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ABSTRACT  

We report the development and demonstration of a continuous flow process for the safe 

formation, extraction and drying of aryldiazoacetate 2 which enables direct use in a fed-batch 

dirhodium catalyzed enantioselective cyclopropanation reaction to provide cyclopropane 4.  

Designing this process with safety as a primary objective, we identified the appropriate 

arylsulfonyl hydrazone starting material and organic soluble base to facilitate a Bamford-Stevens 

diazo-generating flow process at 30 °C, well below the thermal onset temperature (Tonset = 57 

°C), while also minimizing accumulation of the highly energetic diazo intermediate (ΔHD  = –

729 J/g).  The Bamford-Stevens reaction byproducts are efficiently removed via a continuous 

aqueous extraction utilizing a liquid-liquid hydrophobic membrane separator.  Continuous 

molecular sieve drying of the organic layer was demonstrated to maintain water levels <100 ppm 

in the final aryldiazoacetate solution, thereby ensuring acceptable reactivity, selectivity, and 

purity in the water sensitive cyclopropanation reaction.  The full process was successfully 

executed on 100 g scale setting the foundation for the wider application of this and related 

chemistries on kilogram scale. 

KEYWORDS: flow chemistry, aryldiazoacetate, continuous drying, cyclopropanation, process 

safety  
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INTRODUCTION  

The synthetic utility of diazo compounds for the formation of a variety of unique and 

challenging chemical bonds is well appreciated.1 Of these transformations, metal catalyzed 

reactions utilizing diazoacetates have been widely applied in the synthetic community to 

construct challenging C-C and C-heteroatom bonds via X-H (X = C,2 N,3 O,4 S, P, Si5) insertion, 

cyclopropanation,6 cycloaddition,7 etc.  However, one challenge that remains in the wider 

application of this chemistry for drug development is the danger associated with synthesis and 

use of these highly reactive diazo intermediates at scale.8  Initiation of decomposition of 

diazoacetates can occur at temperatures as low as 60 °C resulting in significant exothermic 

events and nitrogen off-gassing.9 This makes the synthesis and handling of these intermediates 

on large scale challenging.  Concern regarding decomposition has limited their use in chemical 

and pharmaceutical manufacturing.  Despite these challenges, a few examples of successful 

kilogram-scale synthesis and application of diazo intermediates have been demonstrated.10  

DelMonte and co-workers described the preparation of a styryldiazoacetate via diazo transfer in 

batch and its use in a metal-catalyzed cyclopropanation reaction for the kilogram-scale synthesis 

of HCV NS5B polymerase inhibitor beclabuvir.10b While the styryldiazoacetate prepared in this 

report had a relatively low thermal onset temperature (42 °C), the safety concern was partially 

mitigated via a fortuitous intramolecular electrocyclization that prevented nitrogen evolution.  

Similarly, Chen and co-workers conducted a kilogram-scale ruthenium catalyzed 

cyclopropanation using ethyl diazoacetate for the synthesis of a cyclopropyl indole containing 

serotonin reuptake inhibitor.10a Again, the diazoacetate was prepared in batch and used directly 

and although ethyl diazoacetate requires significant safety considerations, its preparation and use 

on scale has been well studied.11 Additionally, Gage and co-workers described the rhodium 
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catalyzed intermolecular N-H insertion reaction of a diazoketoester on 100 kg scale using 

immobilized rhodium catalyst in flow for the synthesis of a carbapenem intermediate.10c  

However, the preparation and handling of the diazoketoester itself was not disclosed.  These 

limited examples highlight the challenges and concerns associated with using these potentially 

explosive diazo intermediates on scale and underline the need for further investigation into 

methods for the safe large-scale preparation of these compounds. 

Given the low onset temperatures for thermal decomposition and large energy of 

decomposition associated with diazoacetates, flow preparation of these intermediates has been 

utilized to allow for better heat control while minimizing the amount of diazoacetate formed at 

any given time.  Previous examples of the flow preparation of diazoacetates12 include, solid 

supported oxidation of hydrazones,13 diazo transfer using sulfonyl azides,14 and base-mediated 

elimination of aryl sulfonyl hydrazones (Bamford-Stevens reaction) (Scheme 1).15  The 

oxidation of hydrazones using solid-supported metal oxidants offers the advantage of operating 

at ambient temperatures but can suffer from the use of stochiometric oxidants.13a-g This can lead 

to issues with leaching of oxidant into the product stream13Error! Bookmark not defined.f,i, and 

generates water as a byproduct which can interfere with downstream chemistry.13h,i  Diazo 

transfer agents have also been exploited in the flow preparation of diazoacetates.14  However, 

these azide-based diazo transfer reagents themselves are potentially explosive and must be 

synthesized and handled with care.9  In contrast, arylsulfonyl hydrazones used in the Bamford-

Stevens reaction have higher onset temperatures of decomposition and can be isolated as 

crystalline materials with good solid properties.16  One drawback to the previously disclosed use 

of arylsulfonyl hydrazones for the preparation of diazoacetates in flow is the requirement for 

heating to ≥80 °C which is higher than the documented onset temperature of a number of 
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diazoacetates.Error! Bookmark not defined.  Additionally, an inline silica column was 

required for the removal of the byproducts of the Bamford-Stevens reaction, namely 

triethylamine and the arylsulfinic acid.15  In this work, we utilize a rationally designed substrate 

to allow for Bamford-Stevens reaction to operate at a reaction temperature below the onset 

temperature of decomposition of most diazoacetate products.  We also demonstrate continuous 

aqueous extraction followed by molecular sieve column to remove reaction byproducts allowing 

for direct use of the diazoacetate solution in a water sensitive, highly enantioselective 

cyclopropanation reaction.  

Scheme 1. General strategies for the flow preparation of diazoacetates. 
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RESULTS AND DISCUSSION 

Recently, a collaborative effort between AbbVie and the Davies group demonstrated the 

asymmetric rhodium-catalyzed cyclopropanation of vinyl heterocycles with a variety of aryl- and 

heteroaryl-diazoacetates.17  This powerful transformation allows for the stereoselective synthesis 

of trisubstituted cyclopropanes containing a wide range of heterocyclic functionality. This new 

method was applied for the preparation of cyclopropane 4, a relevant intermediate in the 

synthesis of a novel active pharmaceutical ingredient (API) (Scheme 2). To safely prepare gram 

quantities of intermediate 4 in batch mode, aryldiazoacetate 2 was prepared and its thermal 

stability assessed (vide infra). Due to a low onset temperature and tendency of neat diazo 2 to 
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exhibit exothermic crystallization, a crude solution of 2 in multiple smaller batches was 

employed in the key asymmetric cyclopropanation step. While these precautions were suitable 

for safe preparation of smaller quantities of cyclopropane 4, flow chemistry was simultaneously 

assessed to enable larger scale reactions.  

Scheme 2. Small scale batch synthesis of cyclopropane 4.  

