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Synthesis of Tetrahydropyridazines by a Metal-Carbene-Directed
Enantioselective Vinylogous N—H Insertion/Lewis Acid-Catalyzed
Diastereoselective Mannich Addition**

Xinfang Xu, Peter Y. Zavalij, and Michael P. Doyle*

Although rare, formal [3+3]-cycloaddition reactions are
known to occur through sequential reactions of an activated
substrate, first with the nucleophilic site of a dipole and then
with its electrophilic site to form the cycloaddition product.!!
Systems that follow this pathway include reactions of catalyti-
cally-generated substrates with nitrones™® and azomethine
imines;** enantiocontrol, examples of which have only
recently been published, occurs through the intervention of
a chiral catalyst.’! We envisioned that readily accessible
hydrazones could be employed in place of azomethine imines
to form tetrahydropyridazines!® with enoldiazoacetates
1 (Scheme 1). Nucleophilic addition of hydrazone 3 to metal
carbene intermediate 2 could occur either at the metal
carbene center (2—TSI) or at the vinylogous position
(2—TS 1) to give 6 or 7, respectively, after 1,2-hydrogen
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Scheme 1. Competitive pathways for [3+3]-cycloaddition reactions of
arylhydrazones.
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transfer between the two nitrogen atoms and Mannich
addition (Path A and Path B). The 1,2-hydrogen transfer is
formally a N—H insertion reaction but, in contrast to the
direct process (TS 1—4)," the 1,4-hydrogen transfer (TS II—
5) from nitrogen to carbon is a vinylogous variant for which
there has been no previous example of stereocontrol,
although non-asymmetric vinylogous O—H insertion reac-
tions and the asymmetric vinylogous C—H functionalization
of several vinyldiazoacetates have recently been reported.
Herein, we report a highly selective catalytic process involv-
ing enoldiazoacetates in combination with aldehyde-derived
hydrazones that occurs with high enantioselectivity and
catalyst-controlled diastereoselectivity.

To determine the feasibility of the formal [3+3]-cyclo-
addition with hydrazones we treated 3-(fert-butyldimethylsi-
loxy)-2-diazo-3-butenoate 1a and the phenylhydrazone of
4-chlorobenzaldehyde (3a) with a catalytic amount of dirho-
dium tetraacetate at room temperature in dichloromethane.
Complete conversion occurred within one hour, but, instead
of forming tetrahydropyridazines, the product from vinyl-
ogous N—H insertion (8a) was formed exclusively as the
terminal product (Scheme 2). The Z geometry of the newly
formed trisubstituted C=C bond in 8a was confirmed by
single crystal X-ray diffraction.!”? That the reaction process
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Scheme 2. Test reaction for a formal [343]-cycloaddition with hydra-
zones. Yield shown is of isolated product. MS =molecular sieves,
TBS =tert-butyldimethylsilyl, OAc = acetate.

was indeed a vinylogous N—H insertion was established by
performing the reaction with deuterium-labeled 3a (N—H
proton exchange) from which deuterium was found to reside
exclusively on the vinylic carbon atom alpha to the carbox-
ylate ester.'”! Instead of undergoing the 1,2-proton transfer
envisioned in Scheme 1, the hydrogen on nitrogen replaced
the dirhodium catalyst at the original metal carbene center.
Recognizing the advantages of this method, we investigated
this transformation for enantiocontrol in the vinylogous N—H
insertion reaction and, as 8 is suitable for intramolecular
iminium ion ring closure,'"!l Lewis acid catalysis was probed
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for subsequent diastereoselective cyclization to tetrahydro-
pyridazines.

