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4 ABSTRACT: 4′-(Bromomethyl)-2-cyanobiphenyl (BCB) is a vital building block to various sartans, which are an important group
5 of nonpeptide angiotensin II antagonists. The commercial manufacture of BCB from 2-cyano-4′-methylbiphenyl by Wohl−Ziegler
6 bromination is, however, dependent on troublesome chlorinated solvents such as chlorobenzene or carbon tetrachloride. In this
7 work, we use the response surface methodology (RSM) together with solvent principal components as an exploratory tool to identify
8 greener solvent alternatives. We find that there is a significant interaction between solvent principal components, showing that the
9 usual strategy of one-variable-at-a-time is not an applicable solvent selection method for this particular reaction. Based on the
10 contour plot, we find that t1 and t2 of solvents should preferably be below −2 and −3, respectively, and within the outer limits of the
11 model to find a solvent ideal for the conversion of 2-cyano-4′-methylbiphenyl into BCB, resulting in a yield of above 80%. We also
12 find that especially carbonate esters such as propylene carbonate (experimental conversion and yield of 83.5 and 76.0%, respectively)
13 or diethyl carbonate (experimental conversion and yield of 88.9 and 71.0%, respectively) are well predicted by the model and
14 suitable replacements. The RSM approach together with solvent principal components is a powerful combination that may be useful
15 for the “greening” of many other commercial important syntheses.

16 KEYWORDS: response surface methodology, green chemistry, sartans, solvent substitution, angiotensin II antagonist

1. INTRODUCTION

17 Hypertension is a chronic medical condition where blood
18 vessels have persistently elevated blood pressure due to genetic
19 or environmental factors.1 Elevated blood pressure has a high
20 prevalence and is a major cause of mortality in the
21 economically developed world. Thus, hypertension and
22 treatment of this condition is of great interest to public
23 health.2,3

24 The renin−angiotensin system is a hormone system that has
25 an important role in regulating cardiovascular homeostasis. An
26 abnormally active renin−angiotensin system will result in high
27 blood pressure.4 Blockage of angiotensin II, the active
28 hormone in the renin−angiotensin system, is an important
29 treatment of hypertension because it directly inhibits the
30 receptors of angiotensin II and thereby lowers the blood
31 pressure.5,6

32 A popular group of nonpeptide angiotensin II receptor
33 antagonists is called sartans, which includes compounds such
34 as losartan potassium, valsartan, irbesartan, and olmesartan.7

35 The structures of a few of the common sartans are shown in
f1 36 Figure 1.

37 The interest in and the usefulness of the sartans is reflected
38 in the number of prescriptions for sartans. In 2017, losartan
39 alone was the ninth most sold drug in the United States with
40 52 million prescriptions.8 These numbers thus reflect an
41 annual multiton production for just this single active
42 pharmaceutical ingredient (API), further reflecting a multiton
43 input of raw materials in the manufacturing process.
44 A key raw material for most sartans is 2-cyano-4′-

s1 45 methylbiphenyl9 (1), which is brominated to 4′-(bromometh-

46 s1yl)-2-cyanobiphenyl (2) by a Wohl−Ziegler reaction (Scheme
47 s11). The biphenyl 2 thus acts as a central building block for
48many variants of sartans. To achieve high yields, the Wohl−
49Ziegler reaction is typically performed in chlorobenzene,
50dichloroethane, or carbon tetrachloride (CCl4), which are
51used in the commercial synthesis of sartans via 2.10−17

52In the formation of 2, the radical bromination step poses a
53great safety and environmental concern, since the solvent used
54in this step is toxic and environmentally hazardous. Thus, the
55reaction poses a potential hazard to workers and the
56environment. It is of general interest to modify chemical
57reaction conditions in the production of APIs to reduce the
58waste generation or to eliminate troublesome reagents and
59solvents.18 However, when modifying a reaction, it is
60important to take into account that it should also be as
61efficient and robust as the reaction it has to replace.19

62Interestingly, there has been little interest in investigating
63other, greener solvent alternatives for use in the conversion of
641 to 2. Recently, an alternative route to valsartan using
65cyclohexane as a solvent in the bromination step has been
66published,14 but cyclohexane is not generally considered a truly
67green solvent substitute.20−22
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68 The aim of this study is to identify greener solvents as an
69 alternative to chlorobenzene or cyclohexane to minimize the
70 risk associated with the synthesis of 2. We present an
71 investigation of alternative solvents in the synthesis of 2
72 using high-performance liquid chromatography (HPLC) and a
73 multivariate data analysis approach with solvent principal
74 components (PCs) as variables in the Design of Experiments
75 (DoE). Design of Experiments is a powerful exploratory
76 analysis that utilizes local, the polynomial model fits to
77 efficiently explore the experimental space and discover optimal
78 experimental settings. In this work, we utilize DoE and solvent
79 PCs reported by Diorazio et al.23 to a fit local, polynomial
80 response surface model (RSM) to explore solvent alternatives.
81 The reported solvent scores are based on several classical
82 solvent parameters such as dipole moment, Hansen solubility
83 parameters, Kamlet−Taft parameters, and Abraham parame-
84 ters and may therefore be an excellent basis for a multivariate
85 solvent exploration. We demonstrate that, among others, the
86 green solvent dimethyl carbonate offers a viable alternative
87 with a comparable yield (79.2%) to that of chlorobenzene
88 (73.4%) or cyclohexane (69.8%). Our results suggest that this
89 solvent screening method may be applicable to identify
90 sustainable reaction conditions in the synthesis of important
91 pharmaceuticals.