 

To provide material for preclinical studies and in efforts to circumvent the safety issues 

related to the batch preparation and use of aryldiazoacetate 2, a hybrid flow-fed-batch process 

similar to that described by Moody and co-workers15 was developed for the preparation of 

cyclopropane 4 (Figure 1).  It was found that treating tosyl hydrazone 1a with 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) at 60 °C in flow could reduce a 12 h ambient batch 

process down to 10 min.  In our initial flow setup, solutions of 1a and DBU in anhydrous 

dichloromethane (DCM) were mixed at a tee-mixer using a Vapourtec E-Series and heated to 60 

°C in a 10 mL PFA loop.    A subsequent inline extraction was incorporated to remove water 

soluble byproducts (DBU and tolylsulfinic acid) using a static mixer and coupling the output 

with a ZaiputTM membrane separator (hydrophobic membrane).  It was observed that using one 

volume of water in the extraction removed >90% of water-soluble byproducts.  To purify further, 

a short silica gel column (pretreated with a solution of triethylamine) was coupled at the organic 

outlet of the membrane separator to remove any residual organic byproducts as well as water.  
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NMR analysis of the outlet stream following the silica gel column showed >95% purity 

aryldiazoacetate 2 (0.2 mmol/min at steady state).  The outlet was collected in a vial containing 

molecular sieves and was shown to provide quantitative conversion to cyclopropane 4 when used 

in batch.  Additionally, the outlet solution of aryldiazoacetate 2 could be fed directly into a 

round-bottom flask cooled to 0 °C containing the materials needed to facilitate conversion to 4. 

Using this fed batch process, 4 g of cyclopropane 4 was isolated in 98% ee, which was used to 

prepare 5.43 g of API.  This process allowed for the gram scale preparation of cyclopropane 4 

while using only a 10 mL heated reactor coil, thus minimizing the amount of aryldiazoacetate 2 

heated at any given time. 

 

 

Figure 1. Proof-of-concept flow preparation of 2 and direct use in cyclopropanation reaction.  

Although this proof-of-concept flow reactor allowed for the synthesis of gram quantities 

of cyclopropane 4, there were several unanswered questions relating to the further scale-up of 

this reaction.  Most notably, a significant safety concern with the stability of the aryldiazoacetate 

2 would need to be further understood.  Recently, a thorough study on the thermal stability of a 

variety of diazoacetates demonstrated that heating aryldiazoacetates as low as 61 °C can result in 
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significant exothermic events.9  Therefore, understanding the safety window for the preparation 

and handling of aryldiazoacetate 2 is critical prior to further scale-up even when conducted in 

flow.   

In addition to safety concerns associated with handling the aryldiazoacetate was the 

added challenge of the water sensitivity of the cyclopropanation reaction itself.  The presence of 

water in the reaction has a twofold effect. First, if present in sufficient quantities, water can 

diminish the catalytic activity and enantioselectivity of the dirhodium catalyst.  Second, in the 

presence of water and the rhodium catalyst, the aryldiazoacetate will undergo O–H insertion 

impacting both yield and product purity.  Davies and co-workers found that 

hexafluoroisopropanol (HFIP) could be utilized as an additive to minimize the impact of water 

on the catalytic activity and enantioselectivity of the cyclopropanation reaction.17  However, in 

the presence of water, HFIP fails to prevent the formation of the O–H insertion product, 

requiring the addition of a drying agent to maintain acceptable product yields.13h  Therefore, we 

sought to develop a process for the safe and scalable formation and use of aryldiazoacetate 2 that 

addresses the safety concerns of the diazo intermediate and the water sensitivity of the 

cyclopropanation reaction.  Herein we report a general strategy for the flow preparation, workup 

and drying of an aryldiazoacetate solution at a safe operating temperature enabling a continuous 

feed into a high yielding and highly stereoselective cyclopropanation reaction amenable for 

further scale-up. We believe the strategy employed here is general and should be easily adaptable 

for transformations requiring the safe handling of sensitive aryldiazoacetates under “anhydrous” 

conditions.   

A differential scanning calorimeter (DSC) and an accelerating rate calorimeter (ARC) 

were used to understand appropriate operating temperatures and safety considerations for the 
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handling of aryldiazoacetate 2.  DSC was used to determine the enthalpy of decomposition 

(ΔHD), which indicates the energetic yield of the decomposition, as well as the initiation 

temperature (Tinit), which is defined here as the beginning of the exothermic decomposition peak 

as monitored by DSC.18  Initial DSC testing provided insight into the thermal stability of the 

compound and its potential prevalence for runaway reactions upon scale-up.  DSC analysis of 

aryldiazoacetate 2 showed the initiation temperature to be 65 °C with a ΔHD of – 729 J/g (Figure 

2).  It should be noted that the proximity of the endothermic peak associated with melting of the 

aryldiazoacetate 2, to the exothermic feature associated with decomposition can introduce 

increased error in precise assignment of Tinit. 

 

Figure 2. DSC of aryldiazoacetate 2 

The DSC data is consistent with literature examples showing that aryldiazoacetates substituted 

with an electron rich aromatic ring have lower initiation temperatures than electron neutral or 

deficient counterparts (Table 1).9  Additionally, more sensitive ARC experiments with the 

aryldiazoacetate forming Bamford-Stevens post-reaction mixture detected significant exothermic 
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events at 52 °C and 198 °C resulting in adiabatic temperature rises (ATR) of 36 °C and >164 °C 

respectively.  The exothermic event detected at 52°C is likely due to the decomposition of 

formed aryldiazoacetate 2 and resulted in ~ 1 equiv of gas evolution (presumably nitrogen). 

Table 1. Thermal stability and exotherm data of representative aryldiazoacetates. 

 
aMeasured by DSC. bObtained from Ref Error! Bookmark not defined. 

Due to the diminished heat transfer area of jacketed batch reactors per unit volume upon 

scale-up, substantial safety measures are routinely applied when scaling exothermic reactions, 

especially reactions that generate gas during decomposition.19  For this reason, the significantly 

improved heat transfer capabilities of flow reactors provide a preferred method to de-risk 

chemistries that are prone to exothermic reactions and decomposition.  Furthermore, flow 

reactors provide the advantage of minimizing the quantity of the potentially energetic 

intermediate that is generated at any one time.  A conservative assessment of the explosive 

propagation potential using the Pfizer-modified Yoshida correlation20 for compound 2 and the 

Tinit and DHD from Table 1 provides a value >0, indicating the isolated molecule has the potential 

to be explosive.  This finding further reinforces the inherent importance of safety considerations 

in the process design during scale-up.  Though not always sufficient depending on the specific 
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case, a common industry practice suggests a 50 °C safety buffer between onset and target 

temperature in batch when measured with accelerating rate calorimeter (ARC) and even larger 

buffers if using DSC to determine the Tonset.21  ARC studies for a representative reaction mixture 

showed a > 0.02°C/min self-heating rate, indicating onset of decomposition of 2, beginning at 52 

°C. Therefore, to safely scale this reaction in a batch configuration would require maintaining an 

internal temperature of 2 °C or less during all unit operations, which is less preferred due to the 

slower rate of formation of aryldiazoacetate at these temperatures.  Additionally, we sought to 

minimize the handling and accumulation of this sensitive and hazardous intermediate. Because 

of this, flow was pursued as a strategy for the scale-up preparation of aryldiazoacetate 2.   