To address enantiocontrol in the vinylogous N—H inser-
tion reaction, 3-(fert-butyldimethylsiloxy)-2-diazo-3-pent-
enoates 1b (R'=Me, R*=Me) and 1¢ (R'=Me, R*=Bn;
Bn =benzyl) were treated with hydrazone 3a in the presence
of various chiral dirhodium catalysts, and the results from this
investigation are summarized in Table 1. Except for [Rh,{(S)-
pttl},] (entry 4; see Table1 for ligand structures),
phthalimide/amino acid-based chiral dirhodium carboxylate
catalysts reported by Hashimoto etal.'? showed higher
reactivity and enantioselectivity than the [Rhy{(S)-dosp}]
catalyst reported by Davies etal.™ (entries1 and 2 vs.
entry 7), and dirhodium carboxamidate catalystsl!'¥! were
ineffective (entries 5 and 6). Adopting benzyl enoldiazoace-
tate 1c instead of methyl ester 1b resulted in an improvement

Table 1: Optimization for the enantioselective vinylogous N—H insertion
of a phenylhydrazone.?!

OTBS OTBS
me__-h_coR EHP“ catalyst (2.0 mol%) Me\%\VCOOR
N, jr solvent, 4A MS, 2 h N“N z

10:R=Me 34 Ar=4CICeH, b Rome C

8c:R=Bn
Entry 1  Catalyst (9) T[°C] Solvent Yield ee [%]
e

1 1b  [Rh,{(R)-ptpa},] (9a) 25 CH,Cl, 78 38
2 1b  [Rh,{(R)-pta}.] (9b) 25 CH,Cl, 71 45
3 1b  [Rh,{(R)-pta},] (9b) 0 CHCl, 68 51
4 1b  [Rh,{(S)-pttl}] (9¢) 25 CH.Cl, <5 -
5 1b  [Rh,{(S)-mepy}.] (9F) 25 CH.C, <5 -
6 1b [Rh,{(S)-mppim},] @g) 25 CH,Cl, <5 -
7 1b  [Rh,{(S)-dosp}] (9h) 0 CHCl, 65 =35
8 1c [Rh,{(R)-pta}] (9b) 0 CHCl, 91 56
9 1c [Rh,{(R)-pta},] (9b) 0 toluene 85 69
10 1c [Rh{(R)-pta},] (9b) —25 toluene 78 74
11 1c [Rh{(R)-pta},] (9b) —25 CICHs; 72 69
12 1c [Rh{(R)-pta}, (9b) —25 FCHs 75 68
13 1c [Rh{(R)-pta} (9b) —25  CFCeHs 71 70
14 Tc [Rh{(R)-pta},] (9b) —40  toluene 77 82
15 1c [Rh{(R)-pta},] (9b) —40 TBME 75 80
16 Tc  [Rh{(R)-ptl},] (9d) —40 toluene 82 92
17 Tc  [Rh{(S)-ptn}s] (9€) —40 toluene 79 83

[a] Reactions were carried out over 2 h on a 0.10 mmol scale:

1 (0.12 mmol), 3a (0.10 mmol), 4 A MS (50 mg), in 1.0 mL solvent with
2.0 mol % catalyst at the stated temperature. [b] Yield of isolated
product. Except for entries 4-6, reactions proceeded to 100% comple-
tion. [c] Determined by HPLC analysis on a chiral stationary phase.
TBME =tert-butyl methyl ether.

9: [Rhy{(S)-mepy}a], X = CH,
9g: [Rhy{(S)-mppim}4], X = NCOCH,Bn

Q~Rr1/—
Q—(O |/ sh: Rny{(S)-dospl]

