) C2/c (#15)
temp (K) 147 147 145
a(A) 10.2301(4) 18.6748(5) 32.949(1)

b (A) 19.8950(7) 13.3529(4) 19.2436(7)

c(A) 17.3484(6) 16.9723(4) 19.7699(7)

o (deg) 90 90 90

p (deg) 94.168(1) 90 121.5010(10)

y (deg) 90 90 90

z 4 4 8

V (A3 3521.5(2) 4232.3(2) 10687.9(7)

ealc (g-cm ) 1.312 1.268 1.250

6 range (deg) 1.5627.88 1.8727.88 2.0+27.88

wu (mm1) 1.399 1.174 0.944

cryst size (mm) 0.45 0.35x 0.08 0.25x 0.20x 0.20 0.50x 0.30x 0.25
no. of reflns collected 28 239 33162 40 653

no. of data/restraints/params 8407/0/400 10 087/1/464 12 741/30/615
R1 (forFo > 4oF) 0.0515 0.0527 0.0564

R1, wR2 (all data) 0.0932, 0.1238 0.0837,0.1187 0.0874,0.1619
GOF 1.005 1.007 1.030

largest peak, hole (&3) 0.546,—0.494 0.557;-0.567 1.088;-0.533

applied using SADABS. The data were corrected for Lorentz and equal within a standard deviation of 0.02. The six 1,3 carbon
polarization effects, but no correction for crystal decay was applied. carbon distances were restrained to be equal within a standard
Structure solutions and refinements were performed (SHELXTL- deviation of 0.04. The largest peak in the difference Fourier was
Plus V5.1) onF2.28 Notable details of each data collection and located near the disordered toluene molecule (1.8 A from H55a).
refinement are described below.

Structure of MeL.Zn ,[OC(=CMe,)'Pr], (2a). Crystals that were
suitable for X-ray diffraction studies were grown at ambient
temperature by the vapor diffusion of hexanes inta:Bg3olution. Synthesis.Zinc ketone enolates are commonly prepared in
Preliminary data indicated a primitive monoclinic cell. Systematic situ by reaction of simple ketones with Zn alkyls or amidos.
absences indicated space gr&g{1)/c (#14). This choice of space  Typically these generated enolates are then rapidly quenched
group was confirmed by the successful solution and refinement of by reaction with an electrophilic carbonyl or other substrate. In
the structure. The asymmetric unit contains a single molecule of our initial attempts to prepare Zn enolate species, the dinuclear
2a All non-H atoms were refined anisotropically. Hydrogens were organozincsla and1b (Scheme 1) were reacted with acetone
placed in idealized positions and were included in structure factor j5 CD,CI, solution. After 12 h at 20C a mixture of products
calculations but were not refined. was observedd NMR), likely due to self-condensation of the

Structure of ""LZn ;[OC(=CMe,)'Pr], (2b). Crystals thatwere  cetone. The use of acetophenone in place of acetone gave
suitable for X-ray diffraction studies were grown at ambient gjnilar results.

e oo o Sy hminecs e s T U of mor teialyfindered etones, however, e o
pr - SY ; the successful formation of isolable Zn ketone enolates. For
with space group®na2(1) (#33) andPnam(#62). The choice of example, heating a dDs solution of 1a with excess 2,4
Pna2(1) was confirmed by the successful solution and refinement ~. ’ 6 v

(1) w ) y ! ! SOIUM ! dimethyl-3-pentanone at 78 for 3 days cleanly formed (by

of the structurePnamfailed to yield a successful solution. The H NMR) th late derivativea. C ently. i found
asymmetric unit contains a single moleculebf All non-H atoms ) the enolate derivativea Conveniently, it was foun

were refined anisotropically. Hydrogens were placed in idealized thatlacould be formed in situ and reacted with ketones without
positions and were included in structure factor calculations but were Significant reduction in isolated yields. Thus, a suspension of
not refined. The Flack parameter refined to 0.05(1), indicating that 1&in toluene was generated by reactiorM®H with 2 equiv

the correct absolute structure was refined. Inversion of the structureof ZnPh for 2 h. The addition of 10 equiv of 2,4-dimethyl-3-
led to an increase in R1 (all data) to 0.0953 and a Flack parameterpentanone to the solution followed by heating to “T5for 3