To enable a safe, scalable flow chemistry approach, reaction optimization and kinetic 

analysis were performed on the Bamford-Stevens reaction to generate aryldiazoacetate 2.  

Previously, this transformation was either conducted at high temperatures (≥60 °C) in a plug 

flow reactor for short reaction times or at ambient temperature in batch, requiring more than 12 h 

to reach completion.  Neither of these options were deemed appropriate for scale-up of the 

process due to the unsafe operating temperature and the accumulated quantity of diazoacetate, 

respectively.  Therefore, a change to the reaction conditions and/or reagents was required with 

the goal of increasing the reaction rate and lowering the reaction temperature well below the 

onset temperature for decomposition of the aryldiazoacetate 2 solution (52 °C).  The tosyl 

hydrazone 1a was initially selected as the substrate and a variety of bases were examined in the 

Bamford-Stevens reaction of this hydrazone to evaluate the effect on reaction rate (Table 2, 

entries 1-5).22  Reactions were conducted in dichloromethane (DCM) at 38 °C and the time to 

reach 95% conversion was determined for each base by HPLC monitoring.  Not surprisingly, 

stronger bases resulted in more rapid hydrazone decomposition to provide the desired 
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aryldiazoacetate 2.  However, based on these data, conducting the reaction at 38 °C even with 2-

tert-butyl-1,1,3,3-tetramethylguanidine (BTMG, Barton’s base) would require 40 min to reach 

95% conversion (entry 5).  These conditions would not lend themselves to development of an 

ideal flow process.      

Table 2. Bamford-Stevens Reaction Screen.  

 
 aConditions: 1a-e (1 equiv), base (1.2 equiv), CH2Cl2 (10V). bDetermined by 1H NMR.  cTime 

to reach 95% conversion of 1a-e; DBU = 1,8-diazabicyclo(5.4.0)undec-7-ene, TBD = 1,5,7-
triazabicyclo[4.4.0]dec-5-ene, TMG = 1,1,3,3-tetramethylguanidine, TEA = triethylamine, 
BTMG = 2-tert-butyl-1,1,3,3-tetramethylguanidine or Barton’s base.  

Previous literature data has shown that changing the identity of the aryl group of the sulfonyl 

hydrazone has direct impact on the rate of elimination.15a,23 With this in mind, a variety of 
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differentially substituted aryl sulfonyl hydrazones were evaluated in the Bamford-Stevens 

reaction with Barton’s base (Table 2, entries 6-9).  Indeed, changing the identity of the sulfonyl 

hydrazone significantly impacted the reaction rate, with triisopropylbenzenesulfonyl hydrazone 

1c providing 95% conversion in 2.5 min (entry 7).  However, triisopropylbenzenesulfonyl 

hydrazone 1c required a custom sulfonyl hydrazide, and the isolation and purification of the 

corresponding hydrazone 1c was challenging.  In comparison, the mesitylsulfonyl hydrazone 1e 

provided high conversion in 5 min (entry 9). In contrast to hydrazone 1c, the mesitylsulfonyl 

hydrazone 1e could be easily prepared from commercial materials and directly isolated as a 

crystalline solid in high purity.  Use of benzenesulfonyl hydrazone 1b and 2-

nitrobenzenesulfonyl hydrazone 1d did not provide significant improvement in reaction rate 

(entries 6 and 8).  Due to these considerations, a concession in terms of throughput was 

necessary, and the decision to further optimize the elimination reaction with mesitylsuflonyl 

hydrazone 1e was made.   

To maximize reaction rate while minimizing reaction temperature, a base screen was 

conducted with the mesitylsulfonyl hydrazone 1e at 30 °C.  Again, a direct correlation to the 

strength of the base and reaction rate was observed (Table 2, entries 10-12).  Use of BTMG 

provided 95% conversion in 6 min (entry 10) while 1,1,3,3-tetramethylguanidine (TMG) 

provided the same conversion in 9 min (entry 11) and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) 

required 12 min to obtain similar conversion (entry 12).  Due to cost and material availability 

considerations along with knowledge that nearly complete rejection of TMG could be achieved 

using a single water wash (vide infra), TMG was chosen as the base for further development.   

To ensure the newly optimized reaction conditions were appropriate for further scale up, 

additional safety studies were carried out with hydrazone 1e and TMG.  Using an Omnical 
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SuperCRC (Chemical Reactivity Calorimeter), it was determined that the addition of TMG to 

hydrazone 1e was exothermic resulting in a 15 °C ATR. Additionally, the onset temperature of 

the reaction mixture was again measured using ARC and determined to be 57 °C, which was 

comparable to the previous reaction using tosyl hydrazone 1a and DBU.  Given the calorimetric 

data and the targeted reaction temperature of 30 °C, we determined these flow conditions were 

amenable for further scale up with minimal risk of reaching the onset temperature of the 

aryldiazoacetate reaction mixture.      

Following optimization of the batch reaction conditions, development of the 

aryldiazoacetate flow reaction was undertaken.  Use of a flow reaction for formation of the 

aryldiazoacetate affords the ability to provide improved heat control through a high surface area 

to volume ratio.  The accumulation of the aryldiazoacetate within the reactor system was also 

well-controlled using a semi-continuous process whereby a flow reaction to form the 

aryldiazoacetate is effectively quenched into a fed-batch cyclopropanation reaction at low 

temperature (vide infra).  Further evaluation of the reaction kinetics of the diazo ester formation 

reaction in batch revealed >99% conversion of the mesitylsulfonyl hydrazone 1e in 15 min at 30 

°C with TMG as the base (Figure 3).  Based on these results a 15 min residence time for a flow 

reaction was targeted.   
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Figure 3. Conversion of mesitylsulfonyl hydrazone 1e at 30 °C with TMG in DCM.   

The reaction conditions and homogeneous nature of the system led to design of a plug 

flow reactor (PFR).  For lab studies, a PFR with a 1/8” OD (1/16” ID) was designed.  Two 

streams were mixed through the incorporation of a static mixer.  As shown in Figure 4, stream A 

consisted of mesitylsulfonyl hydrazone 1e in dichloromethane (DCM) at a target concentration 

of 0.76 M.  Stream B was composed of 1.1 equiv. of TMG in DCM at a target concentration of 

0.83 M.  The overall process volume of 5 to 5.5 mL/g was selected to minimize solvent use 

while ensuring complete dissolution of the hydrazone starting material.   At the 1/16” ID scale, 

0.2 mL/min flow rates were selected for each input stream utilizing a Syrris Asia syringe pump.  

Flow rates selected were verified to result in laminar flow through calculation of the Reynolds 

number (Re < 100).  The flow process was designed to be executed in a laminar flow regime, 

which guided the calculations and design of the large-scale process.  The PFR internal 

temperature was maintained at 30 °C utilizing a water bath for temperature control.  
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Figure 4. PFR design for preparation of aryldiazoacetate 2.    

