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We examined 35 unfluorinated, partially fluorinated, 
and perfluorinated methanes, ethanes, propanes, and 
butanes to define those molecular properties that best 
correlated with optimum solubility (low) and potency 
(high). Limited additional data were obtained on 
longer-chained alkanes. Using standard techniques, we 
assessed anesthetic potency (minimum alveolar anes- 
thetic concentration [MAC] in rats); vapor pressure; 
stability in soda lime; and solubility in saline, human 
blood, and oil. If nonflammability, stability, low solu- 
bility in blood, clinically useful vapor pressures, and 
potency permitting delivery of high concentrations of 
oxygen are essential components of an anesthetic that 

might supplant those presently available, our data in- 
dicate that such a drug would have three or four carbon 
atoms with single or dual hydrogenation of two car- 
bons, especially terminal carbons. We conclude that: 1) 
smaller and larger molecules and lesser hydrogena- 
tion provide insufficient potency; 2) high vapor pres- 
sures of smaller molecules do not permit the use of 
variable bypass vaporizers; 3) greater hydrogenation 
enhances flammability, and complete hydrogenation 
decreases potency; 4) internal hydrogenation de- 
creases stability; and 5) greater hydrogenation in- 
creases blood solubility. 

(Anesth Analg 1994;79:245-51) 

he search for a better inhaled anesthetic has 
proceeded largely by trial and error. For ex- T ample, drugs such as enflurane, isoflurane, and 

desflurane were the consequence of synthesis of over 
700 compounds. In the present study, we made use of 
the commercial availability of fluorinated alkanes to 
pursue a more systematic approach to identifying the 
molecular properties that might distinguish the ideal 
inhaled anesthetic. We chose alkanes halogenated 
solely with fluorine because the use of heavier halo- 
gens increases solubility (1-3) and a decreased solu- 
bility provides desirable kinetic characteristics. There- 
fore, we anticipate that future anesthetics will not be 
halogenated with chlorine or bromine. We define as 
"ideal" compounds having: 1) nonflammability; 2) sta- 
bility in soda lime; 3) a boiling point above 35°C; 4) a 
potency that permits application of high partial pres- 
sures of oxygen; and 5) a low solubility in blood. Pre- 
liminary studies revealed that fluorinated alkanes 
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larger than four carbons have insufficient potency and 
that complete fluorination could eliminate any anes- 
thetic effect (4). 

Thus, we focused our attention on partially and 
completely fluorinated methanes, ethanes, propanes, 
and butanes, also obtaining limited data on longer- 
chained alkanes. The present paper assesses the effect 
of molecular size, and the degree and distribution of 
hydrogenation on solubility, potency, vapor pressure, 
and physical stability. 

Methods 

We obtained fluorinated and unhalogenated methanes, 
ethanes, propanes, and butanes from Aldrich Chemical 
Co. (Milwaukee, WI), PCR Inc. (Gainesville, FL), and 
TDC Research Inc. (Blacksburg, VA). Purities were 
known for all but two compounds. Where known, all 
purities were >97% with an average >98.2 -t 0.8% 
(mean % SD). The same sources also were used to obtain 
longer-chained alkanes. Using standard techniques, we 
determined: 1) vapor pressure at room temperature 
[taking the manufacturer's value when available, 
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otherwise applying techniques described previously 
(5)J; 2) solubilities at 37°C in saline, olive oil, n-tetra- 
decane, and (in a subset of compounds) blood, with all 
determinations in quadruplicate (3); 3) minimum al- 
veolar anesthetic concentration (MAC) in rats for com- 
pounds stable in soda lime, using inspired rather than 
end-tidal concentrations of drug with concentrations 
determined by gas chromatography or by oxygen dif- 
ference using a Beckman E2 analyzer (6); and 4) sta- 
bility in soda lime using a previously described tech- 
nique (7,8). Anesthesia was defined by absence of 
movement in response to tail clamp or electrical stimu- 
lation (6) and the inspired alkane concentrations just 
permitting and preventing movements were averaged 
to give an estimate of MAC. Temperature (rectal) was 
maintained between 36.5 and 39.5"C. 

