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Dirhodium(i)-catalyzed carbonyl ylide generation.
Stereoelectronic control in dioxolane formation
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- The combination of ethyl diazoacetate with aryl aldehydes in the presence of copper(i) or
rhodium(i1) catalysts results in the formation of 1,3-dioxolane products in moderate to good
yields. These reactions occur through a pathway that involves ylide intermediates. Catalyst-
dependent diastereocontrol is observed and suggests that metal-associated ylides are involved
in the product-determining step. The influence of aryl aldehyde substituents has been

determined.

Key words: carbonyl ylides, metal-associated ylides; dipolar addition, rhodium(i1) cata-
lysts, copper(1) hexafluorophosphate; ethyl diazoacctate, metal carbenes.

The development of methodologies in which a catalyst
controls the course and selectivity of a chemical process
has been our goal for more than two decades.!—% During
this time, focus has been placed on metal carbene trans-
formations where the catalyst, generally copper(i) or
rhodium(ir), reacts with a diazo compound to produce a
highly reactive metal carbene that transfers the carbene
from the metal to an electron-rich substrate to form
product and turn over the catalyst.%> When the carbene
transfer step is the product-determining step, electronic
and steric influences from the metal can be employed to
control the selectivity of the process.

There is general belief that ylides formed from metal
carbenes undergo metal dissociation prior to product
formation.3? In such transformations neither the metal
nor its attendant ligands influence product selectivity.
Recently, however, we have provided an example of
carbonyl ylide formation and subsequent carbonyl addi-
tion in which both the nature of the metal and its
ligands greatly influenced product selectivity (Scheme 1,
Ar = p-NO,;C H,).? Variation of the catalyst changed
the product ratio from predominantly 2+3 to mainly 5,
the thermodynamically least stable isomer. We now
report our analysis of the electronic factors that influ-
ence this selectivity.

Results and Discussion

When p-nitrobenzaldehyde is treated with ethyl
diazoacetate in the presence of dirhodium{u) capro-
lactamate, Rh,(cap)y, a rapid two-step reaction involv-

* Current address.
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R = COOEtL; Ar = p-NO,CgH, (a), p-CICgH, (b), p-FCgH, (c).
p-CFaCgH, (d), p-MeOCgH, (e)

ing ylide generation and subsequent dipolar addition
takes place to yield mainly [,3-dioxolanes 2a and 3a,
and using Cu(MeCN)4PF¢ as the catalyst, 5a is the
predominant product (Table 1). This variation in selec-
tivity is consistent with a mechanism in which 2 and 3
result from dipolar addition of the free ylide 6 onto the
aldehyde, and 4 and 5 arise from addition by the metal-
associated ylide 7, as described in Scheme 2 (R =
COOEL). The stereochemical assignments of these prod-
ucts are based on 'H NMR chemical shift values and
coupling constants (Table 2), confirmed by NOE ex-
periments.

The intluence of arene substituents on product dis-
tributions from reactions of p-substituted benzalde-
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Table 1. influence of catalyst on product steercochemistry for
reactions of p-nitrobenzaldehyde with ethyl diazoacetate?

Catalyst Product Relative yield (%)
yield (%)*¢ 2a 3a 4a 5a
Cu(MeCN)PF¢ 39 11 9 10 70
Rhy(0Ac), 37 21 22 3 54
Rhj{cap), 35 43 41 - 16

@ Reactions were performed with a 3-fold molar excess of
p-nitrobenzaldehyde.
% Yicld after chromatographic purification.

Table 2. Characteristic 'H NMR chemical shifts and coupling
constants for dioxolanes 25§

