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Appendix 1:  Synthesis of CW 002, CW 011 and Gantacurium


Isoquinoline alcohols (e.g., 1025-50, fig. 1) were synthesized from the corresponding aryl amines and aryl acids in a series of 7-10 chemical operations depending on the desired aryl methoxy group substitution pattern.  The synthetic steps include amide formation, Bischler-Napieralski isoquinoline formation, imine reduction to give a racemic tetrahydroisoquinoline, reductive methylation of the isoquinoline amine and chiral resolution to obtain the desired isoquinoline enantiomer.  The tetrahydroisoquinoline alcohol was isolated in high stereoiosomeric purity after (1) alkylation of the enantioenriched isoquinoline with a cyclic propyl sulfate to give a mixture of quaternary isoquinoline sulfate diastereomers, (2) selective crystallization of the desired isoquinoline diastereomer and (3) hydrolysis to give the quaternary alcohol chloride after treatment with an ion exchange resin.


CW 002, a symmetrical fumarate-based neuromuscular blocking drug (NMBA) was prepared in one chemical step from isoquinoline alcohol 1025-50 (fig. 1).  A mixture of 1025-50 and 4Å molecular sieve powder in anhydrous 1,2-dichloroethane was treated with a slight excess of fumaryl chloride at ambient temperature to give crude CW 002.  The product was purified by aqueous workup involving filtration, extraction of product to an aqueous solution, salting the product to dichloromethane and washing the solution with aqueous base and brine.  CW 002 was isolated as an off-white to light yellow solid after extraction into water followed by lyophilization.  Product purity was determined by high performance liquid chromatography (HPLC) peak area% based on extensive chemical characterization of a CW 002 standard (HPLC, Nuclear Magnetic Resonance, Infrared Spectroscopy, Mass Spectrometry, Ultraviolet Spectroscopy and elemental analysis).

Fig. 1.  Synthesis of CW 002
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CW 011, an asymmetrical maleate, was prepared in three chemical transformations starting with 1025-50 (fig. 2).  A solution of 1025-50 and maleic anhydride in acetonitrile (ACN) was charged with triethylamine at ice bath temperature.  Maleate 1043-47 was isolated by precipitation and was converted to an acid chloride in anhydrous 1,2-dichloroethane by treatment with oxalyl chloride.  A solution of the acid chloride in  1,2- dichloroethane was coupled with isoquinoline alcohol 1064-84 in the presence of 4Å MS powder.  The compound was purified in the same manner as CW 002 with the exception of a carbon treatment used to reduce colored impurities in the aqueous CW 011 solution prior to lyophilization.  CW 011 was isolated as an off-white to pale yellow solid.  Product purity was determined by HPLC assay with product peak identity assigned by analogy to the synthesis and purification of the well characterized CW 002 and gantacurium processes. 
Fig. 2. Synthesis of CW 011
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Gantacurium, an asymmetrical chlorofumarate, was prepared in four chemical transformations from 1230-43 using minor modifications of previously reported chemistry (fig. 3).1 Gantacurium was isolated as an off-white to light yellow solid following extensive aqueous washing to remove excess 1230-43 and lyophilization. .  Product purity was determined by HPLC peak area% based on extensive chemical characterization of a CW 002 standard (HPLC, Nuclear Magnetic Resonance, Infrared Spectroscopy, Mass Spectrometry, Ultraviolet Spectroscopy and elemental analysis).

Fig. 3.  Synthesis of Gantacurium
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Appendix 2:  Isolation of a CW 002-Cysteine Adduct Intermediate (NB 1043-10)


NB 1043-10, the initial adduct formed when L-cysteine reacts with CW 002, was prepared in one step from CW 002 (fig. 4).  CW 002 was dissolved in deionized water to give a solution concentration of 37 mg/ml at a pH of 6.6.  A 5 mol% excess of L-cysteine hydrochloride monohydrate was added in one portion at ambient temperature to give a solution pH of 2.  Stirring for 12 h gave complete consumption of CW 002, as observed by HPLC.  NB 1043-10 was isolated as an off-white solid after reaction mixture lyophilization.  Product purity was estimated at 95% by HPLC peak area%.  IR analysis of NB 1043-10 showed an absence of the diester carbon-carbon double bond observed in the IR spectrum of CW 002.  The structure of NB 1043-10 was tentatively assigned based on knowledge of amino acid chemistry and HPLC peak distribution.  Attempts to characterize the adduct by nuclear magnetic resonance have been unsuccessful to this point.