For the purposes of the present study, we arbitrarily 
defined instability as degradation of more than 3% of 
parent compound per hour at 60°C in a flask having a 
gas space of 580 mL minus the volume occupied by 100 
g of moist soda lime. Degradation was defined by the 
disappearance of parent compound from the flask as 
determined by gas chromatography. All determina- 
tions of stability were obtained in quadruplicate. Po- 
tency data for perfluorinated compounds were taken 
from another report (41, as were potency and solubility 
data for unhalogenated n-alkanes (5,9). For perfluori- 
nated alkanes and for CF,CF,CFH,, CF,CF,CH,, and 
CF,H(CF,),CF,, anesthetic potency was determined by 
studies of additivity with desflurane. That is, we meas- 
ured the decrease in desflurane MAC produced by the 
presence of the fluorinated compounds; in each rat, 
MAC of desflurane was tested approximately 1 wk be- 
fore the test of additivity. The partial pressures of the 
test compounds applied in these studies equaled 0.5 
atm of CF,CF,CFH,, 0.5 atm of CF,CF,CH,, and 0.77 
atm of CF,H(CF,),CF,. 

In a subset of rats (two to four rats per compound), 
we compared the arrhythmogenicity of the test com- 
pounds with that of halothane (determined on a sepa- 
rate day in the same rats). All determinations were 
made at 1 atm. We defined arrhythmogenicity as the 
intravenously administered, bolus dose of epinephrine 
required to produce three or more premature ventricu- 
lar contractions in 1 min (10). 

All work in rats was approved by our institutional 
Committee on Animal Research. No rat was used for 
more than one study although rats were studied on two 
occasions for the determinations of arrhythmogenicity 
and additivity (see above). Similarly, the work with hu- 
man blood was approved by our institutional Com- 
mittee on Human Research. Blood (30 mL) was ob- 
tained from normal adult fasting patients before 
institution of anesthesia. 

Results 
Although all partially fluorinated or unfluorinated 
methanes, ethanes, propanes, and butanes produced 
anesthesia, some did so only under hyperbaric condi- 
tions (Table 1). In this series, greater chain length and 
partial hydrogenation provided greater potency and, 
as predicted by Meyer (11) and Overton (12), potency 
correlated with lipid solubility (Figure 1). Indeed, ex- 
cluding three compounds [CF,CF,CFH,, CF,CF,CH,, 
and CF,H(CF,),CF,], for the 24 partially hydrogenated 
fluorinated alkanes plus perfluoromethane for which 
MAC was determined, the product of MAC (for rats, in 
atmospheres) times the olive oil/gas partition coeffi- 
cient equaled 2.01 -t 0.89 (mean % SD), a value similar 
to that of 1.82 -+ 0.56 obtained with conventional an- 
esthetics (13). For the same group of compounds, the 
product of MAC and n-tetradecane (a solvent less polar 
than olive oil) equaled 1.12 -t 0.76, giving a variability 
not appreciably different from that obtained with olive 
oil. 

In the studies requiring a determination of potency 
by additivity, the partial pressures of 0.5 atm of 
CF,CF,CFH, decreased desflurane MAC by 21%; 0.5 
atm of CF,CF,CH, decreased desflurane MAC by 10%; 
and 0.77 atm of CF,H(CF,),CF, decreased desflurane 
MAC by 23%. The MAC values for the test compounds 
were derived by dividing the fractional percentage de- 
crease into the applied partial pressure of the test com- 
pound. [E.g., 0.77/0.23 gave a MAC of 3.35 atm for 
CF,H(CF,),CF,. The values thus obtained are given in 
Table 1.1 

For the methane through butane series, partial hy- 
drogenation, particularly hydrogenation spread over 
the entire molecule (Table l), produced the greatest 
solubility in saline, blood (Table 2), and oil; the great- 
est potency (Figures 2 and 3); and the lowest vapor 
pressure (Table 1). The ranges of solubility in saline 
were considerable, the most soluble compound 
(CFH,CH,CHF,) having a saline/gas partition co- 
efficient (9.2) that was 70,600 times greater than the 
value (0.000136) for the least soluble compound 
[CF,(CF,),CF,]. Determination of the solubilities of the 
least soluble' compounds were most difficult and 
required great care. Even the slightest contamina- 
tion with undissolved gas easily compromised the 
measurement. 

Solubility in blood correlated more closely with solu- 
bility in saline than solubility in oil (Figure 4, Table 2). 
The importance of saline can be seen if we imagine that 
blood consists of a mixture of saline and oil. The results 
for solubility would indicate that saline contributed 
97%-99% of the total composition. 