Com- 8 Jha).Hes)
pound H(2) H(4) H({5) OCH,CH; /Hz
2a 683 550 505 0.88 7.2
2h 6.70 5.40 4.94 0.88 7.2
2c 6.72 5.43 4.94 0.88 7.2
24 6.80 5.48 5.00 0.81 7.1
2e 6.69 5.42 492 0.88 7.2
3a 6.29 5.38 4.54 139 59
3b 6.14 5.19 4.47 1.34 6.1
3e 6.14 5.9 448 1.34 6.4
3d 6.24 5.31 4.52 1.37 6.4
3e 611 5.3 447 1.31 6.3
4a 6.39 5.39 4.62 1.31 6.0
4d 6.32 5.37 463 1.30 59
5a 6.19 5.61 5.02 0.86 7.9
5b 6.02 5.43 488 0.87 8.1
3¢ §.03 5.44 4 88 0.87 8.0
5d 6.13 5.55 4.96 0.79 78

hydes with ethyl diazoacetate in the presence of
Cu{MeCN)4PF¢ is reported in Table 3. Like the influ-
ence of catalyst ligands on product selectivity (see
Table 1), in which the more electron withdrawing ligands
favored the process leading to 4+5, the greater the
electron withdrawing properties of the p-substituent of
the benzaldehyde, the greater is the proportion of prod-
uct 4+5 relative to 2+3. Note that the ratio 2 : 3 is
nearly one whereas 4 : 5 is always greater than five. The
nearly equal amounts of 2 and 3 implicate the absence
of steric effects in dipolar addition to 6, and this is

Table 3. Influence of aryl aldehyde on product stereochemistry
for reactions of cthyl diazoacetate in the presence of
Cu(MeCN)4PF

Aldehyde Product Relative yield (%)
yield (%) 2 3 4 5
p-NO,CeHCHO 39 9 10 7
p-CICgH4CHO 57 U 34— 4
p-FCGH,CHO 60 328 — 4y
7-CF;CgH,CHO 72 2 24 6 48
p-MeOCgH,CHO 38 37 4 4 19

Notre. Reactions were performed with a 3-fold molar excess of
aryl aldehyde.

consistent with what has been previously observed.’?
Preference for 5 rather than 4 is also a manifestation of
the relative absence of steric effects in the formation of §
refative to those in the formation of 4. A Hammett
correlation of log [(4+5)/(2+3)] with o gives a p value
of +1.0 (correlation coefficient () is 0.93);!}% a similar
correlation with o provided a p value of +0.71
(r = 0.93).

Table 2 describes the 'H NMR data that provided
assignments for 2—5. A distinct pattern emerges with
chemical shift data for H(2), H(4), H(5), and the ethy!
ester’s methyl group. Furthermore, Jy 4 ysy is 7—8 Hz
for 1,3-dioxolanes having the cis geometry and nearly
6 Hz for the irans disubstituted isomer. These data
allow unambiguous assignment of stercochemistry, es-
pecially as they are correlated to assignments of the
p-nitrophenyl derivatives for which NOE assignments
were obtained. NOE experiments established the relative
stereochemistry of 1,3-dioxolanes 2a—5a and 2Ze—3e
through correlations with 'H NMR absorptions at §
6.19, 5.61, and 5.02. Characteristic 'H NMR chemical
shifts and coupling constants for 2b,c,d—5b,c.d, (sce
Table 2) were used as comparative data for product
stereochemistry assignments.

The influence of catalyst on product stereochemistry
for reactions of p-chlorobenzaldehyde, p-fluorobenzalde-
hyde, and p-triflucromethylbenzaldehyde with ethyl
diazoacetate is reported in Tables 4—6, respectively. In ali
cases, catalysis by Cu(MeCN) PF, gives the highest rela-
tive yield of 5. There is, however, no significant difference
in the relative yield of 5 formed with either Rh,(OAc), or
Rhy(cap); (comtrast with results from reactions with
p-nitrobenzaldehyde, see Table {). With p-anisaldehyde
2a and 2b were the only dipolar addition products from
reactions catalyzed by any of the catalysts examined.
Overall, the composite results suggest a delicate balance in
aldehyde and catalyst ligand for influence on the equilib-
rium between 6 and 7 (see Scheme 2).

Common reasoning and AM1 calculations have shown
that free ylide 6 with Ar = p-NO,C¢H, is more stable
than 6 with Ar = p-MeOC¢H,. This would argue for a
greater percentage of reaction taking place through free
ylide 6 in reactions with p-nitrobenzaldehyde than in
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Table 4. Influence of catalyst on product stereochemistry for
reactions of p-chlorobenzaldehyde with ethyl diazoacetate

Catalyst Product Relative yield (%)
yield (%) 2b 3b 4b 5b
Cu{MeCN),PFy 57 24 34 - 42
Rh,(OAc), 48 45 43 - 12
Rhy(cap), 18 38 47 - 15

Note. Reactions were performed with a 3-fold molar excess of
p-chlorobenzaldehyde.