Fig. 4. Synthesis of CW 002-L-cysteine Adduct Intermediate
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At low pH and temperature, one new peak was formed on L-cysteine addition as the peak corresponding to CW 002 diminished.  This new peak corresponds to the initial peak observed in the in vitro L-cysteine adduction experiments at 37 °C and a pH of 7.4.  At elevated temperature and pH, such as conditions used to mimic in vivo reactivity, this initial peak quickly diminishes over time (t½ ~ 60 min) while two new adduct peaks arise secondary to alkaline hydrolysis of the adduct.  However, at ambient temperature and a pH of 2, the initial adduct is stable for > 24 h, allowing for isolation of the intermediate.  
Appendix 3:  Kinetics of Degradation of CW 002, CW 011 and Gantacurium in Vitro:  Alkaline hydrolysis and Cysteine Adduction

I) Half Time of Basic Aqueous Hydrolysis

Neuromuscular Blocking Agent (NMBA) Basic Aqueous Degradation

NMBA concentrations at the reported times were determined as follows:  CW 002, CW 011 or gantacurium (25.0 mg) was charged to a 25 mL volumetric flask and was diluted to volume with pH 7.4 aqueous phosphate buffer at 37.0 °C.  The NMBA solution was transferred to a flask maintained at 37.0 ± 0.3 °C.  T = 0 was defined as the time of buffer solution addition to the NMBA solution.  Aliquots were analyzed by HPLC at specified time points (table 1).

NMBA Standard Solutions

Standard solutions were prepared as follows:  NMBA (25.0 mg) was charged to a 25 mL volumetric flask and was diluted to volume using 0.1 M aqueous HCl to give a 1000 µg/mL standard solution.  Each standard solution was analyzed in three consecutive runs to determine an average NMBA peak area count (table 1)

Table 1: Basic Aqueous Degradation of CW 002, CW 011 and Gantacurium

	NMBA
	Trial
	Time (min)
	NMBA Peak Area (mAU’s)

	CW 002
	Std*
	0
	12260.7

	
	1
	16
	12007.7

	
	2
	56
	11465.6

	
	3
	144
	10447.9

	
	4
	175
	10076.6

	CW 011
	Std*
	0
	11010.5

	
	1
	19
	10469.2

	
	2
	62
	9940.0

	
	3
	143
	8840.5

	
	4
	187
	8294.5

	
	5
	229
	7747.5

	Gantacurium
	Std*
	0
	13255.9

	
	1
	11
	12116.2

	
	2
	47
	7705.5


* Peak area for standards are averages of three sequential analyses.

Results


A strong linear correlation was observed for each NMBA in a plot of time versus NMBA peak area (see figs. 5-7).  Alkaline hydrolysis of the NMBA compounds followed pseudo-first order kinetics as the concentration of base in the aqueous solution is much greater than that of the NMBA and remains essentially constant (Equation 1).  The hydrolysis reaction half time (t½) was calculated using the trend line obtained for each NMBA data set (table 2).
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Table 2: Basic Background Aqueous Hydrolysis Reaction Half Time

	NMBA
	Correlation Coefficient (R, see figs. 1-3)
	t1/2 NMBA Area (mAU’s)
	t1/2 (min)

	CW 002
	0.999
	6130.4
	495

	CW 011
	0.997
	5505.3
	389

	Gantacurium
	0.999
	6628.0
	56


Fig. 5. Basic Aqueous Hydrolysis of CW 002

[image: image6.emf]
Fig. 6. Basic Aqueous Hydrolysis of CW 011
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Fig. 7. Basic Aqueous Hydrolysis of Gantacurium


[image: image8]
II) L-cysteine Adduction Rate Constants and Half Times


The reaction of L-cysteine with CW 002, CW 011 or gantacurium is first order in the case of both NMBA and L-cysteine, represented by the rate equation (2).
d[Adduct]/dt = -d[NMBA]/dt = ka[NMBA][L-cysteine]                          (2)
Calculation of the L-cysteine adduction half time requires experimental derivation of the reaction rate constant, ka, for each compound.  The initial concentrations of NMBA and L-cysteine are unequal in the experiments conducted for this study, thus integration of equation 2 gives 3, where [NMBA]0 is the NMBA concentration at time equals 0 and [NMBA]t is the NMBA concentration at a time point, t.  
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                     (3)

A plot of the ln(([NMBA]t [L-cysteine]0)/([NMBA]0 [L-cysteine]t)) versus time (ln* vs. t) gives a line, with slope equal to ka([NMBA]0 – [L-cysteine]0). An adduction reaction half time can be calculated by solving for ka to be used in equation 4.1,2
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NMBA Standard Solutions

NMBA standard solutions were prepared by a method similar to that used to prepare hydrolysis standards.  The standards were prepared at 1000 µg/mL for CW 002 and CW 011 and 200 µg/mL for gantacurium.