2. MATERIALS AND METHODS
92 2.1. Materials. α,α′-Azobis(2-methylpropionitrile) (AIBN)
93 (98%), N-bromosuccinimide (NBS) (99%), benzonitrile (for
94 synthesis), 1,3-dichlorobenzene (98%), propylene carbonate
95 (99%), dimethyl carbonate (99%), n-hexyl acetate (99%), N,N-
96 dimethylformamide (DMF) (≥99.8%), acetic acid (≥99%),
97 acetonitrile (HPLC gradient grade), water (HPLC Plus),
98 acetophenone (99%), hexan-2-one (98%), γ-valerolactone
99 (99%), formamide (≥99.9%), NMP (99%), 1,1,3,3-tetrame-
100 thylurea (99%), bromobenzene (≥99.5%), fluorobenzene

101(99%), 2,2,2-trifluoroacetic acid (99%), heptan-1-ol (98%),
1022-propoxyethanol (99.4%), n-propyl acetate (99%), n-butyl
103acetate (≥99.5%), methyl benzoate (99%), isoamyl acetate
104(≥97%), acetone (≥99.5%), dimethyl sulfoxide (DMSO)
105(≥99.5%, anhydrous), methanol (≥99.5% HPLC grade),
106butanol-1-ol (99.8%, anhydrous), 2-[2-(butyloxy)ethoxy]-
107ethanol (≥98%), 2-methylpropan-1-ol (99.5%, anhydrous),
108propan-1-ol (≥99.9% HPLC grade), propan-2-ol (HPLC
109grade), and nitromethane (for synthesis) were obtained from
110Sigma-Aldrich (Darmstadt, Germany). 2-Cyano-4′-methylbi-
111phenyl (95%) and 4′-(bromomethyl)-2-cyanobiphenyl (97%)
112were obtained from Fluorochem (Hadfield, United Kingdom).
113Chlorobenzene (≥98%) and n-propyl propionate (≥98%)
114were obtained from Acros Organics (Geel, Belgium). 1-
115Nitropropane (98%) was obtained from Alfa Aesar (Kandel,
116Germany). Cyclohexane (≥99%), ethanol (absolute), and
117ethyl acetate (HPLC grade) were obtained from VWR
118Chemicals (Fontenay-sous-Bois, France). All chemicals were
119used as received.
1202.2. Experimental Design. Preliminary studies and
121previous experience with the studied reaction indicated that
122only the scores of the first two PCs of the solvent properties
123were influential in the yield and conversion in the experimental
124setup (see Section S1). Solvents known to react with NBS or
125with benzyl bromides or that would also undergo a Wohl−
126Ziegler bromination (e.g., alkenes, alkylarenes, formic acid, and
127amines) were excluded from consideration. An I-optimal
128design was calculated for model building using JMP 15.0 (SAS
129Institute Inc.). Auxiliary design points were added to the
130automatically generated I-optimal design to enable the
131calculation of lack-of-fit and estimate of pure error. Nineteen
132solvents in total were used for model building (nine solvents;
133n-butyl acetate, 1,3-dichlorobenzene, ethyl acetate, fluoroben-
134zene, n-hexyl acetate, nitromethane, 1-nitropropane, propylene
135carbonate, and γ-valerolactone) and model validation (ten
136solvents; acetone, benzonitrile, bromobenzene, chlorobenzene,
137diethyl carbonate, dimethyl carbonate, hexan-2-one, isoamyl
138acetate, methyl benzoate, and n-propyl propionate). Regression
139and statistical analysis of the experimental data was performed
140with JMP Pro 15.0 (SAS Institute Inc.). Contour plots were
141prepared from the fitted models with MATLAB R2020a
142(MathWorks). Analysis of variance (ANOVA), coefficients of
143determination (R2, Radj

2, Rpred
2), effect size, normal quantile

144plots, and residual plots were used to assess the quality of the
145fit of the model.
146The relationship between the natural (uncoded) levels of
147scores and their respective coded levels, used in model building
148 t1and assessment, can be seen in Table 1. The coded levels are
149used for model building and analysis, but the uncoded models

Figure 1. Structures of four examples of sartans. From left to right: losartan, valsartan, olmesartan medoxomil, and irbesartan.