Most compounds resisted degradation by soda lime. 
Table 3 lists decomposition rates for unstable com- 
pounds in the methane through butane series. These 
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Table 1. Solubilities, Potencies, and Vapor Pressures for Methanes, Ethanes, Propanes, and Butanes 

Partition coefficients 

No. Alkane Saline / gas Tetradecane/gas Oil/gas (atm) (atm) 
MAC VP 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

CF4 

CF2H2 

CH4 

CF,H 

CFH, 

CF,CF, 
CF,CF2H 
CF,CFH, 
CF,HCF,H 
CF,HCFH, 
CF,CH, 
CF2HCH, 
CFH,CH, 
CH,CH, 
CF,CF,CF, 
CF,CF,CF,H 
CF,CFHCF, 
CF,HCF,CF,H 
CF,CFHCF,H 
CF,CH,CF, 
CF,CF,CFH, 
CF,CF2CH, 
CF,CH,CH, 
CH,CF,CH, 
CFH,CH,CFH, 
CH,CFHCH, 
CH3CH,CH, 
CF,(CF,),CF, 
CF,H(CF2),CF3 
CF,(CFH),CF, 
CF,H(CF,),CF,H 
CF,CF,CFHCF,H 
CF,H(CFH),CF,H 

0.0041 t 0.0001 
0.207 ? 0.003 

1.08 ? 0.03 
1.06 ? 0.02 

0.0244 t 0.0001 
135 t 6.10-5 

0.055 ? 0.001 
0.230 t 0.004 
0.66 ? 0.04 
2.49 ? 0.07 

0.0988 t 0.0006 
0.781 ? 0.031 
0.93 ? 0.02 

0.0254 t 0.0006 
674 ? 40.10-6 

0.0144 ? 0.0005 
0.0215 ? 0.0005 

0.32 t 0.02 
0.230 ? 0.002 
0.070 ? 0.000 

0.0629 2 0.0025 
0.0216 t 0.0007 

4.64 ? 0.61 
0.340 ? 0.004 
9.20 +- 0.23 
0.70 ? 0.02 

0.0221 ? 0.0010 
136 ? 3.10-6 

0.0052 ? 0.0003 
0.130 t 0.005 
0.158 ? 0.001 

0.0594 t 0.0005 
4.03 ? 0.18 

CF;HCH,C&~F,H 5.86 ? 0.33 
CH,(CHJ,CH, 0.0178 ? 0.0004 

ND 
ND 
ND 
ND 
ND 

0.53 2 0.01 
0.96 ? 0.02 
1.64 t 0.02 
1.97 2 0.04 
3.43 ? 0.08 
1.47 ? 0.02 
3.02 +- 0.07 
4.86 2 0.07 
1.66 ? 0.03 

0.633 ? 0.012 
ND 
ND 

4.41 t 0.12 
3.82 ? 0.15 
2.64 ? 0.13 

ND 
ND 

7.45 ? 0.12 
7.69 ? 0.18 
25.1 2 0.5 
11.5 2 0.3 

ND 
1.25 2 0.01 
3.34 t 0.06 
7.05 +- 0.07 
11.3 ? 0.2 
6.18 t 0.07 
24.3 t 0.5 
32.2 t 0.8 

ND 

0.052 ? 0.002 
0.81 ? 0.02 
2.24 ? 0.03 
1.81 t 0.03 
0.30 t 0.00 

0.146 t 0.006 
1.52 t 0.01 
3.02 t 0.02 
4.71 ? 0.18 
8.55 t 0.09 
1.59 ? 0.02 
4.34 ? 0.012 
4.91 i 0.07 
1.62 ? 0.04 

0.208 ? 0.005 
2.29 t 0.04 
2.77 t 0.14 
10.2 5 0.4 
8.79 ? 0.18 
5.09 ? 0.05 
4.20 t 0.05 
2.38 ? 0.05 
15.4 t 4.6 
8.99 ? 0.012 
47.3 ? 1.9 
11.3 ? 0.3 
5.30 ? 0.15 

0.437 ? 0.007 
4.12 ? 0.09 
21.8 +- 0.4 
30.4 ? 0.8 
11.4 ? 0.2 
74.9 ? 3.4 
133 ? 8 
19.3 ? 0.2 

66.5 ? 13.4 (30) 
1.6 ? 0.0 (5) 

0.72 ? 0.05 (5) 
1.03 t 0.00 (5) 
9.90 +- 1.29 (5) 

NA 
1.51 ? 0.00 (5) 
0.56 t 0.06 (6) 

0.239 2 0.001 (4) 
0.115 (2) 
1.76 (2) 

0.329 t 0.000 (3) 
0.244 i 0.000 (4) 
1.46 ? 0.09 (5) 