Table S. Influence of catalyst on product stereochemistry for
reactions of p-fluorobenzaldehyde with ethyl diazoacetate

Catalyst Product Relative yield (%)
yield (%) 2¢ 3c 4c Sc¢

Cu(MeCN)4PF, 60 31 28 _ 41

Rhy(OAc), 68 44 52 - 4

Note. Reactions were performed with a 3-fold molar excess of
p-fluorobenzaldehyde.

Table 6. Influence of catalyst on product stereochemistry for
reactions of p-trifluoromethylbenzaldehyde with ethyl
diazoacetate

Catalyst Product Reiative yield (%)
yield (%) 2d 3d 4d 5d
Cu(MeCN),PFy 64 22 24 6 43
Rh,(OAc), 93 28 43 S 24
Rhj(cap), 50 33 38 3 26

Nore. Reactions were performed with a 3-fold molar excess of
p-trifluoromethylbenzaldehyde.

reactions with p-anisaldehyde. This 1s not observed and,
instead, use of p-nitrobenzaldehyde leads to the highest
percentage of metal-associated ylide-derived 5, which is
consistent with the extent to which the nucleophilic
aldehyde controls subsequent reactions. The metal-asso-
ciated ylide 7 undergoes stepwise addition of the reac-
tant aldehyde 8 followed by subsequent ring closure that
occurs with displacement of the ligated metal catalyst
(Scheme 3, R = COOEt). Dipolar addition to 6 is
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concerted,” 8 and p-anisaldehyde is the most reactive of
the substrates that have been examined.

Experimental

'H NMR (300 or 400 MHz) and '3C NMR (75 or
100 MHz) spectra were obtained as solutions in CDCly, and
chemical shifts (8) are reported in parts per million downficld
from internal Me,Si. Mass spectra were obtained using elec-
tron ifonization (70 eV) on a quadrupole instrument. Infrared
spectra were recorded as a thin film on sodium chloride plates
or in a KBr pellet, as indicated, and absorptions are reported
in wavenumbers (cm™'). Melting points are uncorrected. An-
hydrous CH,Cl, was dried over calcium hydride for 24 h and
then distilled prior to use in catalytic reactions. Dirhodium(1t)
caprolactamate!! and Cu(MeCN)4PFg 12 were prepared by
literature methods. Dirhodium(it) acetate was recrystallized!3
prior to use.

Reaction of p-nitrobenzaldehyde with ethyl diazoacetate
(general procedure). A 25-mL oven-dried, two-neck, round-
bottom flask was equipped with a reflux condenser, magnetic
stir bar, septa, and drying tube. To a refluxing solution of
p-nitrobenzaldehyde (0.45 g, 3.0 mmol) and copper{t)
hexafluorophasphate (10 umol, 1.0 mol.%) in dichloromethane
(5 mL) was added via a syringe pump a solution of ethyl
diazoacetate (0.114 g, 1.00 mmol) in dichloromethane (5 mL)
at a rate of 0.5 mL h™}. Upon completion of addition, the red-
orange solution was cooled to room temperature and then
filtered through a short plug of silica gel to remove the catalyst.
The silica gel plug consisted of a 10 ml syringe without
plunger fitted first with a cotton plug followed by the equiva-
lent of 3 ml of silica gel. The plug was washed with
dichloromethane (60 mL) and the combined washings were
concentrated under reduced pressure to afford 0.50 g of a
slightly yellow solid. GC and 'H NMR analysis of the crude
reaction mixturce identified four distinct 1,3-dioxolanes in a
ratioof 70 : 10 : 9 : 11 as well as excess p-nitrobenzaldchyde:
GC (SPB-5, {00 °C (2 min), 10 °C per min, 275 °C):
R{aldehyde), 9.39 min; R(5a), 39.67 min (70%); R(4a), 40.12
min (10%); R,(3a), 40.49 min (9%); R,(2a), 40.83 min (11%).
Excess p-nitrobenzaldehyde was removed via bulb-to-bulb dis-
tillation (0.3 Torr/100 °C (air bath temp)). The resulting
composite of 1,3-dioxolanes (0.18 g), which was of suificient
purity to require no further manipulation, was purified by
column chromatography on silica gel (hexanc—ethy! acetate,
1 :2) to afford dioxolanes 2a—5a in 39% overall yield
(0.39 mmol). Selective crystallization from hexane-—ethyl ac-
etate, (1 : 1, 8 mL) provided a pure sample of the major
product 5a as a slightly yellow solid, m.p. 121—123 °C.