Scheme 1. Bromination of 2-Cyano-4′-methylbiphenyl (1)
to 4′-(Bromomethyl)-2-cyanobiphenyl (2) Using N-
Bromosuccinimide (NBS)a

aA radical initiator such as α,α′-azobis(2-methylpropionitrile)
(AIBN) or benzoyl peroxide (BPO) initiates the reaction. The
reaction is generally performed using carbon tetrachloride (CCl4) or
chlorobenzene as a solvent.
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150 will be reported in the following for convenience (see Section
151 S2).

152 2.3. Experimental Method. A SiliCycle Miniblock parallel
153 synthesis system was used to screen the array of different
154 solvents. To each test tube, 300 mg of 1 (1.55 mmol), 1.05
155 equiv of NBS (1.63 mmol; 290 mg), 5 mol % AIBN (0.0775
156 mmol; 12.7 mg), and 2 mL of the solvent were added. The
157 mixture was heated to 80 °C. After 3 h of reaction, the heat
158 was turned off and 4 mL DMF was added to each test tube to
159 fully homogenize the mixture. A 1000 μL sample was diluted
160 into 10.00 mL of DMF and 10.0 μL of this diluted sample was
161 transferred to 1000 μL of HPLC eluent (60% water pH 3.2
162 adjusted with formic acid and 40% acetonitrile).
163 2.4. Analysis. The conversion of 1 and yield of 2 were
164 quantified using HPLC (Shimadzu Prominence system)
165 equipped with a cyano column (Supelco Discovery Cyano, 5
166 μm particle size) using 60% water at pH 3.2 (adjusted with
167 formic acid) and 40% acetonitrile as the isocratic eluent. The
168 flow rate was 1.0 mL/min and the temperature of the column
169 oven (CTO-20AC) was 40 °C. Compounds were detected
170 with a DAD (SPD-M20A) and concentrations determined via
171 a calibration curve based on the peak area at 254 nm. The
172 conversion and yield were calculated on the basis of 1 as the
173 limiting reagent.

3. RESULTS AND DISCUSSION
174 3.1. Model Fitting. The results from the experimental runs

t2 175 with solvents for model building are collected in Table 2.

176 Eighteen experimental runs with nine solvents were conducted,
177 each duplicated, spanning an I-optimal design with a center
178 point. Alcohols were excluded from the experimental design
179 (see Section S1), but it otherwise spans the solvent classes
180 (carbonate) esters, lactones, halobenzenes, and nitroalkanes.
181 Response surface models were in general fitted with the
182 quadratic polynomial equation

Y b b X b X b X b X b X X0 1 1 2 2 11 1
2

22 2
2

12 1 2= + + + + + # 183(1)

184where Y is the conversion or yield (%), X1−2 are the coded
185levels for scores t1 and t2, and b0−2 and b11−22 are the scaled
186(coded) model parameters.
1873.2. Response Surface Model for Conversion. All
188model parameters except for b11 were found to be statistically
189significant with calculated p-values below 0.002. Parameter b11
190(p = 0.2025) has the scaled parameter estimate of −1.66,
191which is of about the same absolute effect size as for b1 (2.74).
192We therefore do not find strong evidence to exclude the term
193b11X1

2 from the model.
194The final model equation for the conversion of 1 to 2 in
195terms of natural (uncoded) factors was calculated from the
196coding table (Table 1) and the model on coded factors
197(Section S2), and is as follows

t t t

t t t

conversion (%) 82.86 1.34 4.29 0.0899

0.624 0.492
1 2 1

2

2
2

1 2

= + − −

− + # 198(2)

199 t3Table 3 shows the ANOVA summary for the response surface
200model (RSM) fit on conversion.

201The coefficient of determination (R2) of the fitted model is
20293.0%, which implies that only 7.0% of the variation could not
203be explained by the model. The adjusted R2 of 0.901 together
204with the prediction R2 of 0.832 strongly indicates that the
205model has good predictive properties for conversion in the
206investigated experimental domain. Although there is a
207significant lack-of-fit, the model is highly significant, and the
208prediction R2 is high, and the model should therefore still be fit
209 f2for our purpose. Figure 2 compares the actual conversion
210versus the predicted conversion of the fitted RSM. The plot
211clearly shows the great correlation between the actual and
212predicted conversion of 1.
213Model residuals did not show any deviation from a normal
214distribution (see Figure S1), and hence the requirement for
215ANOVA-analysis is satisfied.
216The interaction between t1 and t2 is particularly high with an
217estimated parameter b12 value of 7.05 (see Table S2), meaning
218that the main effects (b1 and b2) cannot be interpreted without
219taking the interaction term into consideration. This is a
220property of the experimental system that could not have been
221detected by a usual one-variable-at-a-time (OVAT) exper-
222imental investigation. An OVAT investigation, in this case,
223could result in severe misinterpretations, such as an incorrectly
224identified optimum condition. Further, such identified
225optimum would be found to be different depending on
226where in the experimental domain the investigator starts the
227experiments.

