
 1 

Rhodium Catalyzed Tandem Diels-Alder/Hydrolysis Reactions of 2-Boron-Substituted 1,3-

Dienes 

 

Subhasis De, John M. Solano, Liqiong Wang and Mark E. Welker*  

Department of Chemistry, Wake Forest University, P.O. Box 7486, Winston-Salem, NC 27109 

(USA), email: welker@wfu.edu, FAX: (336)-758-4321 

 

 

Abstract 

2-Boron substituted 1,3 –dienes have been prepared and used in preliminary experiments to 

demonstrate that it is possible to effect rhodium catalyzed Diels-Alder/hydrolysis tandem 

reactions. 
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1. Introduction 

    Our group[1] and the Tada group[2] independently reported the preparation and Diels-Alder 

reactions of pyridine cobaloxime dienyl complexes over 10 years ago.  Since that time, we have 

reported a number of synthetic routes to these and other related types of cobalt dienyl complexes 

as well as their subsequent cycloaddition and demetallation chemistry,[3-5] and other groups 

have now made use of the cycloadducts thus prepared[6] as well as the methodology.[7]  We 

initially tried to develop a cobalt catalyzed Diels-Alder sequence rather than the stoichiometric 

cobalt chemistry we originally described.  We proposed a sequence which relied on a cobalt 

hydride catalyst and hydrocobaltation of an enyne to generate a cobalt substituted diene but the 

last step of that proposed cycle proved problematic.[3]   

   We have now subsequently reported the preparation of 2-BF3 substituted 1,3-butadiene 1 and 

demonstrated that it can be used in sequential Diels-Alder/cross coupling reactions.[8, 9]  Given 

the Miyaura[10] and Hayashi[11] group’s published results in rhodium catalyzed 1,4-additions of 

organoboron species, we wondered if boron substituted dienes could be used in a somewhat 

related rhodium catalyzed Diels-Alder/hydrolysis sequence (Scheme 1).  With all of our 
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experience in cobalt dienyl chemistry referenced above [3-5], we hoped that many of the reaction 

characteristics which we had discovered for cobalt dienyl chemistry (rapid Diels-Alder rates, exo 

selectivity, enantioselectivity with chiral metal dienes) would hold true if we could prepare 

related rhodium dienyl complexes 2.  Our preliminary results to test this hypothesis are outlined 

in this communication. 

 

Scheme 1.  Rhodium Catalyzed Reactions of Boron Dienes. 

2. Results 

   As mentioned above, we had the dienyl trifluoroborate 1 in hand to test in this sequence but 

were somewhat worried about it as an initiator due to its low organic solvent solubility.  All of 

our attempts to make the simple boronic acid substituted 2-(B(OH)2)-1,3-butadiene have always 

proven unsuccessful, perhaps due to the acid sensitivity of that compound.  We were however, 

able to prepare the trihydroxyboron substituted diene 4 on gram scale (Scheme 2).  This 

compound was characterized by 
1
H, 

13
C, and 

11
B NMR and could also be used to test the 
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sequence in Scheme 1.  We had also prepared a tetrabutylammonium  salt 5 from the potassium 

salt 1. 

 

Scheme 2. 

 For the sequence outlined in Scheme 1 to be successful, a number of potential relative rate 

problems have to be overcome: 1) Conditions have to be determined where background 

uncatalyzed Diels-Alder reactions of the boron dienes 1, 4,5 have been suppressed.  2) 

Conditions have to be determined where hydrolysis of the boron diene or rhodium diene to 

produce butadiene have been suppressed.  3) Once condition 1 is satisfied, conditions where the 

rate of Diels-Alder reactions of rhodium dienes with -unsaturated carbonyl compounds 

surpass the rate of 1,4 addition reactions with unsaturated carbonyl compounds have to be 

determined.  4) Once condition 2 is satisfied, the Rh-carbon bond in the Diels-Alder cycloadduct 

has to be more susceptible to hydrolysis than the Rh-carbon bond in the diene 2.  We were 

confident this last condition would be satisfied given our prior work on the stability of related 

cobalt-carbon bonds in Diels-Alder cycloadducts compared to cobalt-carbon bonds in 2-cobalt-

1,3-dienes[3] and Isono and Lautens recent report on hydrolysis of related Rh-alkene bonds. [12]   