Ethyl 2,5-di(p-nitrophenyl)-1,3-dioxolane-4-carboxylate
(mixture of isomers 2a—52a). 'H NMR (CDCly), &, isomer 2a:
0.88 (1, 3 H, OCH,CH;, /= 7.2 Hz);, 3.64~3.75 (comp,
1 H); 3.82—3.92 (comp, 1 H); 5.05 (4, I H, J = 7.2 Hz),
551 ¢d, t H, J =72 Hz), 683 (s, 1 H); 759 (d, 2 H, / =
87 Hz); 774 (d, 2 H, J = 87 Hz); 824 (¢, 2 H, J =
8.7 Hz); 8.29 (4, 2 H, J = 8.7 Hz); isomer 3a: 1.39 (t, 3 H,
OCH,CH;, J = 7.2 Hz); 4.17—4.33 (m, 2 H); 454 (d, | H,
5.9 Hz);538(d, |l H, J =39 Hz); 6.29 (s, | H); 7.62 (d.
. J =88Hz);779(d, 2H, J =388 Hz) 827 (d. 2 H,
8.8 Hz); 832 (d, 2 H, J = 8.8 Hz), isomer 4a: 1.3! (t,
H, OCH,CH;, J = 7.2 Hz); 4.15—4.35 (m, 2 H); 4.62 (d,
1 H,J=60Hz):;539¢, ! H, J =60 Hz), 639 (s, 1 H);
isomer Sa: 0.86 (1. 3 H, OCH,CH;, J = 7.1 Hz); 3.65 (dq,
1 H, CH,H,CH;, /= 7.1, 10.9 Hz); 3.81 (dq, t H,
CHH,CHy. J = 7.1, 109 Hz); 502 (d, | H, J =79 Hz)
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S6lL(d, 1 H J=79H2),619(,1H);756(d, 2H,J=
8.7 Hz); 799 (d, 2 H, J = 8.7 H2); 823 (d, 2 H, J = 87
Hz). 834 (d, 2 H, J = 8.7 Hz).

MS and elemental analyses data have been reported.?

Reaction of p-chlorobenzaldehyde with ethyl diazoacetate.
From the combination of 0.42 g (3.0 mmol) p-chlorobenz-
aldchyde, 0.114 g (1.00 mmol) ethyl diazoacetate, and 4.0 mg
(10 pumol} Cu(McCN)4PF¢, 0.21 g of 1,3-dioxolanes 2b—5b
was obtained (0.37 mmol, 57% yield). GC (SPB-35, 200 °C
isotherm): R(5b), 84.59 min (42%); R{2b), 91.06 min (24%);
R/(3b), 93.00 min (34%).

Ethyl 2,5-di{p-chiorophenyl)-1,3-dioxolane-4-carboxylate
(mixture of isomers 2b, 3b, and 5b). 'H NMR (CDCly), &
isomer 2b; 0.88 (1, 2 H, CH,CH;, J = 7.2 Hz); 3.64-3.91
(m, 2 H); 494 (d, 1 H, /= 7.2 Hz); 540 (d, | H, J =
7.2 Hz); 6.70 (s, | H); 7.26~7.55 (m, 8 H); isomer 3b: 1.34
(t, 3 H, OCH,CH;, J = 7.2 Hz); 4.27—4.38 (m, 2 H}; 4.47
(d, | H, /= 6.2 Hz); 5.19 (d, 1 H, J = 6.1 Hz); 6.14 (s,
1 H); 7.26—7.55 (m, 8 H); isomer 5h: 0.87 (t, 3 H, OCH,CH;.
J=17.1Hz); 488 (d, 1 H, /= 8.1 Hz); 543 (d, 1 H), 6.02
(s. 1 H). MS 5b, m/z: 321 [M—QEt]*, 319, 293, 264, 246, 226,
210, 182, 169, 139, 125, 114, 89, 77.