Table 1. Coded and Uncoded Levels for the Solvent
Principal Component Scores

level coded level uncoded level t1 uncoded level t2

low −1 −3.84 −4.71
high 1 4.74 1.97

Table 2. Experimental Results for the Reaction of
Conversion of 1 Conducted in Nine Different Solventsa

solvent t1 t2
conversion of 1

(%)
yield of 2

(%)

n-butyl acetate 1.58 0.12 84.5 ± 0.2 72.2 ± 1.3
1,3-
dichlorobenzene

4.74 −1.68 87.4 ± 0.3 71.5 ± 0.6

ethyl acetateb −0.65 −1.50 88.0 ± 0.5 77.4 ± 0.1
fluorobenzene 2.40 −4.14 89.1 ± 0.03 75.1 ± 0.8
n-hexyl acetate 3.31 1.97 79.6 ± 1.0 68.3 ± 1.1
nitromethane −3.84 −4.71 90.9 ± 0.2 80.0 ± 0.1
1-nitropropane −0.64 −2.65 88.7 ± 0.2 78.2 ± 1.6
propylene
carbonate

−3.56 −0.74 83.5 ± 1.9 76.0 ± 0.3

γ-valerolactone −2.08 0.99 71.5 ± 0.9 68.0 ± 1.2
aThe uncoded levels of the solvents principal components are given
(t1 and t2). Conversions and yield are given as the average value ± 1
standard deviation (n = 2). bCenter design point.

Table 3. ANOVA Results Summary of the Conversion
Model (Coded Factors)a

source
sum of
squares

degree of
freedom

mean
square F-value

p-value
prob > F

model 549.11 5 109.821 32.1086 <0.0001
residual 41.04 12 3.42
lack-of-fit 35.12 3 11.71 17.70 0.0004
pure
error

5.92 9 0.658

corr.
total

590.15 17

aR2 = 0.930; Radj
2 = 0.901; and Rpred

2 = 0.832.
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228 As a validation of the model, the conversion of 1 in the 10
229 validation solvents was predicted and compared to exper-

t4 230 imental results (Table 4). These solvents span the solvent

231 classes (carbonate) esters, ketones, nitriles, and halobenzenes.
232 The predicted conversions are within about three percentage
233 points from the actual conversion for most solvents. Hexan-2-
234 one and isoamyl acetate, however, give a far lower conversion
235 than predicted. The estimate for conversion in methyl
236 benzoate is also below the actual conversion by 9 percentage
237 points. These discrepancies, which apparently only are present
238 for carbonyl compounds, are discussed in Section 3.3. Apart
239 from these three solvents, the model is overall satisfactory.
240 The conversions for these model solvents are generally
241 higher than that for cyclohexane (75.7 ± 0.9%).
242 The contour plot of the response surface illustrates the

f3 243 interaction effects of t1 and t2 (Figure 3), showing that high
244 conversions (≥85%) are only obtained in a diagonal direction
245 in the experimental space.
246 There is a tendency for the model to overestimate the
247 conversion in γ-valerolactone (Figure 2). This can be
248 interpreted as the conversion drops faster in the northwest
249 direction (Figure 3) outward from γ-valerolactone than in the
250 southeast direction (within the model domain). This was
251 confirmed with tests in DMF (t1 = −5.08, t2 = 1.56) and NMP
252 (t1 = −3.90, t2 = 3.34), both only slightly outside the model
253 domain, where we only achieved up to 6% conversion.
254 Cyclohexane, which is situated outside the model in the

255opposite direction (t1 = 5.48, t2 = −5.68), has a conversion of
25675.7 ± 0.9% (n = 2), which is compatible with a model
257extrapolation of 76.4%.
258From the contour plot, an ideal solvent for the conversion of
2591 should preferably have approximately t1 ≤ 2.5 and t2 ≤ −2.
260For decreasing t1-values, the t2-value should also be decreased
261according to the model to achieve the highest conversion of 1.
262It must be emphasized that the RSM is only valid within the
263experimental domain spanned by the solvents 1,3-dichlor-
264obenzene (2), fluorobenzene (4), n-hexyl acetate (5),
265nitropropane (6), propylene carbonate (8), and γ-valerolac-
266tone (9). The behavior of the RSM at the border of the
267experimental domain can be used as a guide of the direction
268for new experiments with other solvents, though, which is
269explored in Section 3.4.
2703.3. Estimate for Yield. The final model equation for the
271yield of 2 in terms of natural (uncoded) factors is as follows

t t t t

t t

yield (%) 73.6 0.024 2.68 0.114 0.399

0.281
1 2 1

2
2
2

1 2

= − − − −

+ # 272(3)