NA 
1.84 t 0.03 (3) 
0.95 t 0.10 (5) 

0.146 ? 0.031 (3) 
0.115 (2) 

0.56 ? 0.03 (4) 
2.41 (2) 
5.55 (2) 

ND 
0.30 ? 0.00 (4) 

ND 
0.202 ? 0.000 (4) 
0.94 ? 0.12 (5) 

NA 
3.36 t 0.54 (6) 

ND 
0.058 t 0.016 (8) 

ND 
0.013 t 0.003 (4) 

0.0196 (2) 
0.29 t 0.03 (4) 

* a  

44.2t 
13.6t 
37.5t 

* a  

31.6b 
12.5b 
9.85 
5.29 
2.36 

18.2b 
5.96 
6.45 

8.75 
4.89 
5.78’ 
4.34 
2.09 
2.91 
5.95’ 
ND 
1.82 
2.59 
0.462 
2.63 
8.50 
2.57 
1.58 
0.616 
0.418 
0.658 
0.191 
0.120 
2.12 

38.2 

~~~~~~~~~~~~ 

Compounds are listed in four groups defined hy carbon chain length. Within each group compounds are listed in order of increasing hydrogenation. Potency 
data for perfluorinated compounds were taken from another report (41, as were potency and solubility data for unhalogenated n-alkanes (5,9). Values are expressed 
as the mean It SD. 

MAC = minimum alveolar anesthetic concentration; VP = vapor pressure; ND = not determined; NA = not anesthetic. For MAC, numbers in parentheses 
indicate the number of rats studied. 

Above the critical temperature. 
Taken from commercial sources. 

results also explain why the potencies of some of the 
compounds listed in Table 1 were not determined: 
they degraded too rapidly to study in a rebreathing 
circuit and were too expensive to use in a nonrebreath- 
ing circuit. 

Arrhythmogenicity was studied for Compounds 6,7, 
9, 10, 12, 13, 15, 18, 19, 20, 28, 29, 33, and 34 (Table 1). 
All sensitized the heart at least to the same extent as did 
halothane. Compounds 7, 28, 33, and 34 produced 
greater sensitization. CF2H(CF2),CF, produced prema- 
ture ventricular contractions in the absence of epineph- 
rine injection. No obvious molecular pattern (Table 1) 
that would explain arrhythmogenicity emerges from 
an examination of these compounds. 

Only a few compounds having chain lengths greater 
than four carbons were available to us. Most of these 
did not produce anesthesia at the partial pressures we 
were able to apply with the limited quantities of drug 
available to us. The physical and other properties that 
were found (Table 4) were consistent with those that 
might be predicted from the methane through butane 
series. 

Discussion 
Previous reports supply potency data for some of the 
fluorinated compounds examined in the present inves- 
tigation. Using the righting reflex, Robbins (14) found 
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that CF3CH3 produced anesthesia at 0.5-0.6 atm, 30%- 
35% of our value of 1.7 atm. He also found that 0.11 atm 
of CF,CH,CF, was anesthetic, whereas we obtained a 
value fivefold greater. A modest portion of the differ- 
ence between our results and those of Robbins prob- 
ably is a consequence of the choice of different end- 
points. A noxious stimulus usually requires a greater 
anesthetic partial pressure to provide anesthesia than 
does the righting reflex (15). Perhaps a greater portion 
results from the care we took in experimental design 
(e.g., ensuring that each animal's temperature was 
maintained at normal levels). Our results confirm 
those of Burns et al. (16) for CF,HCF2CF2H and 
CF,H(CF,),CF,H. The same group failed to find an 
anesthetic effect of CF,CF,H, but limited their appli- 
cation to 0.93 atm (17). This group assessed anesthesia 

l o t  
0 

0 

t 0- 

0 

a *  

0.01 1 Partl; Fluorinate; Alkanes , :o 
& Perfluoromethane 

0 Conventional Anesthetics 

0.1 1 10 100 1000 

OLIVE OIUGAS PARTITION COEFFICIENT 

Figure 1. The anesthetic alkanes described in Table 1 had lipophi- 
licities (oil/gas partition coefficient) that correlated with their po- 
tencies as defined by minimum alveolar anesthetic concentration 
(MAC) in atmospheres. This correlation (open circles) overlaps that 
for conventional anesthetics [closed circles; e.g., see Taheri et al. 
(131. 

in various ways, including "pinching the tail." Van 
Poznak and Artusio (18) did not obtain anesthesia 