Results and Discussion

of 0.88(2). days formed a clear, colorless solution, from whizé was
Structure of PrLZn JJOC(=CH,)Ar] »*(toluene) 5 (4b). Crystals crystallized in 61% yield. Repeating the synthesis using the more
that were suitable for X-ray diffraction studies were grown-&t hindered ligand®LH; in place ofeLH, formed2b, which was

°C from a toluene solution. Preliminary data indicated a C-centered isolated in 62% yield. In an analogous fashiongbgsolution

monoclinic cell. Systematic absences were consistent with spaceof 1a reacted with 2 equiv of isobutyrophenone at°Tsover

groupsC2/c (#15) andCc (#9). The choice o€2/c was confirmed 2 days to form the enolate produ8tin over 95% vyield, as

by the successful solution and refinement of the structhedailed determined byH NMR spectroscopy relative to an internal

to yield a successful solution. The asymmetric unit contains a standard.

molecule of3b and a half-occupancy cocrystallized toluene thatis  The aforementioned Zn enolates were each formed by the

located on a crystallographic inversion center. All non-H atoms genrotonation of a tertiary carbon locatedto the carbonyl

not associated with the disordered toluene molecule were rEf'nedfunctionality In the interest of increasing the scope of this study

anisotropically. Hydrogens were placed in idealized positions and we have also explored enolates formed by the deprotonation c,)f

were included in structure factor calculations but were not refined. _ . d d k le. heati |

The carbons of the cocrystallized toluene were modeled isotropi- primary and secondary etone_s. For example, eating a toluene
solution of in situ formedla with 2.5 equiv of 23,4,5,6'-

cally. The six 1,2 carboncarbon distances were restrained to be .
pentamethylacetophenone to 76 for approximately 2 days

(28) Sheldrick, G. MSHELXTL-PlusA Program for Crystal Structure  formed a clear, colorless solution, from whidh crystallized
Determination Version 5.1; Bruker AXS: Madison WI, 1998. upon cooling. The product was isolated in 69% yield. Using
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Figure 1. Molecular structures d?a, 2b, and4b drawn with 50% thermal ellipsoids. Hydrogens are omitted in all structures. Cocrystallized

toluene and the methyls of the enolate ligands are omittetbin

Scheme 1
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Jﬁ/‘Pr — D i me Ar
S
RaN NR2 RoN NR
2 2
\Z \\\“O":,Z/ o RN o NR o N, w0,
Y n‘o, n\ 2 PGy 2 )I\ Zng 2N
N N Pr”ipr Vit auiN Me” Ar /0 Ny
\/kipr 2 PhH N N 2 PhH N Ar)%
e (Ar = CgMes)
2a: R = Me, 61% 0 bl 4a: R = Me, 69%
2b: R = Pr, 62% 2& FR=b ) i 4b: R = Pr, 57%
Q Pr>ph
-2 PhH 2 @ -2PhH -2 PhH
MeoN NMe Me,N NMe:
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3: >95% (NMR)

6: >90% (NMR)

analogous reaction conditions, the related enolate prodiuct
was prepared in 56% yield from the ketone drim Access to

bonds varying only slightly (Zf Oenolate= 1.975(2)-1.982(2)
A). Bond lengths and angles indicate the enolate ligands have

enolates of secondary ketones was achieved by the use of cycligsolated carborrcarbon double bonds with an average bond

ketones to prevent the formation of mixturessohndZ isomers.
Heating a toluene solution of in situ forméd with 3 equiv of
2,2-dimethylcyclopentanone to 86 for 2 days formed, which
was isolated as colorless crystals in 38% yield following cooling
to —40°C. In a similar fashior6 was formed in 90% yield (by
IH NMR) by reaction ofla with cyclohexanone in CkCl, at
ambient temperature.