Steady state operation of the PFR was verified through incorporation of an IR flow cell.  IR 

results showed that steady state was achieved after ~2 residence times (Figure 5).  Offline 

analysis by qNMR showed 5.6 wt% of diazo ester at steady state operation corresponding to a 

90% yield of 2.  Based on these results we were confident that the flow reactor described above 

would be sufficient to consistently deliver aryldiazoacetate 1e at a reaction temperature well 

below the onset temperature (57 °C). 

 

Figure 5. React IR trace for PFR aryldiazoacetate formation  
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Having developed a PFR for the safe formation of aryldiazoacetate 2, our focus turned to 

removal of the reaction byproducts of excess TMG and the mesitylsulfinic acid TMG salt. It was 

determined that using the crude aryldiazoacetate stream in the cyclopropanation reaction without 

removal of TMG and mesitylsulfinic acid TMG salt resulted in slower conversion and an 

increase in impurity formation.  Additionally, the ee of 4 improved from 94% to 98% when 

TMG and mesitylsulfinic acid TMG salt were removed prior to the cyclopropanation reaction.  

These results are consistent with previous observations that Lewis basic additives can alter 

catalytic activity of similar dirhodium catalysts.17,24  After evaluating our options, we determined 

that an aqueous extraction provided the best approach to remove both TMG and the 

mesitylsulfinic acid TMG salt efficiently and safely prior to the cyclopropanation reaction.  To 

significantly limit the holdup of aryldiazoacetate 2, a continuous extraction process was 

designed.  Water was selected as the extraction solvent based upon the ability to remove both 

TMG and the mesitylsulfinic acid TMG salt.  As part of the flow reactor design, water was 

introduced through a tee junction, immediately following the PFR, with an inline static mixer 

inserted to effectively mix the aqueous wash and organic product stream.  While a mixer settler 

setup was first considered, a desire to minimize aryldiazoacetate accumulation and hold up led to 

the selection of a membrane-based separation.25  Membrane separators have the advantage of 

minimizing reactor hold up and can efficiently separate aqueous and organic streams.  For this 

process, a ZaiputTM equipped with 1 µm hydrophobic PTFE membrane was utilized.  As 

illustrated in Figure 6a, efficient partitioning can be easily visualized by the separation of the 

colorless aqueous and the yellow product-containing organic layer.   
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Figure 6. (a) Zaiput membrane extractor. (b) IR of mesitylsulfinic acid TMG salt in organic 

layer before and after Zaiput membrane separator.  

The efficiency of the separation was further confirmed by analyzing losses of the 

aryldiazoacetate 2 to the aqueous layer which were typically < 3% and measuring the water 

content of the DCM layer which was typically ~ 1500 ppm, consistent with water-saturated 

DCM.  During small development runs the TMG and the mesitylsulfinic acid TMG salt content 

were monitored in the organic layer after the Zaiput membrane separation by both inline IR and 

offline qNMR analysis.  The inline IR showed only low levels of the mesitylsulfinic acid TMG 

salt in the organic layer while TMG was unable to be monitored by IR due to signal overlap 

(Figure 6b).  The qNMR data for the removal of the mesitylsulfinic acid TMG salt was 

consistent with IR data and was maintained below <0.05 wt%.  qNMR also showed that TMG 

was well rejected to the aqueous layer with ≤0.1 wt% being observed in the organic layer 

throughout the run (Table 3).  Spiking studies showed that up to 1 wt% of TMG and 

mesitylsulfinic acid each were well tolerated in the cyclopropanation reaction.26  These results 

highlight the efficiency of the membrane separator to effectively separate the aqueous and 

Aqueous Layer  

Organic Layer 

(a) 
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organic layers, minimizing the accumulation of aryldiazoacetate solution while providing 

effective removal of TMG and the mesitylsulfinic acid TMG salt from the organic stream.      

Table 3. Efficiency of Aqueous Extraction.  

Time (min) wt% TMGa 
wt% 

mesitylsulfinic acid 
TMG salta 

0b 3.6 3.7 

15 0.08 0.02 

32 0.08 0.02 

82 0.10 0.03 

aWeight percent measured in organic layer by 1H qNMR. bOrganic layer prior to aqueous 
extraction. 

 

Having identified a method for efficient removal of reaction byproducts via a continuous 

extraction we next sought to further understand if the purified aryldiazoacetate solution could be 

used directly in the cyclopropanation reaction.  In the design of our overall process, we 

envisioned the aryldiazoacetate product stream being added to a batch reactor containing the 

vinyl pyridine 3 and the dirhodium catalyst.27  However, after continuous extraction the 

aryldiazoacetate solution contained ~1500 ppm water.  Due to the known sensitivity of the 

cyclopropanation reaction to water, it was necessary to further understand the impact of water on 

the cyclopropanation reaction purity and enantioselectivity.  Additionally, due to the large energy 

of decomposition associated with aryldiazoacetate 2 (ΔHD = –729 J/g) it was desirable to 

minimize accumulation of the aryldiazoacetate 2 in the cyclopropanation reaction.  Therefore, it 

was critical to also understand the impact of water on the rate and conversion of the 

cyclopropanation reaction.   
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Table 4. Water Spiking Studies on Cyclopropanation Reactiona  

 
aConditions: 2 (0.454 mmol, 1 equiv), 3 (0.681 mmol, 1.50 equiv), Rh2(S-TPPTTL)4 (0.681 
µmol, 1.5 mol %), 2-Cl-pyridine (1.59 mmol, 3.50 equiv), HFIP (4.54 mmol, 10.0 equiv), 
CH2Cl2 (20V), 0 °C. bDried over 500 wt% 4Å molecular sieves.  

To further refine our understanding on the impact of water in this reaction a series of water 

spiking experiments were conducted (Table 4).  As highlighted in Scheme 2 and recapitulated in 

Table 4, entry 1, running the reaction in the presence of molecular sieves results in complete 

conversion and high area% purity of the desired cyclopropane 4 in good ee.  The addition of 

water, 0.15 equivalents, still results in complete consumption of aryldiazoacetate 2 in 1 h, 

however, 6 area% of the corresponding O–H insertion product 6 is observed along with a 

corresponding drop in the overall purity of cyclopropane 4 (entry 2).  Encouragingly, the 

presence of water had no impact on the enantioselectivity, and the product was obtained in 98% 

ee.  This result is consistent with Davies and co-workers’ observation that the presence of HFIP 

minimizes the negative impact of water on the enantioselectivity of the cyclopropanation 

reaction.17  Increasing the water content to 0.34 equivalents results in incomplete reaction 
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conversion and significant formation of 6 (entry 3).  Further increasing the amount of water to 

0.46 equivalents exacerbates this effect and 69% unreacted aryldiazoacetate remains after 28 h 

(entry 4).  Based on empirical observations that bubbling nitrogen through the reaction mixture 

prior to addition of the aryldiazoacetate resulted in accelerated reaction rates, the effect of 

nitrogen sparging was examined in the presence of water.  When the conditions implemented in 

entries 3 and 4 were repeated with inclusion of nitrogen sparging of the reaction mixture prior to 

addition of the aryldiazoacetate solution, complete conversion was observed, and the product 

was obtained in 98% ee (entries 5 and 6).  As expected in these examples with elevated water 

spiked, increased levels of the O–H insertion product 6 were observed.  However, these results 

provided confidence that the reaction can tolerate low levels of water without impacting reaction 

conversion or enantioselectivity.  The lack of impact on conversion had significant implications 

to our proposed fed batch flow reactor design and provided confidence that accumulation of the 

aryldiazoacetate in the cyclopropanation reaction could be minimized by appropriate control of 

water.  Based on these water spiking studies and the tolerance for 6 downstream, we sought to 

target a water content of <100 ppm (~0.03 equiv) in the cyclopropanation reaction.   