Reaction of p-fluorobenzaldehyde with ethyl diazoacetate.
From the combination of 0.37 g (3.0 mmol) p-fluorobenz-
aldechyde, 0.114 g (1.00 mmol) ethyl diazoacetate, and 4.0 mg
(10 umol) Cu(MeCN),PF¢, 0.20 g of |,3-dioxolanes 2e¢, 3c,
and 5c¢ was obtained (0.60 mmol, 60% yield): GC (SPB-35,
100 °C (2 min), 10 °C per min, 275 °C): R(5¢c), 17.14 min
(41%); R(3c), 19.4 min (28%); R(2c), 19.5 min (31%).

Ethyl 2,5-di(p-fluorophenyl)-1,3-dioxolane-4-carboxylate
(mixture of isomers 2c, 3c, and Sc). 'H NMR (CDCly), &:
isomer 2¢; 0.88 (¢, 3 H, OCH,CH,;, 7 = 7.2 Hz); 3.56—-3.83
(m, 2 H); 494 (4, | H, = 7.1 Hz); S43 (d, I H, J = 7.1
Hz); 6.72 (s, 1 H); 6.94—7.56 {m, 8 H); isomer 3¢; 1.34 (1, 3
H, OCH,CH;, J = 7.2 Hz); 4.09—-4.29 (m, 2 H); 448 (d, |
H, J =62 Hz);, 519 (4, | H, J = 6.2 Hz); 6.14 (s, | H);
6.94-7.56 (m, 8 H), isomer Sc: 0.87 (t, 3 H); 4.88 (d, |
H, / = 7.6 Hz); 544 (s, I H); 6.94—7.56 (m, 8 H). MS 2¢,
m/z 263 (M—COOEt]*, 247, 235, 227, 211, 188, 183, 135,
153, 137, 123, 108, 95, 75.

Reaction of p-trifluoromethyibenzaldehyde with ethyl
diazoacetate. From the combination of 0.52 g (3.0 mmol)
p-trifluoromethylbenzaldehyde, 0.114 g (1.00 mmol) ethyl
diazoacetate, and 4.0 mg (10 pmol) Cu(MeCN)4PFg, 0.28 g of
1,3-dioxolanes 2d—3d was obtained (0.64 mmol, 64% yield).

Ethyt 2,5-di(p-trifluoromethyl)-1,3-dioxolane-4-carboxylate
{mixture of isomers 2d—5d). 'H NMR (CDCl,), 8: isomer 24:
0.81 (t, 3 H, OCH,CHj3, / = 7.2 Hz); 3.59—3.86 (m, 2 H):
500(d, t H, / =7.0Hz);548 (d,1 H, J =172 Hz); 6.80 (s,
1 H); 7.51—7.95 (m, 8 H); isomer 3d; 1.37 (t, 3 H, OCH,CH3,
J=72);417-4.42 (m, 2 H); 4.52(d, | H, J = 6.0 Hz); 5.31
d, 1 H, J=6.7 H2); 6.24 (s, | H); 7.51-795 (m, 8 H),;
isomer 4d; 1.30 (¢, 3 H); 463 (4, | H, J = 6.1 Hz); 5.37 (4,
1 H, J =58 Hz), 632, 1 H); isomer 5d: 0.79 (¢, 3 H, J =
7.2 Hz); 3.59—3.86 (m, 2 H), 496 (d, | H, J = 7.8 Hz); 5.55
(d, 1 H, J =78 Hz); 6.13 (s, 1 H); 7.51-7.95 (m, 8 H).
MS 2d, m/z: 415 [M—F]*, 387, 361, 332, 314, 303, 260, 203,
159, 145, 127.