SoAr /Rh_ Ar = p-(C42H25)CeHg
2

9a: [Rhy{(R)-ptpa}s], R' = Bn
9b: [Rhp{(R)-ptal], R' =

9c: [Rhy{(S)-pttl},], R! = tBu
9d: [Rho{(R)-ptl}s], R' = iBu

9e: [Rhy{(S)-ptn}s], R' = nBu
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in enantioselectivity (entry 8 vs. entry 3). Using [Rh,{(R)-
pta},] at temperatures down to —40°C provided additional
improvements in the control of enantioselectivity, giving 8¢ in
up to 82% ee with high yield in toluene (entries 9-15).
However, the highest yield and selectivity were obtained with
[Rhy{(R)-ptl},] (R'=iBu), which effected 100% conversion
within 2 h to give 8¢, which was isolated in 82 % yield and
92 % ee (entry 16). The Z geometry of the newly formed C=C
bond in 8 was further confirmed by a 1D-nOe study."”!
Having established the optimized conditions for the
vinylogous N—H insertion, we investigated the potential of 8
to undergo Mannich addition to complete the tetrahydropyr-
idazine synthesis. Heating (100°C in toluene for 3 h) did not
provide any ring-closed product, and 8 was recovered intact.
Various achiral Lewis acids were examined for the cyclization
of 8¢, and 5 mol % of Sc(OTf), (OTf = trifluoromethane-
sulfonate) was found to be superior to other acid catalysts in
smoothly promoting the formation of 1,2,3,6-tetrahydropyr-
idazine 10a and in maintaining the high enantiomeric excess
of the reactant. However, product diastereoselectivity was
moderate (Table 2, entry 1, cis/trans =72:28). In our efforts to
influence diastereocontrol by changing the size of the fert-
butyldimethylsilyl (TBS) group, various organosilyl protect-
ing groups were used on the enoldiazoacetate reactants."

Table 2: Optimization of Lewis acid catalyzed Mannich addition for the
synthesis of 1,2,3,6-tetrahydropyridazines.”
OPG

Me\/\ﬂ/COZBn

N
1c, PG = TBS
1d, PG = TMS  [Rh{(R)-ptlla] e

1e, PG =TIPS _(2.0mol%) _

OPG OH
x_C00Bn Sc(0Ths

O Me,, Hﬁ/coosn
—_—
solvent, temp. NG A
h Ph

(5.0 mol%)

PhM N.
+ 40%C 2p  PhTUONTAr N7 A
N ,
A2 S NHPh 8¢, PG = TBS 10a
3a, Ar = 4-CICgH, 8e, PG=TIPS Ar = 4-CICgH,

Entry 1  Solvent T[°C] d.r. (10a)*" Conversion ee (cis/trans)

cis/trans  8—10 [%] 10a [%]
1 1c CH,Cl, 25 72:28 >95 92/
2 1d CH.Cl, 25 70:30 >95 <5
3 le CH.Cl, 25 76:24 >95 96/-
4 1e toluene 25 60:40 65 95.5/—
5 le CH.Cl, 0 76:24 >95 95.5/-
6 le CH,Cl, 50 23:77 >95 —/93
7 lTe acetonitrile 25 80:20 >95 96/93
8 le acetonitrile 50 50:50 >95 95/93
9% 1e acetonitrile 0  82:18 >95 96/93

[a] Reactions were carried out on a 0.10 mol scale: 1 (0.12 mmol), 3a
(0.10 mmol), and 4 A MS (50 mg) in 1.0 mL toluene with 2.0 mol %
[Rh,{(R)-ptl}4] at —40°C for 2 h. The reaction solution was then passed
through a short flash chromatography column (dimensions:

0.5 cmx 10 mm), the solvent was evaporated, and the solvent for the
Mannich addition was added along with Sc(OTf); (5.0 mol %) at the
indicated temperature. [b] Determined from the 'H NMR spectra of the
reaction mixtures. [c] Determined from the '"H NMR spectra of the
reaction mixtures based on limiting reagent 8. [d] Determined by HPLC
analysis on a chiral stationary phase; see the Supporting Information.
[e] The reaction mixture from the first step was used for the second step
without removal of the solvent. [f] The reaction was run overnight at 0°C.
Bn =benzyl, TBS = tert-butyldimethylsilyl, TIPS =triisopropylsilyl,