  To determine the optimal method for water removal the drying capacity of silica gel and 5 

different types of molecular sieves were evaluated in a batch study.  Water saturated DCM 

containing ~1500 ppm water was treated with the desiccants and the water content of the DCM 

was monitored over 6 days (Table 5). Compared to molecular sieves and consistent with 

previous reports,28 silica was found to be less efficient at removing water than the molecular 

sieves examined (entry 1).  However, all five molecular sieves evaluated showed equal capacity 

for water removal (entries 2-6).   
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Table 5. Batch drying of wet dichloromethane with desiccants.  

Entry Desiccant  

Absorption  
(g water absorbed/kg of 

desiccant)  
1 daya 3 daysa 6 daysa 

1 Silica Gel  20.9 20.6 n/a 

2 3Å spherical 
molecular sieves  31.4 32.9 33.9 

3 4Å powdered 
molecular sieves 32.8 33.9 33.4 

4 5Å spherical 
molecular sieves 32.2 33.4 33.8 

5 4Å spherical 
molecular sieves 30.7 32.1 33.4 

6 3Å pelletb  
molecular sieves  30.9 31.0 31.0 

aTime exposed to water scavenger. bExtruded cylinder 

Although it has been demonstrated that the addition of molecular sieves to the 

cyclopropanation reaction works well on gram scale to mitigate the impact of water on the 

reaction, the practicality of an in-situ heterogeneous drying step diminishes as scale increases 

due to considerations such as: possible etching of glass reactors, slow filtration associated with 

removal of powdered molecular sieves, and ensuring removal of the molecular sieves between 

batches in large scale equipment.  Therefore, we sought to test the performance of the desiccants 

in continuous mode, by comparing performance of molecular sieves in a packed column. Three 

desiccants were tested in a packed 2.5 cm diameter column and water saturated DCM was fed 

through the column at 12 mL/min in up flow.  The water content of the DCM output solution 

was measured and plotted against water saturated DCM passed through the column per gram of 

desiccant.  The results are highlighted in Figure 7. Performance of the 3Å molecular sieves was 



 24 

superior to both 4Å and 5Å and was selected for scale up.  Based on the data obtained in Figure 

7, 26 L of water saturated DCM could be processed per kg of 3Å molecular sieves while 

maintaining output water content below the target of 100 ppm.  Given our expected output 

stream concentration of 0.4 M, we anticipated being able to process 4.2 kg of hydrazone 1e/kg of 

molecular sieves.    

 

Figure 7. Packed bed molecular sieve drying of saturated dichloromethane solution showing 3Å 

molecular sieves provide the highest capacity for water removal. 

Having identified a method for the removal of water below the target of 100 ppm we 

sought to further understand the impact of changing the equivalents of HFIP and 2-

chloropyridine on the cyclopropanation reaction in the presence of 0.15 equivalents of water 

(Table 6).  It was determined that lowering the equivalents of HFIP from 10 to 5 resulted in a 
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lower enantioselectivity of 93% ee (entry 2); while further lowering the equivalents of HFIP to 

2.5 resulted in only 41% reaction conversion (entry 3).  These results are consistent with 

previous work showing that poor conversion and enantioselectivity are observed in the presence 

of water and in the absence of molecular sieves or HFIP.17  The equiv of 2-chloropyridine were 

then examined and to our delight the equiv could be lowered to 1.0 without impacting reaction 

conversion or enantioselectivity (entries 4 and 5).  However, lowering to 0.5 equiv of 2-

chloropyrdine results in lower 95% ee (entry 6).29  Finally, due to challenges removing 2-

chloropyridine downstream and data suggesting 2-chloropyridine is a genotoxic impurity,30 2-

fluoropyridine was evaluated as an additive in the reaction.  Consistent with work published by 

Davies and co-workers, 2-fluoropyridine provides essentially the same results as 2-

chloropyridine and can be easily removed downstream via solvent swap distillation.  Based on 

these studies, conducting the reaction with 10 equiv of HFIP and 1.1 equiv of 2-fluoropyridine 

was pursued for scale up of the planned fed-batch cyclopropanation reaction. 
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Table 6. HFIP and 2-Halopyridine Ranging Studiesa  

 
 aConditions: 2 (0.454 mmol, 1 equiv), 3 (0.590 mmol, 1.30 equiv), Rh2(S-TPPTTL)4 (0.681 
µmol, 1.5 mol %), 2-X-pyridine, HFIP, CH2Cl2 (20V), 0 °C. 

Additional studies were also performed to assess the cyclopropanation reaction 

performance in an OmniCal SuperCRC calorimeter equipped with a mass flowmeter to measure 

the reactor off gas flowrate. Measurement of N2 gas generation during the experiment 

demonstrated that the selective cyclopropanation reaction displays an apparent first order 

dependence on both the aryldiazoacetate 2 and the vinyl pyridine 3.26  At 2 °C, the batch reaction 

was 50% complete in 1.4 min and 95% complete in 9.0 min.  The overall second order 

dependence on the two reactants further supported the choice of a fed-batch configuration to 

limit the accumulation of the aryldiazoacetate 2 using excess vinyl pyridine 3 to minimize 

accumulation. 

Having studied each element of the planned process independently we sought to 

demonstrate scale-up of a fully continuous aryldiazoacetate formation reaction, aqueous 
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extraction, and water removal, followed by a fed-batch cyclopropanation reaction.  The fully 

continuous process was performed utilizing 100 g of hydrazone 1e to ensure steady state 

conditions could be achieved with the detailed reactor design and to determine throughput for 

anticipated larger scale campaigns.  The process flow diagram for the demonstration batch is 

shown in Figure 8a.  The design centers on the synthesis of the aryldiazoacetate via PFR at 30 

°C using 1/8” tubing and 1.1 mL/min flow rate for each reagent/starting material solution 

resulting in a 15 min residence time.  Once complete, the aryldiazoacetate stream is combined 

with water at a rate of 2.2 mL/min and passed through a static mixer to facilitate removal of 

excess TMG and the mesitylsulfinic acid TMG salt from the organic layer.  The biphasic mixture 

is then separated using the ZaiputTM membrane filtration system described previously.  The 

resulting organic layer, containing aryldiazoacetate 2 and ~1500 ppm water, is then passed 

through a 2.5 cm diameter column packed with 3Å molecular sieve (105 g, height of the 

molecular sieve bed is 25 cm). Based on breakthrough experiments highlighted in Figure 7, 105 

g of molecular sieves is expected to process 2.5 L of water saturated dichloromethane 

maintaining output concentration below 100 ppm corresponding to ~400 g of hydrazone input.  