   First, the potassium salt of the BF3 substituted diene 1 was used with either malemide or N-

phenyl malemide 5a or 5b as a dienophile to determine the temperature limits for uncatalyzed 

and catalyzed Diels-Alder reactions (Scheme 3, Table 1). Two different Rh-catalysts in the 

presence of BINAP ligands were screened to check the feasibility of the protocol. All reactions 
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were carried out in the presence of 5 to 10 mol% of a cationic rhodium source. Cationic rhodium 

was selected because of its role as an effective catalyst in the addition processes of potassium 

organotrifluoroborates in the Hayashi chemistry.[13]  

   At 100
o
C, diene 1 reacted completely with maleimide 6a in 22h using a toluene-water mixture 

or 2h in wet acetone (entry 1).  Under these conditions, both uncatalyzed Diels-Alder chemistry 

and C-B hydrolysis are both problems.   At room temperature (entries 2-5) diene 1 was 

unreactive with dienophile 6a or 6b with or without the use of rhodium catalysis.  In these cases 

diene 1 was recovered unreacted so C-B hydrolysis had been avoided.  At intermediate 

temperatures (50–70°C) diene 1 was unreactive without rhodium (entry 7) and gratifyingly we 

isolated cycloadduct 7b in 62% yield when the RhOTf catalyst was used (entry 6).  We saw a 

higher yield of cycloadduct 7b when we used the OTf salt (entry 6) as opposed to the BF4 salt 

catalyst (entry 8).  Switching from toluene-water to dioxane-water mixtures offered no advantage 

(entries 8, 9).  Use of diphenylphosphinoferrocene (dppf) instead of BINAP (entry 10) also 

offered no advantage.  The recent report by Gilbertson and co-workers that catalytic silver salts 

enhanced rhodium catalyzed intramolecular [4 + 2 + 2] reactions caused us to also try silver as 

an additive (entry 11) but this also had little effect.[14]  Treatment of the Rh(COD) catalyst 

system with an atmosphere of hydrogen for 30 minutes prior to ligand addition produced a slight 

improvement in yield (entry 12) whereas performing the reaction with no BINAP produced the 

highest yield (entry 13) consistent with Hayashi’s recent report that rhodium diene catalysts are 

much more reactive than rhodium phosphine catalysts in the related 1,4 addition chemistry.[15]  

Diene 5 was comparable to 1 under similar reaction conditions (entries 14 and 15) and since the 

preparation of 5 requires an extra synthetic step beyond the preparation of 1, it was not pursued 

further.  Lastly, we also tried the trihydroxyboron substituted diene 4 in the rhodium 
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catalyst/BINAP protocol and it also provided product in reasonable isolated yield (entry 16)  but 

the lower yield of the method used to prepare 4 originally also caused us not to pursue this diene 

further. 

   In conclusion, we have demonstrated that we can effect rhodium catalyzed Diels-Alder 

reactions of boron substituted dienes.  We will report extensions of this chemistry into rhodium 

catalyzed Diels-Alder reactions of other main group element substituted dienes in due course.  

 

 

Scheme 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

Table I. Rhodium Catalyzed Transmetallation/Diels–Alder/Hydrolysis Reactions of 

Maleimides.  

Entry Dienophile  Diene 
Catalyst  

(mol %) 

Ligand 

(%) 
Solvent-System  

Temp. 

°C 

Time 

[h] 

Conversion
[c], 

[d]
 

1
a 

6a  1 None None 
Toluene: Water 

(9:1) 
100-105 22 100[d] 

     Wet Acetone  100-105 2  

2
a 

6b  
1 

None None 
Toluene: Water 

(4:1) 

Room 

Temp. 
7 Trace[c] 

3
a 

6b  
1 

B (10) 
BINAP

(11) 

Toluene: Water 

(4:1) 

Room 

Temp. 
7 Trace[c] 

4
a 

6a  
1 

A (10) 
BINAP

(11) 

Toluene: Water 

(4:1) 

Room 

Temp. 
27 Trace[c] 

5
a 

6a 
1 

A (10) 
BINAP

(11) 

Toluene: Water 

(4:1) 

Room 

Temp. 
48 Trace[c] 

6
a 

6b  
1 

B (10) 
BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16.5 62[d] 

7
a 

6b  
1 

None None 
Toluene: Water 

(4:1) 
50-55 16.5 Trace[c] 

8
b 

6b  
1 

A (10) 
BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16 34[d] 

9
b 

6b  
1 

A (10) 
BINAP

(11) 

Dioxane: Water 

(4:1) 
65-70 16 22[d] 

10 6b 
1 

B(10) 
DPPF 

(11) 

Toluene: Water 

(4:1) 
50-55 16 58[d] 