273 t5Table 5 shows the ANOVA summary for the final model fit
274on yield. All parameters were found to be both statistically and
275practically significant (see Section S3).
276The coefficient of determination (R2) of the fitted model is
27792.47%. The adjusted R2 of 0.8934 together with the
278prediction R2 of 0.8271 is similar to that of the conversion

Figure 2. Experimentally determined versus predicted conversion of
1.

Table 4. Results from Conversion Model Validationa

solvent t1 t2
predicted

conversion (%)
actual

conversion (%)

acetone −3.04 −1.91 89.2 92.4 ± 0.1
benzonitrile 0.38 −0.37 84.8 88.0 ± 0.2
bromobenzene 3.46 −2.76 88.8 88.6 ± 0.04
chlorobenzene 3.30 −3.34 88.2 88.7 ± 0.1
diethyl
carbonate

1.59 −0.54 86.5 88.9 ± 0.8

dimethyl
carbonate

−0.57 −2.59 89.7 91.6 ± 0.6

hexan-2-one 0.08 0.78 79.3 58.6 ± 1.1
isoamyl acetate 2.31 0.92 82.1 58.0 ± 0.01
methyl benzoate 2.96 1.55 80.2 89.4 ± 0.07
n-propyl acetate 0.37 −0.61 85.6 85.4 ± 0.2
aExperimentally obtained conversions are reported as average value ±
1 standard deviation (n = 2).

Figure 3. Contour plot of the conversion of 1. The color bar indicates
percent converted 1. Data points 1−9 are model data points: 1, n-
butyl acetate; 2, 1,3-dichlorobenzene; 3, ethyl acetate; 4, fluoroben-
zene; 5, n-hexyl acetate; 6, nitromethane; 7, 1-nitropropane; 8,
propylene carbonate; 9, γ-valerolactone. Data points 10−19 are
validation data points: 10, acetone; 11, benzonitrile; 12, bromoben-
zene; 13, chlorobenzene; 14, diethyl carbonate; 15, dimethyl
carbonate; 16, hexan-2-one; 17, isoamyl acetate; 18, methyl benzoate;
and 19, n-propyl acetate.

Table 5. ANOVA Results Summary of the Yield Model
(Coded Factors)a

source
sum of
squares

degree of
freedom

mean
square F-value

p-value
prob > F

model 279.767 5 55.953 29.4862 <0.0001
residual 22.771 12 1.8976
lack-of-fit 14.5793 3 4.8598 5.3391 0.0218
pure
error

8.1929 9 0.9102

corr.
total

302.5382 17

aR2 = 0.9247; Radj
2 = 0.8934; and Rpred

2 = 0.8271.
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279 model and is useful for prediction.24 There is a significant lack-
280 of-fit, but as for the conversion model, both the residuals are
281 normally distributed, the prediction R2 is high, and the model
282 is highly significant. Therefore, we do not expect the lack-of-fit
283 to influence the prediction of yield.
284 The experimental yield plotted against the predicted yield

f4 285 (Figure 4) shows a good correlation between the actual and
286 the predicted yields of 2.

287 The normal plot for the residuals again does not indicate any
288 significant deviation from the normality of the residuals
289 (Figure S2). This indicates that the normality requirements
290 for ANOVA are satisfied.
291 As for the conversion model validation, the response surface
292 model for yield was verified with the same ten solvents with the

t6 293 results given in Table 6.

294 The uncertainties of yield are slightly higher than for
295 conversion. From tests with a dilution of stock solutions, we
296 found that 2 (in contrast to 1) probably absorbs to the glass-
297 or plasticware because the calculated stock concentration could
298 be much lower than the true concentration if proper care was
299 not taken to flush the pipette tip during the preparation of the
300 HPLC sample.
301 The predicted yields are rather close to the predicted values,
302 with the exception of acetone, hexan-2-one, isoamyl acetate,
303 and methyl benzoate. For hexan-2-one, isoamyl acetate, and
304 methyl benzoate, discrepancies were also found from the
305 predicted conversion. From blank experiments with hexan-2-

306one and isoamyl acetate (i.e., only with NBS and AIBN),
307succinimide was detected on gas chromatography−mass
308spectrometry (GC−MS) together with new peaks, suggesting
309that at least some carbonyl compounds can undergo side
310reactions under the experimental conditions. This is backed by
311reports that hexan-2-one can be brominated with either NBS
312or elemental bromine25,26 and that HBr in the reaction mixture
313potentially could catalyze the ionic bromination of the
314carbonyl compounds. Further, there might be uncertainty
315about the exact PCA scores for many of the carbonyl
316compounds, since raw data for parameters such as Hansen
317solubility parameters, the Abraham solvation parameters, and
318the Kamlet−Taft solvent parameters are not present, but
319estimated, by the PCA model.23 This may also explain why
320acetone gives a higher yield and conversion than expected,
321because γ-valerolactone, n-butyl acetate, and n-hexyl acetate
322may distort the response surface model, either by uncertain
323score values, by side reactions of the solvent, or both.
324 f5The contour plot of the response surface (Figure 5) again
325shows the presence of interaction effects of t1 and t2.