with 0.8 atm CF,H, but found that 0.50 atm CH3CF,H 
gave "light surgical anesthesia." Miller et al. (19) ref- 
erence von Oettenger as finding anesthesia with 0.14 
atm CFH, and 0.5 atm CF,HCH, (Von Oettinger, WF. 
The halogenated hydrocarbons, toxicity and potential 
dangers. Public Health Service Publication 414. Wash- 
ington DC: US Government Printing Office, 1955). The 
second but not the first value is similar to the value we 
obtained. Larsen (20) cites the preceding and other 
reports concerning these fluorinated alkanes. 

2-Carbons 

0 2 4 6 

NUMBER OF HYDROGENS 

Figure 2. If hydrogenation is distributed evenly over the carbon 
skeleton, the addition of hydrogens to a perfluorinated alkane in- 
creases potency (as defined by minimum alveolar anesthetic con- 
centration [MAC]) until the number of hydrogens exceeds the num- 
ber of fiuorines. Data are shown only for the one- and two-carbon 
series because insufficient data exist for the three- and four-carbon 
series. However, the less complete data available for the longer 
series are consistent with this portrayal. 

Table 2. Blood/Gas Partition Coefficients 

Partition coefficients 

 NO.^ Alkane Blood/gas Saline/gas 

1 
8 
9 

10 
18 
25 
29 
30 
31 
34 

CF,CF,H 
CF,CFH, 
CF,HCF,H 
CF,HCFH, 
CF,HCF,CF,H 
CFH,CH,CFH, 
CF,H(CF,),CF, 
CF,(CFH),CF, 
CF,H(CF,),CF,H 
CF,HCH,CFHCF,H 

0.079 F 0.002 
0.56 5 0.06 
0.76 +- 0.02 
2.61 ? 0.04 

0.330 +- 0.007 
9.31 2 0.16 

0.030 2 0.002 
0.26 i 0.01 
0.44 i 0.002 
7.33 ? 0.39 

0.0041 ? 0.0001 
0.230 ? 0.004 
0.66 f 0.04 
2.49 5 0.07 
0.32 5 0.02 
9.20 ? 0.23 

0.0052 -C 0.0003 
0.130 L 0.005 
0.158 2 0.001 
5.86 5 0.33 

Oil/gas 

0.052 i 0.002 
3.02 5 0.02 
4.71 2 0.18 
8.55 2 0.09 
10.2 2 0.4 
47.3 5 1.9 
4.12 ? 0.09 
21.8 5 0.4 
30.4 5 0.8 
133 2 8 

Values are expressed as the mean ? SD. Values for saline/gas and oil/gas partition coefficients are the same as those in Table 1 
" See Table 1 for association with other physical variables. 
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MAC 
4atm) 

1 

0.1 

I . 

Table 3. Fluorinated Alkanes Having a Degradation 
Rate in Soda Lime Greater Than 3%/Hour 

Alkane 
CF,CFHCF,H 
CF,CH,CF, 
CF,CH,CH, 
CF,(CFH),CF, 
CF,CF,CFHCF,H 
CF,H(CFH),CF,H 
CF,HCH,CFHCF,H 

Degradation 
rate (%/h) 

21.9 5 0.5 
29.1 ? 2.7 

Too rapid to measure 
60.6 t 0.8 
89.1 t 1.2 
15.5 t 1.1 
20.8 -C 0.6 

Most of the fluorinated compounds in Table 1 resisted degradation by soda 
lime, having degradation rates of less than 3%/h at 60°C. Indeed, except for 
the compounds listed in this table the median degradation rate was less than 
0.4%/h. Values are expressed as the mean 2 SD. 

1 2 3 

NUMBER OF HYDROGENS ON ETHANE 

Figure 3. Increasing the number of hydrogen atoms on a single 
carbon is relatively ineffective in increasing potency (determined by 
minimum alveolar anesthetic concentration [MAC]). In contrast, the 
addition of hydrogens over the entire molecule may produce a 
10-fold increase in potency as indicated in this figure. 

r 0 

0 

00 O 

OiWGas 0 0 oo 
Partition 0 

loo i Coefficients 0 0 a* 
0 00 * *  

0 0  
a :* . ** 

09 

SALlNElGAS 

PARTITION 
COEFFICIENT 

OR OlLlGAS 1 

Saline/Gas 
Partition 

Coefficients 

t I I I I I I I 
0.01 1 100 

BLOODlGAS PARTITION COEFFICIENT 

Figure 4. The saline/gas partition coefficient (0) correlates closely 
(adjusted 12 = 0.961) with the blood/gas partition coefficient (least 
squares linear regression). The oil/gas partition coefficient (0) cor- 
relates less well (? = 0.455). 

Our results confirm most of the values given in the 
preceding paragraph, differences perhaps resulting 
from different end-points (e.g., some previous work as- 
sessed potency by the concentration required to abolish 
the righting reflex), from technical problems (some 
studies could not apply sufficient partial pressures be- 
cause of the lack of hyperbaric facilities), or from dif- 