11 6b 

1 B(10) + 

20% 

AgSbF6 

BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16 63[d] 

12 6b 

1 

B(10) 

H2 then 

BINAP 

(11)  

Toluene: Water 

(4:1) 
50-55 16 68[d] 

13 6b 
1 

B(10) None 
Toluene: Water 

(4:1) 
50-55 16 71[d] 

14 6b 
5 

B(10) 
BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16 54[d] 

15 6b 
5 

A(10) 
BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16 20[d] 

16 6b 
4 

B(10) 
BINAP

(11) 

Toluene: Water 

(4:1) 
50-55 16 70[d] 

 

3. Experimental  

3.1.  General Procedures 

[a] Reactions were conducted in sealed tube. [b] Under refluxing conditions. [c] Determind by 
1 

H 

NMR analysis. [d] Isolated yield. Catalyst used A = [Rh(COD)2]BF4.xH2O, B= [Rh(COD)2]OTf 
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   The proton nuclear magnetic resonance (
1
H NMR) spectra were obtained using a Bruker 

Avance 300 MHz spectrometer operating at 300.1 MHz or a Bruker Avance 500 MHz 

spectrometer operating at 500.1 MHz.  
13

C NMR spectra were obtained using a Bruker Avance 

300 MHz spectrometer operating at 75.5 MHz.  
11

B and 
19

F NMR spectra were recorded on a 

Bruker Avance 300 MHz spectrometer at 96.3 and 282.4 MHz respectively. 
1
H and 

13
C NMR 

spectra were referenced to the residual proton or carbon signals of the respective deuterated 

solvents. In the 
13

C NMR spectrum, the signal of the quaternary carbon α to the tetravalent boron 

was not observed in organoboron compounds due to quadrupolar broadening as expected.
15

 
11

B 

NMR chemical shifts were referenced to external BF3
.
OEt2 (0.0 ppm). All 

19
F NMR chemical 

shifts were referenced to external CFCl3 (0.0 ppm). All elemental analyses were performed by 

Atlantic Microlabs Inc., Norcross, GA.  High-resolution mass spectrometry was performed at the 

UNC Mass Spectrometry Facility, Chapel Hill, NC. 

 All reactions were carried out under an atmosphere of nitrogen.  Tetrahydrofuran (THF) 

was degassed with argon and then passed through two 4 x 36 inch columns of anhydrous neutral 

A-2 alumina (8 x 14 mesh; activated under a flow of Ar at 350 °C for 3 hr) to remove water. 

Toluene (PhMe) was degassed with N2.  Water was deionized and distilled.  Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and dried over molecular sieves.  Sodium 

sulfate, sodium hydroxide, magnesium small turnings, 1,2-dibromoethane, potassium hydrogen 

fluoride, were purchased from Aldrich Chemical Company and used as received.  

Trimethylborate and all rhodium (I) species used were purchased from Strem Chemicals and 

used as received. 2-Chloro-1,3-butadiene, 50% in xylene (Chloroprene) was purchased from 

Pfaltz & Bauer, Inc and used as received.  

 3.2. Synthesis of 1,3-butadienyl-2-sodium trihydroxyborate (4) 
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   A mixture of magnesium (2.0 g, 82.2 mmol), 1,2-dibromoethane (0.5 mL), and THF (2 mL) 

was heated to reflux under nitrogen for 15 min to activate the magnesium. To the mixture 

anhydrous zinc chloride (0.3 g) in THF (25 mL) was added and reflux was continued for another 

15 min. 2-Chloro-1,3-butadiene (9.7 mL, 50 mmol) (density 0.915 g/mL, 50 % in xylene) and 

1,2-dibromoethane (1.9 g, 10 mmol) in THF (25 mL) were added dropwise over a period of 30 

min. This addition was controlled so as to bring the mixture into a gentle reflux. The color of the 

contents changed gradually from grayish white to greenish black.  The mixture was heated to 

reflux for an additional 30 min after completion of the addition. The Grignard reagent thus 

obtained was immediately added dropwise to a solution of trimethoxyborane (8.5 mL, 75 mmol) 

in toluene (50 mL) using a double-ended needle. The addition was controlled in such a way that 

the internal temperature of the mixture was maintained below –60°C all the time. After 

completion of the addition, stirring was continued for 30 min at –60°C, and then the solution was 

allowed to warm to room temperature and stirred for a further 30 min. The reaction mixture was 

cooled back to 0 °C and concentrated sulfuric acid (5 mL) was added and allowed to stir for an 

additional hour.  To this white solution, saturated sodium hydroxide (5-10 mL) was added and a 

white precipitate crashed out of solution.  The solid was collected by filtration, washed with 

petroleum ether (2 x 20 mL) and allowed to dry overnight under vacuum affording 4 (3.09g, 