Structures. The solid-state structures &, 2b, and4b were
determined by single-crystal X-ray diffraction. These are shown

length of 1.36 A. The enolate ligands are oriented approximately
perpendicular to the ZnZn axis. This geometry appears to
minimize the steric repulsions between the hindered enolates
and the bis(amidoamine) ligand. Overall the structur@tofs
similar to that of2a with a few exceptions. Most notable, the
Zn,O, core of2b is parallelogram shaped with alternating short
and long Zr-O bonds that differ by an average of 0.04 A.
Accompanying this distortion is a lengthening of the-ZZn
distance by 0.05 A relative tBa. This modest expansion of

in Figure 1 as 50% thermal ellipsoid plots. Selected bond lengths the core likely arises due to increased steric pressures. Geometry

and angles are included in Table 2.

Compound?a features a pair of four-coordinate Zn centers,
each bound to a chelating amidoamine donor and two O-
bridging enolates. Each amidoamine ligand is coordinated in
an unsymmetrical fashion to a Zn center, with the-Rmigo
bonds being, on average, 0.18 A shorter than the dative Zn
Naminebonds. This is typical for this type of ligand. Interestingly,
the enolate oxygens adopt nearly planar geometti€be sum
of the angles around O1 and O2 are 358&hd 359.9,
respectively. The Z1©, core is symmetrical with the four 210

(29) Solid-state structures of related Zn alkoxide derivative¥af-
andPL2- all feature pyramidalizegi-alkoxide ligands. See ref 26c¢.

at the enolate oxygens is slightly pyramidalized, with the sum
of the angles at O1 and O2 being 347ahd 348.7, respec-
tively.

The solid-state structure @b differs significantly from those
of 2aand2h. Most notably, the enolates db are not oriented
perpendicular to the ZnZn axis. This reflects the less hindered
profile of the enolate. The 2@, core is parallelogram shaped
with alternating short and long Z0D bonds that differ by an
average of 0.07 A. This expansion of the core results in a
relatively long intermetal separation of 2.9610(5) A. Metrical
parameters of the enolate ligands again indicate the presence
of localized carborrcarbon double bonds (C2€L30, 1.330(4)
A; C42—C43, 1.331(4) A).
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Table 2. Core Bond Lengths and Angles of Structurally Characterized Zn Enolates
R2
Rq

Ry X4
b
o)

SO

Zn @ Zn

metrical
parameter 2a(Ry='Pr, R = Me) 2b (Ry='Pr, R = Me) 4b (R, = C¢Mes, R, =H)
a(A) 1.980(2) Znt-012 1.986(3) Zn+01 1.973(2) Zn+01
1.982(2) Znt+02 2.017(3) Znt02 2.045(2) Znt02
1.975(2) Zn2-01 2.014(3) Zn201 2.047(2) Zn201
1.980(2) Zn2-02 1.983(3) Zn202 1.980(2) Zn202
b (&) 1.384(4) orc21 1.387(5) 0%C29 1.380(4) 0%C29
1.379(4) 02-C28 1.399(5) 02C36 1.391(3) 02C42
c(A) 1.341(5) C21-C22 1.336(6) C29C30 1.330(4) C29C30
1.334(5) C28-C29 1.338(6) C36C37 1.331(4) c42C43
d(A) 1.517(5) C2+C25 1.523(6) C29C33 1.489(4) C29C31
1.512(5) C28-C32 1.523(6) C36C40 1.506(4) C42Ca4
o (deg) 92.77(9) Zn+01-Zn2 93.7(1) Zn+01-Zn2 94.86(8) Zn+01-Zn2
92.69(9) Zn+02-7n2 93.7(1) Zn+02-7Zn2 94.71(8) Zn+02-7n2
B (deg) 132.7(2) Zn+01-C21 130.5(2) Zn+01-C29 122.2(2) Zn+01-C29
133.4(2) Zn2-01-C21 123.5(2) Zn201-C29 123.3(2) Zn201-C29
134.2(2) Zn+02-C28 125.8(2) Zn+02-C36 122.0(2) Zn+02-C42
133.0(2) Zn2-02—C28 129.2(2) Zn202—C36 123.0(2) Zn202—C42
Zn—zn (A) 2.8649(5) Zntzn2 2.9183(7) ZnZn2 2.9610(5) ZntZn2

a Atom numbers correspond to the those shown in Figure 1.