TMS =trimethylsilyl, OTf =trifluoromethanesulfonate.
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The labile TMS derivative 1d underwent vinylogous N—H
insertion, but gave the hydrolyzed product derived from 8
that, although proceeding to 10a,'”! did so with complete
racemization (entry2). However, with the triisopropylsilyl
(TIPS) derivative 1e, 10a was formed with 96% ee under
same conditions (entry 3), although the diastereoselectivity
was only modestly improved to 76:24. Further investigation of
the conditions for optimization found that solvent plays an
important role in the Mannich addition process; the reaction
performed in toluene was much slower than that which was
run in dichloromethane and occurred with much lower
diastereoselectivity, but when acetonitrile was used as the
reaction medium the diastereoselectivity improved to 82:12
(entry 9). The major cis diastereoisomer was confirmed by
single-crystal X-ray diffraction analysis.'”! Surprisingly, the
reaction performed in dichloromethane at 50°C in a closed
container reversed the diastereoselectivity while retaining
high enantioselectivity (entry 6).

The generality of this enantioselective cascade reaction
was further investigated using these optimum conditions, and
the results of this investigation are given in Table 3. Product
yields were high, and 1,2,3,6-tetrahydropyridazines 10 were
the sole isolated reaction products. The position of the chloro
substituent on the aryl group did not affect the efficiency of
the reaction, and these substrates underwent the two-step
process with high stereoselectivity (entries 1-3). The elec-
tronic nature of the substituents had little influence on
reactivity and selectivity (entries 4-10), except in cases where
reactant solubility required that the vinylogous N—H insertion
reaction be conducted at higher temperature (entries 5, 6, and
11-13). Reactions with bulky mesityl and anthranyl substrates

Table 3: Enantioselective cascade sequences synthesis of 1,2,3,6- tetra-
hydropyridazines from 1e and hydrazones.”

y OTIPS NHph 1) [RN{(R)-Pt)] 20 mol%) - Ho%/ 00BN
GV/S(COan + N toluene, 4AMS, -40°C, 2h _ """
N, \\ll\r 2) Sc(OTf); (5 mol%) o NN ar
CH3CN, 0 °C, overnight H
1e 3 10

Entry  Ar (3) 10 d.r®  Yield ee (cis/trans)
(%] (%]

1 4-CIC¢H, (3a) 10a 82:18 77 96/93

2 3-CIC¢H, (3b) 10b 84:16 82 95/93

3 2-CIC¢H, (3¢) 10c 81119 73 97/95

4 4-MeOC¢H, (3d) 10d  76:224 91 92/91

5e0 4-NO,CeH, (3e) 10e  81:19 90 92/88

6! 4-BrCeH, (31) 10f  95:5 72 90/78

7 4-FCH, (3g) 10g 86:14 80 91/91

8 4-MeC4H, (3h) 10h  83:17 85 90/93

9 2-furyl (3i) 10i 7921 77 78/77

10 4-PhCeH, (3)) 10§  >95:5 70 91/-

1% 2-CF,CH, (3k) 10k >95:5 67 87/

121 2,46-Me;CeH, (31) 101 >95:5 35 (57) 89/-

131 9.anthryl (3m) 10m >95:5 29 (60) 97/-

[a] See the Experimental Section. [b] Determined from the '"H NMR
spectra of the reaction mixtures. [c] Yield of isolated 10 (cis+trans) based
on limiting reagent 3. Numbers in parentheses are yields of hydrolyzed
product from the vinylogous N—H insertion [d] Determined by HPLC
analysis on a chiral stationary phase. [e] The second step was performed
at room temperature. [f] The first step was performed at —20°C.
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(entries 12 and 13) gave mixtures of the corresponding
tetrahydropyridazines 101 or 10m along with hydrolyzed
racemic ketone from the vinylogous N—H insertion reac-
tion.!'” However, these sterically hindered substrates pro-
duced only one tetrahydropyridazine diastereoisomer with
enantiomeric excesses of up to 97 %.