Reaction of p-aunisaldehyde with ethyl diazoacetate. From
the combination of 0.41 g (3.0 mmol) p-anisaldchyde, 0.114 g

(1.00 mmol) ethyl diazoacetate, and 4.0 mg (10 pmol)
Cu(MeCN)4PFg, 0.14 g of 1,3-dioxolanes 2e—3e was obtained
(0.38 mmol, 38% yield).

Ethyl 2,5-di(p-methoxyphenyl)- 1,3-dioxolane-4-carboxytate
(mixture of isomers 2e and 3e). '"H NMR (CDCl,), 5: isomer
Z_g_: 0.88 (t, 3 H, OCH,CH;, /= 7.1 Hz); 3.36—-3.90 (m,

; 3.79 (s, 3 H, OCH,;); 381 (5, 3 H, OCH;); 4.92 (d,
2 Hz) 542 (d, I H, J =7.2 Hz); 6.69 (s, 1 H);

=83 Hz); 6.92(d, 2 H, J =83 Hz); 7.30 (d,

3 Hz); 747 (d, 2 H, J~83Hz) isomer 3e: 1.31
H,CH;, J/ = 7.2 Hz); 3.80 (s, 3 H, OCH3) 3.82

lH,J=7
686(d,2H, J
ZH‘J=8
¢ H,O
3 H, OCH;); 4.23—4.37 (m, 2 H); 447 (4, | J =
6.3 Hz); 513 (d, 1 H, J = 63 Hz); 6.11 (d, 1 H); 692(d
2 H, J =288 Hz); 694 (d, 2 H, / = 8.8 Hz); 7.40 (d, 2 H,
J =88 Hz); 7.53 (d, 2 H, J = 8.8 Hz).
MS and elemental analyses data have been reported.®

t
(s,

Financial support for this research from the National
Science Foundation and from the National [nstitutes of
Health is greatly appreciated.

x X &

This article was written in the memory of Mark E.
Vol’'pin, a friend whose extraordinary scientific and
managerial capabilities were an inspiration to all who
knew him.

References

1. M. P. Doyle, Chem. Rev., 1986, 86, $19.

2.M. P. Doyle, fzv. Akad Nauk, Ser. Khim. 1994, 1879

[Russ. Chem. Buil., 1994, 43, 1770 {Engl. Transl.)].

M. P. Doyle, Aldrichimica Acta, 1996, 29, 3.

.O. M. Nefedov, E. A. Shapiro, and A. B. Dyatkin, The
Chemisiry of Acid Derivatives, Suppl. 8, Ed. S. Patai, Wiley,
New York, 1992, 2, Ch. 25.

.T. Ye and M. A. McKervey, Chem. Rev., 1994, 94, 1091.
6. A. Padwa and D. J. Austin, Angew. Chem., Int. Ed. Engl.,

1994, 33, 1797.

7. A. Padwa and S. F. Hornbuckle, Chem. Rev., 1991, 91, 263.

8.A. F. Khlebnikov, M. §. Novikov, and R. R. Kostikov,
Adv. Heterocycl. Chem., 1996, 65, 93.

9. M. P. Doyle, D. C. Forbes, M. N. Protopopova, S. A.
Stanley, M. M. Vasbinder, and K. R. Xavier, J. Org.
Chem., 1997, 62.

10. (2) N. B. Chapman and J. Shorter, Correlation Analysis in
Chemistry: Recent Advances, Plenum, New York, 1978,
439; (b) Y. Okamoto, T. lnukai, and H. C. Brown, J. Am.
Chem. Soc., 1958, 80, 4969, 4979; (c) T. Matsoi, H. C. Ko,
and L. G. Hepler, Can. J. Chem., 1974, 52, 2906.

11. M. P. Doyle, L. J. Westrum, N. N. E. Wolthuis, M. M.
See, W. P. Boone, V. Bagheri, and M. M. Pearson, J. Am.
Chem. Soc., 1993, 115, 958.

12.G. J. Kubas, [Inorg. Synth., 1979, 19, 90.

13. G. A. Pempel, P. Legzdins, H. Smith, and G. Wilkinson,
Inorg. Synth., 1972, 13, 90.

2w

(%]

Received October 6, 1997