44.6mmol, 45% yield).  
1
H NMR (500 MHz, DMSO  6.43 (m, 1H), 5.8 (bd, J = 18.3, 1H), 5.08 

(bs, 4H), 4.83 (bs, 1H), 4.43 (bd, J =11.3 Hz, 1H)
 13

C NMR (75.4 MHz, DMSO ; 143.91, 

119.12, 113.98.  In the 
13

C NMR spectrum, the signal of the quaternary carbon α to the 

tetravalent boron was not observed.  
11

B NMR (96.3 MHz, DMSO : 2.77 (bs).  MALDI LRMS 

M
+
 Calcd for C4H8BO3Na: 138.046. Found: 138.131. 
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3.3.  Optimized Rh Catalyzed Diels-Alder/Hydrolysis protocol for 2-Phenyl-3a,4,7,7a-

tetrahydro-isoindole-1,3-dione (7b).  

   A sealed tube equipped a magnetic stirring bar was charged with potassium 1,3-dienyl 

trifluoroborate (1) (1.2 equiv, 96 mg, 0.6 mmol) [Rh(COD)2]OTf (10 mol %, 23 mg, 0.05 

mmol), S-BINAP (11 mol%, 34 mg, 0.055 mmol) and N-phenylmaleimide (87 mg, 0.5 mmol,  

under nitrogen. Degassed toluene/water mixture (2.0 : 0.5 mL) was added at room temperature 

and the tube was closed with a cap. The tube was placed in a pre-heated oil bath at 50-55
0
C for 

16.5 h. After cooling the vessel at room temperature the reaction mixture was passed through a 

short pad of celite, eluting with ethyl acetate (25 mL). The solvents were removed under reduced 

pressure. Chromatographic purification over silica gel (EtOAc : Hexane) afforded 2-Phenyl-

3a,4,7,7a-tetrahydro-isoindole-1,3-dione  (7b) as a white solid (0.070 g, 0.31 mmol, 62%) 

identical by GCMS, 
1
H NMR and 

13
C NMR comparison to previously reported material.

16
  

3.4.  3a,4,7,7a-Tetrahydro-isoindole-1,3-dione (7a). 

   For reactions where (7a) was obtained as a white solid, its production was confirmed by 

comparison of its 
1
H NMR to that of a commercially available sample.  

3.5.  Addition of Silver to the Rhodium-Catalyzed Cycloaddition 

   Analagous to the procedure reported above,  a 50mL oven-dried Schlenk flask equipped with a 

stir bar was charged with Rh(cod)2OTf (23.4 mg, 10 mol%), (R,S)-BINAP (31.1 mg, 10 mol%) 

and AgSbF6 (34.4 mg, 20 mol%) and allowed to stir at room temperature in toluene (6mL) for 30 

minutes to allow sufficient time for ligand exchange.  To the resulting solution was added 1 (160 

mg, 1 mmol), N-phenylmaleimide (86.1 mg, 0.5 mmol), and H2O (1 mL) at which time the flask 

was placed in a silicone oil bath set at 50-55
o
C for 16.5hours.  The work-up of the resulting 

mixture was performed identically to that in the first procedure affording cycloadduct 7b (0.072 
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g, 0.32 mmol, 64%) showing identical 
1
H and 

13
C NMR chemical shifts as previously reported 

above. 

3.6.  Pretreatment with H2 for the Rhodium-Catalyzed Cycloaddition  

 A 50mL oven-dried Schlenk flask equipped with a stir bar was charged with 

Rh(cod)2OTf (23.4 mg, 10 mol%), (R,S)-BINAP (31.1 mg, 11 mol%) and allowed to stir at room 

temperature in toluene (6mL) for 30 minutes under an H2 (g) atmosphere to allow sufficient time 

for ligand exchange.  To the resulting solution was added 2 (160 mg, 1 mmol), N-

phenylmaleimide (86.1 mg, 0.5 mmol), and H2O (1 mL) at which time the flask was placed in a 

silicone oil bath set at 50-55
o
C for 16.5hours.  The work-up of the resulting mixture was 

performed identically to that in the first procedure above affording cycloadduct 7b (0.0775 g, 

0.34 mmol, 68%) showing identical 
1
H and 

13
C NMR chemical shifts as previously reported 

above. 
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