ferences in control of physiologic variables (e.g., other 
investigators often neither controlled nor measured 
body temperature). Some investigators estimated 

rather than measured the partial pressures of anesthetic 
that was applied. One of the strengths of the present 
work is the use of a consistent end-point and the pre- 
cision with which anesthetic concentrations were 
measured. 

We did not have access to some compounds tested 
previously. Robbins (14) found that 0.05 atm of 
CF,CH,CF,CH,, 0.2 atm of CH,CF,CF,CH, and 0.06 
atm of CH,CF,CH,CH, produced anesthesia in mice. 
He also found that 0.5 atm of CF,CH,CH, provided 
anesthesia in mice; we did not attempt to confirm this 
value because of the rapid destruction of CF,CH,CH, 
by soda lime (Table 3). Unfortunately, solubility data 
are not available for the other compounds studied by 
Robbins, and, as indicated above, the anesthetic po- 
tency reported by Robbins for other compounds dif- 
fered from (was less than) that which we found by a 
factor of 3-5. Similarly, Bagnall et al. (21) found that 
CF,HCF,CFH, provided anesthesia in mice at 0.10 atm 
(lethal partial pressure 0.24 atm), and CF,HCF,CH, 
was anesthetic at 0.3-0.4 atm. In a separate study of 
fluorinated butanes, Bagnall et al. (22) found that 
CH3CF,CH,CH, produced anesthesia at about 0.08 
atm but also produced lung damage. CF,CFHCF,CFH, 
gave anesthesia at 0.045 atm. 

Most of our results for methanes through butanes 
support the Meyer-Overton hypothesis (Figure 1) 
(11,121. Data from conventional anesthetics (Figure 1, 
closed circles) follow a similar relationship [e.g., see 
Taheri et al. (13)l. The Meyer-Overton hypothesis in- 
dicates the importance of lipophilicity (defined in the 
present study either by the olive oil/gas partition co- 
efficient or the n-tetradecane/gas partition coefficient, 
Table 1) to anesthetic potency. The data in Table 1 sug- 
gest that several factors influence lipophilicity and po- 
tency. For a given number of hydrogens, increasing 
chain length increases lipophilicity (Table 1, Figure 5), 
a finding reported in other series of compounds such 
as the n-alkanes (5,23). However, increasing chain 
length does not clearly correlate with potency. CF, is 
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Table 4. Solubilities, Potencies, and Vapor Pressures for Pentanes, Hexanes, and Heptanes 

MAC VP 
Partition coefficients 

No. Alkane Saline/gas Oil/gas (atm) (atm) 

36 CF3(CF2),CF, 231 t 83.10-7 0.662 t 0.028 NA 0.80 

39 CF,H(CF,),CFH, 0.203 t 0.003 87.2 t 3.7 .>0.037 (1) 0.11 

37 CF,H(CF2),CF3 0.207 ? 0.003 7.08 t 0.38 >0.35 (2) 0.43 
38 (CFJ,CFHCF,H 0.018 ? 0.02 16.1 t 0.7 ND 0.33 

40 CH,(CH,),CH, 0.0147 2 0.0006 59.3 t 2.1 0.127 f 0.006 (5) 0.62 
41 CF,(CFJ,CF, ND" 1.25 ? 0.04 NA 0.26 
42 CF2H(CF,),CF3 157 t 7-10-5 12.0 t 0.4 :>0.15 (2) 0.18 
43 CF,H(CF,),CF,H 0.0094 t 0.0002 106 t 6 NA 0.057 
44 CH,(CH,),CH, 0.0093 t 0.0002 148 t 7 0.0467 2 0.0055 (4) 0.162 
45 CF,(CF,),CF, ND" 2.36 t 0.13 NA 0.098 
46 CF,H(CF,),CF, 363 t 84.10-6 17.8 t 0.2 NA 0.055 
47 CH,(CH,),CH, 0.0081 t 0.0005 461 t 8 0.0198 ? 0.0017 (4) 4.34 

Compounds are listed in three groups defined by carbon chain length. Within each group compounds are listed in order of increasing hydrogenation. Potency 
data for perfluorinated compounds were taken from another report (4), as were potency and solubility data for unhalogenated n-alkanes (5,9). Values are expressed 
a s  the mean 5 SD. 

MAC = minimum alveolar anesthetic concentration; VP = vapor pressure; NA = not anesthetic; N D  = not determined. For MAC, numbers in parentheses 
indicate the number of rats studied. 

" Not determined hecause the extremely low solubility precluded accurate results. 
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Figure 5. For a given number of hydrogens, an increase in alkane 
chain length correlates directly with the oil/gas partition coefficient. 