326The contour plot for the yield is somewhat similar to that of
327conversion, but the experimental domain with the highest
328predicted yield (≥80%) is much narrower than that of the
329highest predicted conversion (≥90%). From the plot, the
330solvents with about t1 ≤ −2 and t2 ≤ −3 should be selected for
331maximum yields (80% or above). The model predicts an
332optimal yield of 80% (within the model domain) at t1 = −3.04
333and t2 = −3.34, which is closest to the model calibration
334solvent nitromethane.
3353.4. Exploratory Extrapolation of Response Surface
336Model. While interpretation and quantitative use of
337extrapolated models, including DoE models, should be
338avoided, it can be a useful method to explore where in the
339experimental space new experiments could be conducted or to
340obtain a better understanding of the response in the
341surrounding experimental space. We have selected 11 different
342solvents along several directions away from the model
343experimental space for extra experiments. The extrapolated
344 t7and experimental conversion and yields are given in Table 7. In

Figure 4. Experimentally determined versus predicted yield of 2.

Table 6. Results from Yield Model Validationa

solvent t1 t2
predicted yield

(%)
actual yield

(%)

acetone −3.04 −1.91 77.7 84.8 ± 0.3
benzonitrile 0.38 −0.37 74.4 75.2 ± 0.6
bromobenzene 3.46 −2.76 74.0 76.0 ± 1.9
chlorobenzene 3.30 −3.34 73.8 73.4 ± 1.2
diethyl carbonate 1.59 −0.54 74.4 71.0 ± 3.4
dimethyl
carbonate

−0.57 −2.59 78.2 79.2 ± 0.3

hexan-2-one 0.08 0.78 71.2 53.9 ± 0.2
isoamyl acetate 2.31 0.92 70.8 51.2 ± 0.2
methyl benzoate 2.96 1.55 68.8 76.0 ± 0.9
n-propyl acetate 0.37 −0.61 75.0 76.6 ± 2.2
aExperimentally obtained yield are reported as average value ± 1
standard deviation (n = 2).

Figure 5. Contour plot of the yield of 2. The color bar indicates
%-yield of 2. Data points 1−9 are model data points: 1, n-butyl
acetate; 2, 1,3-dichlorobenzene; 3, ethyl acetate; 4, fluorobenzene; 5,
n-hexyl acetate; 6, nitromethane; 7, 1-nitropropane; 8, propylene
carbonate; 9, γ-valerolactone. Data points 10−19 are validation data
points: 10, acetone; 11, benzonitrile; 12, bromobenzene; 13,
chlorobenzene; 14, diethyl carbonate; 15, dimethyl carbonate; 16,
hexan-2-one; 17, isoamyl acetate; 18, methyl benzoate; and 19, n-
propyl acetate.
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345 general, the tendencies for conversion are predicted surpris-
346 ingly well, given it is an extrapolation. The extrapolated yield
347 also portraits the general trends quite well, but it also seems
348 that the yield model is more sensitive to changes in solvent
349 scores than the conversion model. The low to no conversion
350 and yields in DMF, NMP, and 1,1,3,3-tetramethylurea quite
351 clearly show that conversion and yield very steeply diminish
352 when scores are changed in their direction outside the model
353 space. The actual lower conversion and yield of 2,2,2-
354 trifluoroacetic acid also indicate that the conversion and
355 yield drop off more steeply in this direction in the experimental
356 space than the quadratic response surface model can predict.
357 Overall, all experiments point toward the fact that greener
358 solvent alternatives should be found near nitromethane in the
359 fitted RSM.
360 3.5. Suggested Solvent Alternatives. Several pharma-
361 ceutical companies and the ACS Green Chemistry Institute
362 Pharmaceutical Roundtable (GCI-PR) have a list of recom-
363 mended solvent substitutions,20−22,27 but there is not
364 necessarily a consensus about the ideal alternative solvents.
365 For instance, acetone is considered problematic by AstraZe-
366 neca and GCI-PR, while GlaxoSmithKline, Pfizer, and Sanofi
367 consider it recommendable.21 Several different parameters are
368 considered when classifying a solvent as recommendable or
369 not, and these parameters are under the categories of waste,
370 environment, safety, and human health. Thus, a viable (green)
371 solvent alternative should have a high score in these categories,
372 e.g., be benign to human health and the environment, as well as
373 be highly recyclable or renewable.
374 The alcohols methanol, ethanol, propan-2-ol, 2-methylpro-
375 pan-1-ol, and butan-1-ol are all recommended green solvents as
376 reported by Prat et al.,27 but we found that these, and a few
377 more alcohols, did not work in the studied reaction (see
378 Section S1). Acetone (yield 84.8%), ethyl acetate (77.4%), and
379 n-butyl acetate (72.2%) are recommended “classical” solvents27