Enoldiazoacetate 1, which has a methyl group in the
vinylogous position, is optimum for enantioselective vinoyl-
ogous reactions with hydrazones. However, enoldiazoacetates
with larger substituents in the vinylogous position (R =Et,
Ph, Bn) were deleterious to the reaction. Enantioselectivity
decreased when R=Et (Scheme 3), and vinylogous N—H

R
OTIPS ,QH " 1) [Rnf(R)-ptk] (2.0 moi%) Ph.y OH
R Wcozsn + ) loluene 4AMS, 40°C,2h |
| 2) Sc(OTf); (5.0 mol%) [ COOBn
2 CH4CN, 0 °C, overnight
cl
1 3a 10 Cl

R =Et, d.r. 95:5, 84% ee, 43% yield
R = Ph, < 5%; hydrazone recovered
R = Bn, < 5%; hydrazone recovered

Scheme 3. Effect on enantioselective cascade sequences with enoldia-
zoacetates having bulky substituents at the vinylogous position.

insertion was effectively inhibited when R = Ph or Bn. Davies
et al. have reported that vinylogous carbenoid reactions from
O—H insertion reactions using dirhodium(II) catalysts are
highly restricted, but can be overcome in selected cases with
the use of more electron deficient silver(I), molybdenum, or
diruthenium(T) catalysts.! The data in Scheme 3 suggests that
steric effects are primarily responsible for the reactivity and
selectivity that is observed for reactions with hydrazones.

In summary, we have developed a cascade transformation
that enables the efficient preparation of highly substituted
1,2,3,6-tetrahydropyridazines'® starting from enoldiazoace-
tates and hydrazones in good overall yields, high diastereo-
selectivities, and excellent enantioselectivities that are con-
trolled by catalysts and conditions. The sequence of reactions
is triggered by Rh'-catalyzed dinitrogen extrusion followed
by asymmetric vinylogous N—H insertion into hydrazones.
Subsequent Lewis acid promoted Mannich addition of 8
smoothly produces 1,2,3,6-tetrahydropyridazines 10 with high
diastereocontrol (Scheme 4). To the best of our knowledge,
this is the first example of highly enantioselective vinylogous
N—H insertion. Further expansion of vinylogous reactivity
with enoldiazoacetates are being pursued.

Experimental Section

Enoldiazoacetate 1e (0.12 mmol) in toluene (0.5 mL) was added over
a 1 h period by a syringe pump at the indicated temperature (either
—40 or —20°C) to an oven-dried flask containing a magnetic stirring
bar, hydrazone 3 (0.1 mmol), 4 A molecular sieves (50 mg), and
[Rh,{(R)-ptl},] (2.0 mol %) in toluene (0.5 mL). The reaction mixture
was stirred for another hour under these conditions, then passed
through a short flash column of silica gel (dimensions: 0.5 cm x 10 cm)
and, after removal of the solvent under reduced pressure, acetonitrile
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- . YT
N, Rhaly Rhsl, Rhaly
1e
2
Rh-catalyzed vinylogus N-H
insertion
OTBS
Me.,, K‘\Vcoosn Ph H OTIPS
N COOBn
N H* transfer | A7 N7TYTS
Ph™ N™ “Ar Me RhyL, NHPh
8 TSI fN
Ar g
Sc(0Tf); Sc-catalyzed
Mannich addition
QrBs TBSOH ™"
M, Acoosn e Me,, Hj/coosn
N e,
Ph’N‘rr\Ar H0 PRTUNT A 10
LA

Scheme 4. Tandem catalysis of the [3+3]-cycloaddition reaction from
vinylogous N—H insertion/Mannich addition.

(2.0 mL) was added. This solution was transferred to a reaction tube
containing a magnetic stirring bar, and the temperature of the
solution was decreased to 0°C (or to room temperature, as indicated),
followed by the addition of Sc(OTf); (5.0 mol%). The reaction
mixture was stirred for another 4 h, and then subjected to '"H NMR
spectroscopic analysis after solvent removal to determine product
diastereoselectivity. The crude reaction mixture was purified by
column chromatography on silica gel (eluent hexanes/EtOAc =100:0
to 90:10) to give the pure tetrahydropyridazines 10.
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