Table 3. 13C NMR Spectroscopic Data for Ketone Enolates

R, R
\ . .
Cs—C, (M = Li, Zn, Si)
/ \
R3 o0—M
Compound 3(Cy) 3(Cp) AS(0-B) Solvent Ref.
(ppm) (ppm) (ppm)
2a 157.2 102.1 55.1 CD.Cl, b
2b 157.5 105.9 51.6 CD,Cl, b
3 150.9 107.8 43.1 CeDs b
4a 162.8 90.8 72.0 CD,Cl, b
4b 160.4 95.4 65.0 CD,Cl,* b
5 169.4 99.2 70.2 CD.Cl, b
6 157.1 99.6 57.4 CsDs b
{Li[OC(=CMe3)Phi}, 155.6 95.6 60.0 Dg-THF c
Me;SiOC(=CMe;)Ph 143.6 112.8 30.8 CDCl3 d
Me
o} B
Bt N E 160.0 104.6 55.4 CD.Cl, e
Et. / n\ / n\Et
’Bu'N\:<O
Me 7
>N&
N;Na/ N2n-1Bu 146.6 106.8 39.8 CsD12 f
N Ny
/\
Z“Ph
By 8

aT = 253K. P This work. ¢ Reference 319 Reference 35¢ Reference 25d.Reference 24.

NMR Spectroscopy.H and 3C NMR spectroscopic data  be discussed*C NMR spectroscopic data for all new Zn
for the Zn enolate complexe2—6 are consistent with the  enolates and some related compounds are shown in Table 3.
structures shown in Scheme 1. Thus, they each have O-bridging TheH NMR spectrum of2a (in CD,Cl,) is consistent with
enolate anions and overdll,, symmetry in solution. Due to  overall C,, symmetry. Thus, one sharp singlet was observed at
the similarity of these complexes, only selected NMR data will 6 2.47 ppm (12H) for the four Me groups of the tweNMe,
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donors®® Also, only three resonances, with integrated intensities also dependent on the degree and type of substitution of the
of 2H each, were observed in the aromatic region for the alkene functionality, meaningful comparisons can only be drawn
dibenzofuran backbone. In addition to the aforementioned from closely related species. TAR&{H} NMR spectrum of3
resonances attributable to tNeL2~ ligand, a pair of singlets  features resonances @t150.9 and 107.8 ppm for the alkene
were also found abd 1.94 and 1.59 ppm (6H each), indicating carbons ¢ and G, respectively. The chemical shift difference
that the two Me groups of the enolate ligand were inequivalent. between these resonances is 43.1 ppm (Table 3). This value is
Collectively these data suggest th2a has an O-zincated Significantly less than that reported for the analogous Li enolate

structure, almost certainly with the O atoms bridging the two {Li[OC(=CMe;)Ph[} ! which hasAd(a. — ) = 60.0 ppm.
Zn centers, as was observed in the solid-state structure,lNis is consistent with the Zn enolate being less polarized and

less nucleophilic. Consistent with this general trend, the
analogous Si enolate M8IOCECMe;)Ph2® which is only
weakly nucleophilic, has an even smalled(a. — ) of 30.8
ppm.

The composition of Zn enolat2b is identical to that oRa
xcept that it is supported by the more sterically hindered ligand

. i iP_2- (instead ofeL2"). The same relationship exists between
(160.0, 104.6 ppm) and the sodium zincate speie¢146.6, 4 angaa Thus, comparison of th&C NMR data for these

106.8 ppm). Likewise, thé*C NMR spectrum of the lithium s of molecules allows us to observe the effect of ligand
enolate{ Li{OC(=CMe,)Ph}, (in Dg-THF)** features olefinic  sterics on enolate polarization. F2io Ad(o. — ) = 51.6 ppm,
resonances at 155.6 () and 95.6 (¢) ppm. while the less hindere?lahasAd(a. — ) = 55.1 ppm. A similar