The resulting dried organic stream is then added to a jacketed reactor containing a solution of 

dirhodium catalyst, vinyl pyridine 3, HFIP and 2-fluoropyridine in DCM cooled to 0 °C.  To 

ensure catalyst performance and minimize impurity formation the solution of vinyl pyridine, 2-

fluoropyridine and HFIP in DCM is also dried through a 3Å molecular sieve column (2.5 cm 

diameter, 50 g of molecular sieve) prior to use.   
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Figure 8. (a) Schematic of flow reactor design (b) Flow reactor setup for 100 g demonstration.  

Critical to the design of the flow process was the implementation of react IR to monitor 

both the formation of aryldiazoacetate 2 and the cyclopropanation reaction in real time.  As 

shown in Figure 9, the addition of the aryldiazoacetate 2 to the cyclopropanation reaction was 

(b) 
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started after the equivalent of approximately three residence times through the complete flow 

system.31  At steady state (~ 150 min) the concentration of the aryldiazoacetate solution was 

determined to be 6.2 wt% by offline qNMR analysis, corresponding to 90% yield of 

aryldiazoacetate 2.  The performance of the phase separation was assessed by qNMR and 

consistent with smaller scale runs <0.1 wt% TMG and mesitylsulfinic acid TMG salt was 

observed in the organic stream.  Water content of the aryldiazoacetate stream after the molecular 

sieve column was measured periodically by Karl-Fisher analysis and remained less than 100 ppm 

throughout the course of the reaction, in line with expectations.  

  

Figure 9. IR analysis of diazoacetate formation in PFR. 

Monitoring the cyclopropanation reaction by react IR ensured consistent conversion to 

cyclopropane 4 while also confirming minimal accumulation of the aryldiazoacetate 2.  In the 

event of aryldiazoacetate 2 accumulation due to catalyst inactivity the flow reactor could be 

safely shut down by diverting the flow of the diazo containing product stream to a quench reactor 

containing methanolic phosphoric acid.  The IR results from the cyclopropanation reaction are 
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shown in Figure 10 and confirm consistent formation of the desired cyclopropane 4 along with 

consumption of the vinyl pyridine 3.  Importantly, no significant accumulation of the 

aryldiazoacetate 2 was observed.  In addition to react IR monitoring, the cyclopropanation was 

monitored via automated sampling and offline HPLC analysis.  HPLC analysis showed 

consistent results with the react IR and aryldiazoacetate 2 was maintained below 0.07 wt% 

throughout the reaction (Figure 10b).   Overall, the aryldiazoacetate solution was added to the 

batch reactor for 20 turnovers of the PFR reactor (300 min), corresponding to 100 g of hydrazone 

and resulting in 74% assay yield,32 93 area% purity and 98% ee of the desired cyclopropane 4.  

Importantly, the O–H-insertion product 6 was observed in only 7% assay yield (2.5 area%) and 

was well within tolerated levels for downstream chemistry.  
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Figure 10 (a) React IR results from fed-batch cyclopropanation (b) HPLC results from fed-batch 

cyclopropanation. Lines represent the fit provided by kinetic deconvolution of the experimental 

data.33   

Due to changes in project priorities, further scale-up of cyclopropane 4 was not required; 

however, encouraged by the success of our 100 g demonstration we concluded this process could 
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be adapted to support multi-kilogram batches. Lab scale experimentation supported that the 

design of the PFR, continuous extraction, and molecular sieve drying would scale linearly, with 

the capability to safely produce cyclopropane 4 at a targeted throughput of 14 kg/day.  Consistent 

with our lab demonstration, react IR would be utilized to monitor the generation of the 

aryldiazoacetate in the PFR and in the cyclopropanation batch reactor to safeguard against the 

accumulation of the aryldiazoacetate 2.  Additionally, a quench reactor of phosphoric acid in 

methanol would be available for the safe quenching of excess diazoacetate generated during start 

up and shutdown of the process.  Importantly, the overall amount of aryldiazoacetate solution at 

any given time during the continuous process would be ~ 4 L equating to 325 g of 

aryldiazoacetate 2.34  For the preparation of 20 kg of cyclopropane this would represent a 50-fold 

reduction in aryldiazoacetate generated when compared to a similar batch reaction.  The 

reduction in the amount of aryldiazoacetate coupled with the greatly increased temperature 

control and heat transfer of a flow reactor compared to a standard jacketed batch reactor 

highlight the significant safety advantage of conducting this process in flow.  This sets the 

foundation for implementation of this and related chemistries on kilogram scale.  

Conclusion 

In conclusion, we have successfully developed a safe, continuous flow process for the 

formation of aryldiazoacetate 2 and its direct use in a sensitive dirhodium-catalyzed asymmetric 

cyclopropanation reaction.  Importantly, the entire process was carried out at reaction 

temperatures below the decomposition temperature of the diazoacetate intermediate.  Following 

the diazoacetate generation, continuous membrane based aqueous extraction was utilized to 

efficiently remove the deleterious TMG and mesitylsulfinic acid.  Subsequently, molecular sieve 

column drying provided water levels below 100 ppm in the aryldiazoacetate stream, ensuring 
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consistent reactivity and selectivity in the sensitive cyclopropanation reaction.  The robustness of 

the cyclopropanation reaction was determined through multivariate and spiking studies to 

determine acceptable ranges for water content, TMG, mesitylsulfinic acid, 2-fluoropyridine, and 

HFIP.  The full process was successfully demonstrated by processing 100 g of hydrazone 1e to 

provide 62.5 g of cyclopropane in 5 h.  The tight control of water provided the desired 

cyclopropane in 74% assay yield, 93 area% purity and 98% ee while limiting the O–H insertion 

product to 7% assay yield.  Furthermore, we have described how this process could be adaptable 

to further scale up providing throughputs of 14 kg 4/day.  Additionally, we believe the strategy 

described herein is general and should be adaptable for transformations requiring the safe 

generation of sensitive aryldiazoacetates and use under “anhydrous” conditions.   

 

EXPERIMENTAL SECTION 

General Remarks. Reagents and solvents were used as received without further purification 

unless stated otherwise. Rh2(S-TPPTTL)4 was prepared according to literature procedure.2d  

NMR spectra were obtained using a Bruker 400 MHz NMR spectrometer.  1H and 13C NMR 

chemical shifts are expressed in parts per million (δ) relative to the deuterated solvent listed.  

Purity results reported by HPLC are listed in area percent. Analytical HPLC was performed on 

an Agilent 1200 HPLC system equipped with UV-DAD detector.  The HPLC columns were 

either Ascentis Express C18 (4.6 mm × 10 cm, 2.7 µm) or Chirapak IC (4.6 mm × 15 cm, 5 µm). 