anesthetic (Figure 6), but larger perfluorinated com- 
pounds are not (4). For compounds having one hydro- 
gen, increasing carbon chain length seems to have little 
effect on potency, at least for methane through butane, 
with a measurable decrease in potency for butane and 
perhaps propane (Figure 6, Table 1 ). Larger, singly hy- 
drogenated compounds have little or no anesthetic ef- 
fect (Table 4). For alkanes having two hydrogens on 
opposite terminal carbons, potency appears to increase 
progressively with increasing chain length (Figure 6, 
Table 1). However, 1H,6H-perfluorohexane appears to 
be devoid of an anesthetic effect (Table 4). 

In the methane to butane series, partial hydrogena- 
tion maximizes potency, whereas total hydrogenation 
or total halogenation decreases potency (Figure 2, Table 

0 

No Hydrogens 

One Hydrogen 

G 

Two Hydrogens 

1 2 3 4 

NUMBER OF CARBONS 
Figure 6. The relations hip between anesthetic potency (minimum 
alveolar anesthetic concentration [MAC]) and alkane chain length is 
complex. In the absence of hydrogenation (complete fluorination) an 
increase in chain length decreases potency, with no compound other 
than CF, having an anesthetic effect. With a single hydrogen, po- 
tency seems little affected by chain length. Further increases in chain 
length are associated with decreasing potency (data not shown). For 
methane through butane and dual hydrogenation, potency increases 
with increasing chain length. This trend, however, is not sustained, 
and at six carbons (data not shown) anesthetic effect is lost. 

1 ). Increasing hydrogenation distributed over several 
carbons (rather than concentrated on one carbon) tends 
to increase potency until the number of hydrogens ex- 
ceeds the number of fluorines (Table 1). The sequential 
addition of hydrogens to one carbon is less effective in 
increasing potency than distributing the hydrogens 
across several carbons (Figure 3, Table 1). Indeed, in- 
creasing the number of hydrogens on a single carbon 
may have no effect on potency (Figure 3)  or may 
decrease potency (e.g., compare the potencies of 
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Figure 7. For a given number of hydrogens, an increase in alkane 
chain length correlates inversely with the saline/gas partition coef- 
ficient. 

CF,CF,CF,H, CF3CF2CFH,, and CF,CF,CH,; Table 1). 
Thus, from this and the preceding paragraph one may 
conclude that optimum (maximum) potency accrues to 
an even balance of fluorination and hydrogenation 
with hydrogenation balanced across carbons and to a 
chain length perhaps limited to three or four carbons. 
The point about hydrogenation and potency ignores 
the issue of solubility. 

In contrast to potency, solubility in saline and thus in 
blood (Figure 4, Table 2) is lowest (optimal for more 
precise control over anesthetic maintenance and for ra- 
pidity of recovery from anesthesia) with complete ha- 
logenation or hydrogenation. However, the former pro- 
duces impotent compounds and the latter produces 
flammable compounds, an unacceptable result for 
modern anesthetics. Increasing chain length correlates 
closely with decreasing solubility in saline (Figure 7, 
Table 1). Thus one may conclude that hydrogenation 
must be limited to two or three hydrogens spread 
across at least two carbons in order to achieve adequate 
potency while limiting the risk of flammability. 

Compounds degraded by soda lime share certain 
characteristics (Table 3). All have hydrogens on internal 
carbons. Compounds lacking a fluorine on the carbon 
having a hydrogen and compounds having the hydro- 
gens asymmetrically placed appear to be more suscep- 
tible to degradation. 

Combining these observations with the observations 
on potency and solubility in the preceding paragraphs 
leads to the conclusion that the ‘%best” anesthetic would 
have two or three hydrogens on two carbons with an 