380 that all worked equally as good as or better than cyclohexane
381 (69.8%) and chlorobenzene (73.4%). Acetone is considered
382 recommendable, possibly in contrast with a default ranking
383 because it is readily biodegradable and nontoxic.27 The
384 recommended less common solvents γ-valerolactone (yield
385 68.0%) and dimethyl carbonate (79.2%) also work quite well,
386 but isoamyl acetate is on the contrary not suitable for this
387 reaction with a yield of only 51.2%.
388 Thus, acetone, esters, and especially carbonate esters, prove
389 to be viable alternatives to typical Wohl−Ziegler solvents such
390 as CCl4, dichloromethane (DCM), and chlorobenzene in the
391 synthesis of 2, and gratifyingly some of these are considered

392recommendable, green solvents. If one single solvent should be
393considered as the best alternative, we would recommend
394dimethyl carbonate because of its lowest overall score of the
395tested solvents across the categories of safety, health, and
396environment.27

4. CONCLUSIONS

397In summary, an experimental design strategy was employed in
398this study to investigate alternative, greener solvents for the
399synthesis of 2-cyano-4′-(bromomethyl)-biphenyl during the
400manufacture of the important antihypertensive drug class of
401sartans. Two quadratic models for the conversion and yield
402were developed based on the principal component scores of
403different selected solvents. Contour plots and regression
404coefficients clearly show that there is a significant interaction
405between solvent parameters, u/nderlining the importance of
406statistical designs, rather than OVAT strategy, in the
407exploration of greener solvent alternatives for syntheses. The
408proposed response surface models fit well and give satisfactory
409predictions. The model for reaction yield predicts that a few
410solvents that are regarded as green alternatives, such as
411acetone, ethyl acetate, dimethyl carbonate, and propylene
412carbonate, may be useful and appropriate for a greener
413synthesis of 2-cyano-4′-(bromomethyl)-biphenyl. Such a
414change in solvent allows to completely abandon the highly
415troublesome “classical solvents” such as CCl4, dichloroethane,
416DCM, and chlorobenzene during the synthesis of sartans. Our
417findings can also serve as an inspiration for a systematic
418methodology for replacing solvents in other commercially
419interesting syntheses where classical, troublesome solvents are
420sought to be replaced.
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S1. Selection of the number of principal components 

In the original paper that our work is based on, the authors consider the use of the first three 

principal components of the PCA model. In the experimental space that we have selected for 

response surface modeling in the main text, the reported solvent scores are quite distinctively 

divided into two groups in the PC1-PC2-PC3-space: Alcohols and non-alcohols. Further, these two 

solvent groups fall into each of their own plane in the PC1-PC2-PC3-space, which renders the PC3 

dependent on both PC1 and PC2.1 Hence, effects of changing the scores t3 in PC3 cannot be done 

without changing the scores t1 and t2 in PC1 and PC2, and hence an eventual effect of changing the 

score in PC3 cannot be separated from the effects of changing the scores PC1 and PC2. 

Therefore, a design in this experimental space can be reduced to two numerical variables, t1 and t2, 

and a categorical variable, alcohol or non-alcohol. A number of alcohols, spanning approximately 

the same t1-t2-space as the non-alcohol solvents, were then tested to investigate yield and 

conversions. Ethanol and methanol, although outside the experimental region, was also included for 

completeness and because methanol was predicted by the response surface model to give high yield. 

Table S1. Alcohol solvents used for probing their usefulness in the reaction, as well as for use in the response 

surface models. Experimentally obtained conversions and yields are given. 

Alcohol t1 t2 Conversion (%) Yield (%) 

Butan-1-ol -4.23 -1.69 7.2 n.d. 

2-[2-(Butyloxy)ethoxy]ethanol -0.74 3.68 8.0 6.8 

Ethanol -6.84 -3.68 6.2 n.d. 

Methanol -8.73 -5.31 17.3 9.5 

2-Methylpropan-1-ol -3.71 -2.36 6.4 n.d. 

Heptan-1-ol -0.53 0.91 8.3 n.d. 

Propan-1-ol -5.42 -2.99 6.1 n.d. 