DSC data was collected using Mettler Toledo Differential Scanning Calorimeter.  ARC data was 

collected using Netsch Accelerating Rate Calorimeter 254.  Heat of reaction data along with gas 

flow measurements were collected using Omnical SuperCRC (Chemical Reactivity Calorimeter).   
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Preparation of Tosyl Hydrazone (1a) 

A 1 L reactor equipped with overhead stirrer and nitrogen inlet was charged with methyl 2-

methoxy-5-methylphenyl)-2-oxoacetate (150 g, 684 mmol, 1 equiv) and methanol (650 mL, 

4.3V).  Contents of the reactor were adjusted to 30 °C and 4-methylbenzenesulfonohydrazide 

(134 g, 719 mmol, 1.05 equiv) was added.  After 3 h, the slurry was cooled to 0 °C and stirred 

for 1.5 h.  The resulting slurry was filtered and washed with methanol (50 mL, 0.3V).  The wet 

solid was dried in vacuum oven at 50 °C for 20 h to give tosyl hydrazone (1a) as a light-yellow 

solid (224.2 g, 87% yield, 98 area% purity, 50:50 E/Z isomers by 1H NMR analysis).  

Data for 1a are as follows.  1H NMR (400 MHz, CDCl3) 50:50 mixture of E/Z isomers: δ 11.20 

(s, 1H), 8.09 (s, 1H), 7.82 (dd, J = 8.4, 2.1 Hz, 4H), 7.31 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 8.1 Hz, 

2H), 7.20 (dd, J = 8.6, 2.2 Hz, 1H), 7.12 (d, J = 8.2 Hz, 2H), 6.88 – 6.79 (m, 2H), 6.73 (d, J = 8.1 

Hz, 1H), 3.77 (s, 3H), 3.72 (s, 3H), 3.66 (s, 3H), 3.57 (s, 3H), 2.41 (s, 3H), 2.37 (s, 3H),2.26 (s, 

3H), 2.25 (s, 3H). 13C NMR (101 MHz, CDCl3) 50:50 mixture of E/Z isomers: δ 163.89, 162.77, 

155.71, 154.03, 144.54, 144.30, 142.56, 138.43, 135.59, 135.28, 132.87, 131.54, 130.96, 130.45, 

130.24, 130.04, 129.73, 129.70, 127.93, 127.91, 123.72, 116.76, 111.76, 110.90, 55.77, 55.73, 

52.83, 52.52, 21.68, 21.62, 20.43, 20.41. HRMS (LTQ Orbitrap) m/z [M +H] calc for 

C18H20N2O5S 377.11657 found 377.11612.  

Preparation of Mesitylsulfonyl Hydrazone (1e) 

A 1 L reactor equipped with overhead stirrer and nitrogen inlet was charged with methyl 2-

methoxy-5-methylphenyl)-2-oxoacetate (75 g, 360 mmol, 1 equiv) and methanol (375 mL, 5V).  

Contents of the reactor were cooled to 0 °C and 2,4,6-trimethylbenzenesulfonohydrazide (81 g, 

378 mmol, 1.05 equiv) was added.  After 18 h, the slurry was filtered and washed with methanol 

(150 mL, 2V).  The resulting wet cake was added to 1 L reactor and re-slurried in methanol (200 
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mL, 2.7V) for 5 h and then filtered and washed with MeOH (150 mL, 2V).  The wet solid was 

dried in vacuum oven at 60 °C for 19 h to give mesitylsulfonyl hydrazone 1e as a light-yellow 

solid (109.0 g, 74.8% yield, 97.3 area% purity, 77:23 E/Z isomers by 1H NMR analysis).  

Data for 1e are as follows.  1H NMR (400 MHz, Benzene) δ E isomer: 9.10 (s, 1H), 7.71 (s, 

1H), 7.38 (dd, J = 8.4, 2.3 Hz, 1H), 7.16 (s, 2H), 6.91 (d, J = 8.5 Hz, 1H), 3.84 (s, 3H), 3.66 (s, 

3H), 3.35 (s, 6H), 2.47 (s, 3H), 2.42 (s, 3H). Z isomer: 12.59 (s, 1H), 7.75 (s, 1H), 7.38–7.33 (m, 

1H), 7.00 (a, 2H), 6.82 (d, J = 8.3 Hz, 1H) 3.71 (s, 3H), 3.58 (s, 3H), 3.33 (s, 6H), 2.54 (s, 3H), 

2.33 (s, 3H).  13C NMR (101 MHz, Benzene) E isomer: 163.83, 154.57, 143.09, 142.01, 140.85, 

133.47, 132.19, 130.83, 130.49, 117.70, 111.83, 55.35, 52.04, 23.48, 20.76, 20.23. Z isomer: 

163.35, 156.15, 142.66, 140.22, 137.71, 133.95, 132.52, 131.27, 130.90, 130.26, 124.69, 111.04, 

55.26, 51.86, 23.34, 20.66, 20.24. HRMS (LTQ Orbitrap) m/z [M +H] calc for C20H24N2O5S 

405.14787 found 405.14735. 

Batch Preparation of Aryldiazoacetate (2) 

A 250 mL round bottom flask equipped with a stir bar was charged with tosyl hydrazone 1a 

(5.00 g, 13.28 mmol, 1 equiv) and dichloromethane (100 mL, 20V).  The resulting solution was 

cooled to ~ 0 °C in an ice-water bath and 1,8-diazabicyclo[5.4.0]undec-7-ene (4.04 g, 26.6 

mmol, 2.00 equiv) was added over 5 min.  The reaction flask was removed from the ice-water 

bath and allowed to warm to room temperature. After 22 h, reaction mixture was transferred to a 

separatory funnel and washed with water (2 × 25 mL, 2 × 5V) and 5 wt% aqueous sodium 

chloride (25 mL, 5V).  The resulting organic layer was dried over magnesium sulfate, filtered, 

and concentrated under reduced pressure.  The resulting yellow oil was purified by flash column 

chromatography on silica gel (eluent: 0%→20% ethyl acetate in hexanes) to afford 
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aryldiazoacetate (2) (2.48 g, 85% yield) as a yellow solid. Spectroscopic data for 2 matched 

previously measured values.17 

Preparation of 2-ethoxy-6-vinylpyridine (3)  

A 1 L reactor equipped with an overhead stirrer and nitrogen inlet was charged with [1,1’-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (4.35 g, 5.94 mmol, 0.02 equiv) and 

potassium trifluoro(vinyl)borate (47.7 g, 356 mmol, 1.2 equiv).  The reactor was evacuated and 

back filled with nitrogen 3 times and purged with positive nitrogen pressure for 15 min.  A 

separate flask was charged with 35 wt% aqueous potassium phosphate (114 mL, 356 mmol, 1.2 

equiv) and sparged with nitrogen for 45 min.  A second flask was charged with 2-bromo-6-

ethoxypyridine (60 g, 297 mmol, 1 equiv) and 2-methyl tetrahydrofuran (800 mL, 13.3V) and 

sparged with nitrogen for 20 min.  The reactor was then charged with the degassed solution of 2-

bromo-6-ethoxypyridine followed by the degassed solution of aqueous potassium phosphate.  