Kinetics Experiments
Solutions used for determination of NMBA concentration at the reported times for CW 002 and CW 011 were prepared as follows:  L-cysteine hydrochloride monohydrate was charged to a volumetric flask in de-ionized water.  A 5 mL aliquot of the L-cysteine solution (1.05 equiv. L-cysteine with respect to NMBA) was transferred by volumetric pipette to a flask held at 37.0 ± 0.3 °C.  CW 002 or CW 011 was then charged to a separate 25 mL volumetric flask and diluted to volume with pH 7.4 phosphate buffer at 37.0 °C. The NMBA solution was then immediately transferred to the flask containing L-cysteine to give an initial NMBA concentration of 1,000 µg/mL.  Solutions used for determination of gantacurium concentration versus time were prepared in a similar manner to give an initial concentration of 200 µg/mL.  T=0 was defined as the time of addition of NMBA solution to L-cysteine solution.  The times listed in the results table show the point of HPLC sample injection following mixing of L-cysteine and NMBA at time = 0 (table 3).

Results


The data collected for the adduction kinetics experiments is found in table 3.  Plotting ln* versus time for each NMBA gave the regressions shown in figs. 8-10.  Rate constants were calculated using equation (3) and the slope of the trend line derived from each data set.  The strong linear correlation of the data within each set supports the use of second order kinetics for analysis of the cysteine adduction reactions. 

Table 3.  L-cysteine Adduction Kinetics Trials
	NMB
	Trial
	Time       (Sec)
	NMBA peak

area (mAU’s)
	[NMBA]

(M)
	[L-cysteine]

(M)
	ln*

	CW 002
	Std
	0
	11915.3
	0.000976
	0.00106
	-

	
	1
	142
	2746.0
	0.000224
	0.000308
	-0.240

	
	2
	170
	2350.7
	0.000192
	0.000276
	-0.277

	
	3
	188
	2237.9
	0.000183
	0.000267
	-0.297

	CW 011
	Std
	0
	10754.2
	0.000947
	0.00104
	-

	
	1
	123
	2587.0
	0.000228
	0.000321
	-0.248

	
	2
	132
	2500.5
	0.000221
	0.000314
	-0.256

	
	3
	143
	2293.0
	0.000202
	0.000295
	-0.284

	
	4
	182
	1765.4
	0.000155
	0.000248
	-0.378

	Gantacurium
	Std
	0
	2594.0
	0.000180
	0.002070
	-

	
	1
	59
	476.7
	0.000033
	0.000060
	-0.46

	
	2
	67
	384.2
	0.000027
	0.000054
	-0.56

	
	3
	70
	344.2
	0.000024
	0.000051
	-0.62

	
	4
	78
	281.5
	0.000020
	0.000047
	-0.73


* ln = ln (([NMBA]t[L-cysteine]t=0)/([NMBA]t=0[L-cysteine]t))

Figure 8: CW 002 Adduct Formation – Rate Constant Analysis
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* ln = ln (([NMBA]t[L-cysteine]t=0)/([NMBA]t=0[L-cysteine]t))
Figure 9: CW 011 Adduct Formation – Rate Constant Analysis
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* ln = ln (([NMBA]t[L-cysteine]t=0)/([NMBA]t=0[L-cysteine]t))
Figure 10: Gantacurium Adduct Formation – Rate Constant Analysis
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* ln = ln (([NMBA]t[L-cysteine]t=0)/([NMBA]t=0[L-cysteine]t))
Reaction half times were calculated using equation 4 and the experimentally determined rate constants (table 4).  The initial NMBA concentrations were chosen to reflect the relative potency observed in vivo.  In vivo experiments have shown that CW 011 displays approximately twice the potency of CW 002 and four times the potency of gantacurium when generating a comparable level of neuromuscular blockade.

Table 4. L-cysteine Adduction Reaction Half Time

	NMBA
	Plot Slope
	ka (M-1s-1)
	[NMBA]0 (M)
	t1/2 (minutes)

	CW 002
	-0.0012
	14.3
	0.000102
	11.4

	CW 011
	-0.0023
	24.7
	0.0000493
	13.7

	Gantacurium
	-0.0145
	529.6
	0.000188
	0.2
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