otherwise fluorinated carbon skeleton having a chain 
length of three or four carbons. A longer chain length 
not only increases potency, it adds to the proportion of 
halogens and thereby decreases flammability. A still 
longer chain length may decrease potency. A chain 

length of three or four carbons also is important to limit 
the vapor pressure (see Table 1) and allow the use of 
standard variable-bypass vaporizers. In addition, it ap- 
pears that all alkanes promote arrhythmogenicity, and 
a new and more ideal anesthetic may require an ether 
linkage or some other alteration to avoid this problem. 
Consonant with these premises, the structures of two 
new anesthetics, sevoflurane and desflurane, consist of 
three or four carbons with two or three hydrogens on 
no more than two carbons, and an ether linkage. 
References 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

Cromwell T, Eger EI 11, Stevens W, Dolan W. Forane uptake ex- 
cretion and blood solubility in man. Anesthesiology 1971;35: 

Targ A, Yasuda N, Eger EI 11, et al. Halogenation and anesthetic 
potency. Anesth Analg 1989;68:599-602. 
Eger EI 11. Partition coefficients of 1-653 in human blood, saline, 
and olive oil. Anesth Analg 1987;66:971-3. 
Liu J, Laster MJ, Koblin DD, et al. A cutoff in potency exists in the 
perfluoroalkanes. Anesth Analg 1994;79:238-44. 
Liu J, Laster M, Taheri S, et al. Is there a cutoff in potency for the 
normal alkanes? Anesth Analg 1993;7712-8. 
Laster M, Liu J, Eger EI 11, Taheri S. Electrical stimulation as a 
substitute for the tail clamp in the determination of MAC. Anesth 
Analg 1993;76:1310-2. 
Eger EI 11. Stability of 1-653 in soda lime. Anesth Analg 1987;66: 

Strum D, Johnson B, Eger EI 11. Stability of sevoflurane in soda 
lime. Anesthesiology 1987;67779-81. 
Taheri S, Laster M, Liu J, et al. Anesthesia by n-alkanes not con- 
sistent with the Meyer-Overton hypothesis: determinations of 

es of alkanes in saline and various lipids. Anesth 
Analg 1993;777-12. 
Laster M, Johnson B, Eger EI 11, Taheri S. A method for testing for 
epinephrine-induced arrhythmias in rats. Anesth Analg 1990;70 

Meyer H. Theorie der Alkoholnarkose. Arch Exp Pathol Phar- 
makol 1899;42:109-18. 
Overton E. Studien uber die Narkose Zugleich ein Beitrag zur 
Allgemeinen Pharmakologie. Jena: Verlag von Gustav Fischer, 
1901. 
Taheri S, Halsey M, Liu J, et al. What solvent best represents the 
site of action of inhaled anesthetics in humans, rats and dogs? 
Anesth Analg 1991;72:627-34. 
Robbins B. Preliminary studies of the anesthetic activity of flu- 
orinated hydrocarbons. J Pharmacol Exp Ther 1946;86:197-204. 
Deady J, Koblin D, Eger EI 11, et al. Anesthetic potencies and the 
unitary theory of narcosis. Anesth AnaIg 1981;60:380-4. 
Burns T, Hall J, Bracken A, Gouldstone G. Fluorine compounds 
in anaesthesia (8): examination of seven derivatives of propane 
and three of normal butane. Anaesthesia 1974;29:43544. 
Burns T, Hall J, Bracken A, Gouldstone G. Fluorine compounds 
in anaesthesia (5): examination of six heavily halogenated ali- 
phatic compounds. Anaesthesia 1962;1733743. 
Poznak AV, Artusio JJ. Anesthetic properties of a series of flu- 
orinated compounds. I. Fluorinated hydrocarbons. Toxic01 Appl 
Pharmacol 1960;2363-73. 
Miller K, Paton W, Smith E. Site of action of general anaesthetics. 
Nature 1965;206:574-7. 
Larsen E. Fluorine compounds in anesthesiology. Fluorine Chem 
Rev 1969;3:14. 
Bagnall R, Bell W, Pearson K. New inhalation anaesthetics. IV. 
Fluorinated propanes. J Fluorine Chem 1979;13209-23. 
Bagnall R, Bell W, Pearson K. New inhalation anaesthetics. V. 
Fluorinated butanes (and butenes). J Fluorine Chem 1979;13 

Allada R, Nash H. Drosophila rnelanogaster as a model for study 
of general anesthesia: the quantitative response to clinical anes- 
thetics and alkanes. Anesth Analg 1993;7719-26. 

401-8. 

983-5. 

654-7. 

325-35. 