The resulting mixture was heated to 70 °C over 30 min.  After 11 h, the reaction mixture was 

cooled to 20 °C and filtered through celite and the reactor was rinsed forward with 2-methyl 

tetrahydrofuran (180 mL, 3V).  The filtrate was collected, and the resulting aqueous layer was 

separated. The organic layer was washed with water (300 mL, 5V), 12 wt% aqueous 2:1 sodium 

bicarbonate/cysteine (2 × 300 mL, 2 × 5V), water (300 mL, 5V), 10 wt% aqueous sodium 

chloride (240 mL, 4V) dried over magnesium sulfate, filtered, and concentrated under reduced 

pressure. The resulting brown oil was diluted with 2-methyl tetrahydrofuran (500 mL) and 

concentrated under reduced pressure.  This was repeated once more and the resulting crude oil 

was purified by vacuum distillation at 85 °C and 0.25 torr to give 2-ethoxy-6-vinylpyridine (3) as 

a light-yellow oil (44.3 g, 69.1% yield, 98.6 area% purity, 0.4 wt% water).  
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Data for 3 are as follows. 1H NMR (400 MHz, DMSO) δ 7.62 (ddd, J = 8.2, 7.2, 0.9 Hz, 1H), 

6.94 (d, J = 7.2 Hz, 1H), 6.70 (dd, J = 17.2, 10.5 Hz, 1H), 6.65 (d, J = 8.3 Hz, 1H), 6.20 (dd, J = 

17.3, 2.0 Hz, 1H), 5.38 (dd, J = 10.6, 2.0 Hz, 1H), 4.36 – 4.25 (m, 2H), 1.30 (td, J = 7.0, 0.9 Hz, 

3H).13C NMR (101 MHz, DMSO) δ 162.66, 152.41, 139.47, 136.29, 117.59, 115.01, 110.00, 

110.00, 60.70, 14.37. HRMS (LTQ Orbitrap) m/z [M +H] calc for C9H11NO 150.09134 found 

150.09129. 

Flow Preparation of Aryldiazoacetate (2) 

A 500 mL glass bottle was charged with mesitylhydrazone 1e (140 g, 346 mmol, basis charge) 

and dichloromethane (462 g, 347 mL, 2.5 V).  A second 500 mL glass bottle was charged with 

1,1,3,3-tetramethylguanidine (44 g, 382 mmol, 1.1 equiv) and dichloromethane (562 g, 423 mL).  

Each solution was pumped through a mixing “T” to a PFR, with an inline helical PTFE static 

mixer (1.7 mm diameter, 17 mm length, containing 10 mixing elements), using a Syrris Asia 

syringe pump at a flow rate of 1.1 mL/min.  The temperature of the PFR (1/8” OD, 657” length, 

33 mL volume) was maintained through control of a water bath at 31°C.  Post-reaction, water 

was introduced through a mixing “T” at 2.2 mL/min and mixed with the organic phase using two 

static mixers (same as above).  Continuous extraction was performed using a ZaiputTM 

membrane extraction system with a 1 µm hydrophobic PTFE membrane. The resulting organic 

layer was passed through a 2.5 cm diameter glass column packed with 105 g, 3Å molecular sieve 

(4-8 mesh)  operated in up flow.  The solution was then passed through React IR flow cell and 

directly into batch reactor detailed below.  Addition of the aryldiazoacetate output stream to 

cyclopropanation batch reactor described below was started ~45 min after startup.  

Fed-Batch Preparation of Cyclopropane (4) 
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A 500 mL glass bottle was charged with 2-ethoxy-6-vinylpyridine (3) (44.3 g, 297 mmol, 1.2 

equiv), dichloromethane (200 mL), 1,1,1,3,3,3-hexafluoro-2-propanol (415 g, 2472 mmol, 10 

equiv) and 2-fluoropyridine (26.4 g, 272 mmol, 1.1 equiv). The solution was passed through a 

2.5 cm diameter glass column packed 3Å molecular sieve (4-8 mesh, 105 g)  operated in up flow.  

The bottle and column were rinsed forward with DCM (300 mL).  The resulting dried solution 

was analyzed for water (133 ppm, 0.034 equiv) by Karl Fisher titrator.  The solution was 

transferred to a 2 L jacketed reactor equipped with an overhead retreat curve impeller and 

nitrogen inlet.  The reactor was charged with Rh2(S-TPPTTL)4 (1.21 g, 0.494 mmol, 0.2 mol%) 

and 4,4’-di-tert-butylbiphenyl (20 g) as HPLC internal standard.  The solution was sparged with 

nitrogen for approximately 15 min and the contents were cooled to an internal temperature of 0 

°C.  The reactor was equipped with a react IR probe and a Mettler Toledo EZ sampler.  The 

solution of aryldiazoacetate 2 described above was added directly to the batch reactor over a total 

of 5 h corresponding to 100 g (247 mmol) of mesitylsulfonyl hydrazone 1e to give cyclopropane 

4 (62.5 g, 93 area% purity, 74.3% assay yield, 98% ee).   

Data for 4 are as follows.  1H NMR (400 MHz, DMSO) δ 7.41 (dd, J = 8.2, 7.3 Hz, 1H), 7.01 

(s, 1H), 6.92 – 6.84 (m, 2H), 6.49 (d, J = 8.2 Hz, 1H), 6.32 (dd, J = 8.2, 0.8 Hz, 1H), 3.78 (dq, J 

= 10.7, 7.0 Hz, 1H), 3.53 (s, 3H), 3.48 (dt, J = 10.7, 7.1 Hz, 1H), 3.25 (s, 3H), 3.14 (dd, J = 8.8, 

6.9 Hz, 1H), 2.21 (dd, J = 6.9, 3.9 Hz, 1H), 2.17 (s, 3H), 1.78 (dd, J = 8.8, 3.9 Hz, 1H), 1.06 (t, J 

= 7.1 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 173.21, 161.44, 156.39, 153.73, 137.96, 132.42, 

128.31, 128.02, 123.73, 116.79, 110.10, 107.30, 60.14, 55.04, 52.06, 33.99, 32.36, 19.92, 19.89, 

14.28. HRMS (LTQ Orbitrap) m/z [M +H] calc for C20H23NO4 342.16998 found 342.16915. 
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The Supporting Information is available free of charge at  

Experimental procedures and techniques along with representative HPLC traces for 

reactions and isolated products, 1H and 13C NMR of new compounds, DSC data for all 

compounds, ARC and Omnical data for aryldiazoacetate and cyclopropane forming 

reaction mixtures (PDF) 
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 42 

1,1,3,3-tetramethylguanidine; IR, infrared; qNMR; quantitative nuclear magnetic resonance; 

HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol; HPLC, high performance liquid chromatography 
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