Propan-2-ol -5.26 -2.31 5.4 n.d. 



2-Propoxyethanol -2.62 0.87 9.1 5.7 

 

Purging with nitrogen did not seem to do any difference (no product or conversion detected for 

methanol; 3.1% conversion with no detected yield for ethanol). Leaving the solution to react for 16 

hours (methanol) only lead to greater conversion (20.3%) with no yield of 2, presumably due to ring 

bromination in this highly polar solvent. Increase in peak area of suspected ring-bromination 

compounds was detected on HPLC, indicating that alcohols primarily support electrophilic ring 

bromination and not the radical benzylic bromination. 

With these results, we concluded that alcohols were not interesting for inclusion in a response 

surface model, as alcohols categorically gave extremely low to no yield or conversion. In all, only 

scores t1 and t2 for non-alcohol solvents were found to be the only relevant parameters in the 

response surface model. 

 

S2. Model for Conversion 

 

The fitted RSM model for conversion is of the form of a quadratic polynomial equation 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2 + 𝑏11𝑋1
2 + 𝑏22𝑋2

2 + 𝑏12𝑋1𝑋2 (𝑆1) 

Table S2. Scaled parameter estimates for RSM model. R2 = 0.930, R2
adj = 0.901, R2

pred = 0.832, model F-value 

= 32.1086 (p-value < 0.0001), lack-of-fit F-value = 17.7958 (p-value 0.004). 

Parameter Estimate Standard error p-value 

𝒃𝟎 87.7 0.850 <0.0001 

𝒃𝟏 2.74 0.683 0.0017 

𝒃𝟐 -8.37 0.721 <0.0001 

𝒃𝟏𝟏 -1.66 1.229 0.2025 



𝒃𝟐𝟐 -6.95 1.384 0.0003 

𝒃𝟏𝟐 7.05 1.276 0.0001 

 

The uncoded (natural) parameter estimates can be calculated from the model equation and the 

coding table of the variables. The variables are coded (scaled) from their natural values by centering 

by the average of the high and low settings and divided by half the variable range. For example, the 

score t1 is coded as 𝑋1 =
𝑡1−𝑡1̅̅ ̅

0.5⋅𝑟𝑎𝑛𝑔𝑒(𝑡1)
=

𝑡1−0.45

0.5⋅8.58
 (see Table 1 in main text). Thus for deriving the 

model in natural factors, the coding formula for the variables is inserted in the model formula 

above: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)

= 𝑏0 + 𝑏1 (
𝑡1 − 0.45

4.29
) + 𝑏2 (

𝑡2 + 1.37

3.34
) + 𝑏11 (

𝑡1 − 0.45

4.29
)

2

+ 𝑏22 (
𝑡2 + 1.37

3.34
)

2

+ 𝑏12 (
𝑡1 − 0.45

4.29
) (

𝑡2 + 1.37

3.34
) 

The unscaled model parameters can then be calculated by carrying out the multiplication and 

collecting the terms. 

Figure S1 illustrates the normal quantile plot for the model residuals. As they are approximately 

normally distributed, the ANOVA analysis is valid. 



 

Figure S1. Normal quantile plot for the model residuals with 95% confidence limits. 

 

S3. Model for Yield 

The initially full RSM model for yield was of the form of a quadratic polynomial equation: 

𝑌𝑖𝑒𝑙𝑑 (%) = 𝑏0 + 𝑏1𝑋1 + 𝑏2𝑋2 + 𝑏11𝑋1
2 + 𝑏22𝑋2

2 + 𝑏12𝑋1𝑋2 (𝑆2) 

Table S3. Parameter estimates for full RSM model. R2 = 0.925, R2
adj = 0.893, R2

pred = 0.827, model F-value = 

29.4862 (p-value < 0.0001), lack-of-fit F-value = 5.3391 (p-value 0.0218). 

Parameter Estimate Standard error p-value 

𝒃𝟎 76.4 0.633 <0.0001 

𝒃𝟏 -1.69 0.509 0.0062 

𝒃𝟐 -5.16 0.537 <0.0001 

𝒃𝟏𝟏 -2.10 0.915 0.0404 

𝒃𝟐𝟐 -4.45 1.03 0.0010 

𝒃𝟏𝟐 4.02 0.950 0.0012 



The model residuals are normally distributed, as illustrated on Figure S2, which means the ANOVA 

analysis is meaningful. 

 

Figure S2. Normal quantile plot for model residuals. 

 

 

References 

(1)  Diorazio, L. J.; Hose, D. R. J.; Adlington, N. K. Toward a More Holistic Framework for 

Solvent Selection. Org. Process Res. Dev. 2016, 20 (4), 760–773. 

 


	ORD
	proof
	si_sveegaard_and_kristiansen_revised_v2