The'H NMR spectrum o#tain CD,Cl, solution is consistent  trend is observed fodb and 4a Thus, the more hindered
with overall C,, symmetry for the molecule. The spectrum supporting ligands appear to form enolates with decreased
features two doublets2 = 0.5 Hz) atd 4.46 and 3.57 ppm  polarization of the carboncarbon bonds. This observation can
(2H each), which are assigned to the two inequivalent vinylic be rationalized by considering solid-state structural data. The
hydrogens of each enolaféC satellites for these two resonances ZN—Naminebonds of2b are on average 0.06 A longer than those
indicate 1Jcy values of 153 and 159 Hz for the resonances at Of 2& Thus, the Zn centers @b are expected to form stronger
4.46 and 3.57 ppm, respectively. These values are consistenPOnds to the enolate donors, which results in less charge
with sp-hybridized vinylic G-H bonds® The 'H NMR localization at oxygen. In turn this should yield less polarization
spectrum ofb (CD,Cl,) at ambient temperature displays broad of the carborrcarbon double bond.

resonances for the bis(amidoamine) ligand. This is a result of . I? co_nclusfmn, we hla\;e |sdola_teddz:nd fully clha‘iai:terlzetlj thﬁ
the —NiPr, donors undergoing reversible dissociation at a rate "o SeTI€S Of ZInC enolates derived irom SImpie ketones. In a

that is similar to that of the NMR data acquisitidhCooling ~ C2S€S: O-bridging structures were observed in the crystalline
the solution to—20 °C sharpens the spectrum. At this temper- state.. NMR data sugges'g that these structures are mglntamed in
. solutions of noncoordinating solvents. Chemical shift differences
fature _four distinct doublets (6H each) are obseirved for the four observed for the enolate ligands indicate that Zn enolates have
inequivalent methyl groups of the coordinatetl'Pr, groups.  ¢_ ¢ pond polarizations that are intermediate to those of related
In addition, the vinylic hydrogens are observed as singleds at | j ang Sj enolates. This polarization is also dependent on the
4.46 and 3.63 ppm. degree of steric bulk on the supporting ligands. The use of these
Comparison of thé3C NMR resonances arising from the and related functionalized organozincs in a variety of bond-
enolate ligands can provide some insight into bonding and forming processes, including polymerizations, is currently being
reactivity. Most notably, the difference in shift between the two explored.
13C resonances arising from the carbararbon double bond,
Ad(o. — fB), can be used to describe the degree of polarization ~ Acknowledgment. We thank the Petroleum Research Fund,
of the C—C bond3* This value should correlate with the administered by the ACS, for funding. NMR instrumentation

nucleophilicity of the enolate. However, sinde(a. — f) is used in this work was supported in part by the National Science
Foundation CRIF program, award #CHE-0131003.

Additional confirmation of O-zincation can be found from the
13C{1H} NMR spectrum of2a, which features two downfield
resonances ai 157.2 (G) and 102.1 () ppm arising from

the alkene carbons of the enolate ligand (Table 3). These
resonances are comparable to those reported for other O-boun%
metal enolates, including the chelate-stabilized zinc en@fate

(30) In contrast, the related Zn amide enol¥t&Zn,[OC(CH)NEL],

has overalC, symmetry due to the presence of C,0-bridging [OCHDEL] Supporting Information Available: This material is available

groups. This is observed as two inequivalent Me groups in-thée, free of charge via the Internet at http:/pubs.acs.org.
donors. See ref 19.
(31) Jackson, L. M.; Szeverenyi, N. M. Am. Chem. Sod 977, 99, OMO060367Y
4954-4962.
(32) Carbon-13 NMR SpectroscoBrd ed.; Breitmaier, E., Voelter, W., (34) Similar analysis 0¥*C NMR spectroscopic data has been performed
Eds.; Wiley-VCH: Weinheim, Germany, 1989; Table 3.6, p 137. for Li aluminate ester enolates. See: Rodriguez-Delgado, A.; Chen, E. Y.-

(33) The related dizinc alkoxide derivativ@®rLZn[OCHPh], was X. J. Am. Chem. So2005 127, 961-974.
similarly found to undergo this type of reversible amine dissociation. See  (35) Eames, J.; Coumbarides, G. S.; Suggate, M. J.; Weerasooriya, N.
ref 26c. Eur. J. Org. Chem2003 4, 634-641.



